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Abstract

The main result of this thesis is the use of the boost operator to develop a systematic method
to construct new integrable spin chains with nearest-neighbour interaction and characterized
by an R-matrix of non-difference form. This method has the advantage of being more
feasible than directly solving the Yang-Baxter equation. We applied this approach to various
contexts, in particular, in realm of open quantum systems, we achieved the first classification
of integrable Lindbladians. These operators describe the dynamics of physical systems in
contact with a Markovian environment. Within this classification, we discovered well-known
models such as the Hubbard model, as well as a novel deformation of the Hubbard model
spanning three sites of the spin chain. We extensively analyzed this range 3 model and
uncovered the existence of multiple Non Equilibrium Steady States (NESS). The presence of
multiple NESS is connected to the existence of certain "hidden strong symmetries" in the
form of quasi-local charges. We computed the NESS analytically in the form of a Matrix
Product Operator. Additionally, we applied our method to classify models with s1(2) @ s1(2)
symmetry. In this class of models, we recovered the matrix part of the S-matrix of AdSsxS>
derived by requiring centrally extended su(2|2) symmetry. We also obtained five models
that, to the best of our knowledge, are new. Furthermore, we focus on spin 1/2 chain. We
demonstrated that all Hermitian integrable Hamiltonians can be reconducted to models of
8-Vertex type. We classified models in this class and we found two difference form models
that correspond to the known XXZ and XYZ spin chain. We also found two models of non-
difference form type: the one of 6-vertex type is a known model, while the one of 8-vertex
type is a newly discovered model. Furthermore, we showed that the two non difference form
models satisfy the free fermion condition. This enables us to express the transfer matrix
associated to some of the models in a diagonal form, simplifying the computation of the
eigenvalues and the eigenvectors.
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Introduction

The study of the general behaviour of complicated non-linear systems is of interest for both
physicists and mathematicians. In certain models, the presence of numerous conserved
quantities restricts their dynamics and allows for exact solutions. While this is expected in
isolated systems of non-interacting particles, it is remarkable that this phenomenon can also
occur in certain interacting theories. There are various definitions of integrability [8], but
in this thesis, we focus on quantum models characterized by an R-matrix solution of the
Yang-Baxter equation. The significance of integrability lies in its ability to often provide a

general mathematical approach to determine the dynamics of the system, [9].

Historical Remarks Integrable systems and classical mechanics developed together as sci-
entists aimed to find precise solutions to Newton’s equations of motion. Newton’s discovery
of the exact solution to the Kepler’s problem was remarkable, but only a few other models
had exact solutions at that time. In the 19th century, Liouville categorized Hamiltonian
systems as either integrable or non-integrable, where integrable referred to systems whose
equations of motion could be solved using quadratures. While integrable models had been
known for many years, the development of systematic methods to study them is relatively
recent.

Classical integrable models can be studied via the Inverse scattering method. This method
was introduced in the 1960s by Gardner, Greene, Kruskal, and Miura, as well as Lax, Za-
kharov, and Fadeev. Initially, it was employed to investigate completely integrable models
in classical mechanics, such as the Korteweg-de Vries equation in fluid mechanics. Over
the subsequent years, the method was expanded to include certain relativistically invariant
models. In the following decade, Faddeev, Korepin, Kulish, Reshetikhin, Sklyanin, Semenov
Tian-Shansky, and Takhtajan began developing the guantum version of this method.

In the realm of quantum mechanics and statistical physics, various techniques have been
developed by physicists such as Bethe, Onsager, Baxter, Zamolodchikov, and many others.
They have played a crucial role in advancing our understanding of quantum systems and their

behavior.
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In 1931, the young postdoc Hans Bethe made a pioneering contribution to the field of quan-
tum integrability, [10]. At that time, the general formalism for non-relativistic quantum
mechanics was still being developed. Bethe directed his attention to a specific model known
as the Heisenberg spin chain!, nowadays considered the prototype of integrable models,

whose Hamiltonian reads
H= E (—1 —-5/-S ) with §; = —10 (1)

where G; are the three Pauli matrices. He was able to find the exact solution for this model
by guessing the expression of the "wave function" |y) of the system, which corresponds to

the eigenstates of the spectral problem

Hly) = E|y), 2)

where E are the Hamiltonian eigenvalues. Bethe’s discovery of the exact solution to the
spectral problem in the Heisenberg spin chain, nowadays known as the Bethe ansatz, has had
a profound impact on condensed matter theory and mathematical physics. This method has
proven to be highly versatile and applicable to a wide range of diverse integrable problems.
When approaching a new model, it is important to determine whether it is integrable or not.
However, determining the integrability of a given model is not a straightforward task. In this
thesis, we analyze this question and aim to provide a clearer understanding of the criteria and
characteristics that define integrability in different systems. We focus on quantum spin chain

models.

Classification of integrable models Over the course of the history of quantum integrable
systems, various approaches have emerged for finding solutions to the Yang-Baxter equation
and, as a result, discovering integrable models. One fruitful approach in the early days was
to impose specific symmetries on the solutions, [11, 12]. However, finding models that
do not exhibit the symmetries is a challenging task and, as time passed, different groups
analyzed this problem. This lead to the discovery of a substantial number of new integrable
models?. Considering the importance of integrable models, the main focus of this thesis is
on the use and the development of a new method to classify and discover integrable models
in different contexts. This method makes use of the boost operator, [13, 14] to generate

higher conserved charges and has the advantage of being more versatile compared to many

A quantum spin chain is a one-dimensional lattice, where operators can act on each site of the chain.
ZMore details about the available methods will be given in chapter 2.



of the other available methods>. Specifically*, we conducted a classification of all integrable
spin chains of 8-vertex type, resulting in the discovery of new solutions that encompass the
S-matrices of the AdS; and AdS3 integrable models as special cases. Although these models
are very interesting, they are not the central focus of the thesis. We primarily concentrate on
applying the method to the realm of open quantum systems. This exploration leads us to the
discovery of new interesting models, for instance, the first range three deformation of the
Hubbard model.

One possible application of the boost method: Open quantum systems We start by
considering a total closed physical system, so that its dynamics can be represented in terms
of a unitary time evolution. We are primarily concerned with studying a subsystem of the
total system, which we refer to as the "system". Consequently, the total system is composed
of the system of interest (the orange portion in the figure) and the surrounding environment
(the blue one).

Total system

Environment

LI )

N
System -
' 4 ? AN

In introductory physics courses, the importance of the environment is often disregarded,
resulting in an idealized depiction of natural phenomena. In that case, the system is closed.
However, in reality, the environment has a substantial influence, giving rise to non-trivial
dynamics. The theory of open quantum systems aims to develop a general framework to
analyse the dynamical behaviour of the systems by removing the environmental degrees of
freedom.

3In chapter 2, we state the pros and cons of each of the available methods and we compare them with the
ones of the boost method.
“In chapter 2, we list all the contexts in which the classification was performed.



4 Introduction

A complete description of the system-environment interaction is in general a very hard prob-
lem. Under some approximations, the dynamics become more tractable and it is described
via the Markovian Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) master equation,
[15, 16]. This equation, also known as the Lindblad equation, was independently derived by
Lindblad and by Gorini, Kossakowski, Sudarshan around 1975. It takes the following form

N
p) = (). + Y | ap ()0 — 5 {61t (1)} G)

where p denotes the reduced® density matrix of the system, / is the Hamiltonian of the
system, ¢, describe the effective action of the environment on the system, typically involving
multiple reservoirs, and 7, represents the corresponding coupling constants between each
reservoir and the system.

This equation is only valid under the Markovian approximation®

. This approximation
assumes that the memory effects of the environment on the system can be neglected, meaning
that the system’s evolution depends solely on its present state and not on its past history.
A relevant role is played by the correlation time of the environment, the measure on how
quickly the property of the enviroment changes. If this time is significantly shorter than the
characteristic time scale of the system’s dynamics, then the approximation holds. It is worth
noting that the Markovian approximation may not be applicable in all cases, particularly when
the system-environment interaction is strong or when the environment possesses long-range
correlations. In such cases, non-Markovian effects may become significant, requiring more
advanced theoretical frameworks to describe the dynamics of such open quantum systems.
In this thesis, we will not consider this type of system. Our focus is primarily on the study of

systems where the Markovian approximation is applicable.

Why do we study integrable open quantum systems? Studying open quantum systems
is intriguing for several reasons. First, it is essential for addressing fundamental aspects
of quantum physics, including the phenomenon of decoherence [17], which is critical for
quantum technologies like quantum computers. Decoherence disrupts quantum properties
such as superposition and entanglement due to interactions with the environment. Addition-
ally, calculating non-equilibrium steady states (NESS) [18] in quantum statistical mechanics
offers insights into complex systems’ behavior far from equilibrium.

Moreover, due to the vast range of applications, investigating the dynamics of many-body

>The reduced density matrix is obtained by tracing out the degrees of freedom of the environment from the
total system+environment density matrix.
®The validity of this approximation is discussed in more details in section 3.1.1.



systems is both captivating and challenging. Over the past few decades, significant progress
has been made through the utilization of perturbative methods and numerical analyses. How-
ever, exact solvable cases have gained attention in recent years. These cases allow for the
study of out-of-equilibrium dynamics using exact methods, which not only contribute to the
development of approximate methods but also serve to validate their precision.

In the literature of open quantum systems, the meaning of solvability is various. We provide
a list of some of them

* models solvable by free fermion techniques, [19, 20];

* models for which the full spectrum can be constructed, those are characterized by an

evolution operator of upper triangular form, [21];

* open spin chain with the environment contribution acting on the boundary and allowing
for the exact construction of the NESS, [22];

* model for which the evolution operator is integrable in different subspaces, [23];

* Yang-Baxter integrable models: models that can be associated to an R-matrix solution
of the Yang-Baxter equation, [24, 25].

In this thesis, the focus is on the class of solvable models that are Yang-Baxter integrable.
The advantage of working with integrable models is that the NESS and the relaxation to-
wards them can be computed with exact methods and the generator of the dynamics can be
diagonalized involving some of the available technique, for example the Bethe Ansatz.
Furthermore, integrable models have played an important role in understanding the non-
equilibrium dynamics in isolated quantum systems. Isolated non-integrable many particle
systems are not very interesting since they relax very quickly toward an equilibrium state.
Isolated integrable system, due to the infinite number of conserved charges, equilibrate to the
Generalized Gibbs Ensamble (GGE), [26] and the dynamics is described by the Generalized
Hydrodynamics (GHD), [27].

In general, when a system interacts with its environment, the property of integrability tends to
be lost. However, it is remarkable that certain models exist in which integrability is preserved,
allowing for the application of the Bethe ansatz technique. The availability of such integrable
models is particularly valuable as they may serve to validate the accuracy of the GGE and
GHD in describing the system’s time evolution. However, this field of research is very new
and still mostly unexplored.

Motivated by these reasons, very recently, different groups started to study Lindblad models
that can be mapped onto known Yang-Baxter integrable interacting systems. By employing a
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super-operator formalism’, the Lindbladian generator of the dynamics can be written as a
matrix in a higher dimensional space that corresponds to a “two-leg ladder” quantum spin
chain. In one of the initial papers [24], the authors provide a map between the well known
Hubbard model® and an open quantum system, while in [25] the authors did a similar job for
the Hubbard model and some generalization, the Maassarani models.

In this thesis, based on our initial work [4] of 2020, we initiated the first systematic classifi-
cation of Yang-Baxter integrable Lindblad systems by using the already mentioned Boost
automorphism method.

"More details can be found in section 3.1.3.

8To be precise, the mapping is between the Hubbard model with an imaginary coupling constant and an open
quantum system. In the latter, the system is an XX spin 1/2 chain subject to dissipation. The effective action of
the environment on the system is ¢ = Z, with Z representing the third Pauli matrix. Given the importance of the
result, we explicit describe it in chapter 5.



Contents

In this thesis, we focus on quantum integrable models defined on a spin chain: a one-
dimensional lattice, where each site of the chain is a Hilbert space.

The main result of this thesis is the use of the boost operator to develop a systematic method
to construct new integrable spin chains of non-difference form with nearest-neighbour inter-
action, which has the advantage of being more feasible than directly solving the Yang-Baxter
equation. By applying this approach, we were able to achieve the first systematic classifica-
tion of integrable Lindbladians. These operators describe the evolution of physical systems
in contact with a Markovian environment. Within this class of integrable Lindbladians, we
discovered well-known models such as the Hubbard model, as well as its first medium-
range deformation®. These models will be deeply analyzed in the following. We also
applied the models to various contexts, for instance, to models with s1(2) @ su(2) symmetry
and with a non-difference form R-matrix. Furthermore, we focus on spin 1/2 chain with
Hamiltonian of 8-vertex type. We show that all the non-difference form models we found
satisfy the free fermion conditions. This enables us to express the transfer matrix associated
to some of the models in a diagonal form, simplifying the computation of the eigenvalues and
the eigenvectors. These new models'? are relevant in the context of AdS/CFT, in particular
they correspond to integrable deformations of the AdS, and AdS; models.

The thesis is composed of nine chapters:

* In chapter 1, we introduce quantum integrable systems and how to characterize
them. We highlight the importance of the Yang Baxter equation, which serves as the
cornerstone of integrability. Having an R-matrix solution of the Yang-Baxter equation
and the presence of an infinite set of commuting conserved charges are two ways
to characterize integrable models. We show the interconnection between those two
definitions. We introduce some useful definitions: Lax, monodromy and transfer
matrices. We use the Heisenberg spin chain as the prototype of integrable models
and we show how a direct diagonalization of the Hamiltonian becomes unfeasible
as soon as the volume of the system increases. We explicitly present how to use the
Bethe ansatz method, that makes use of the integrability property, to overcome the
difficulties.

This chapter is mainly based on the reviews: [29-31].

“We use the word "medium" to refer to next-to-nearest-neighbour interactions.
10Although these models are very interesting, they are not the central focus of the thesis. We refer to [1] and
[28] for additional details.
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* In chapter 2, our focus shifts towards the classification of quantum integrable models.
We begin by providing an overview of the existing methods in the literature for
this purpose. We discuss the pros and cons of each approach and provide a list
of the different types of models that we discovered. Then, we present the boost
automorphism mechanism: the novel mechanism we used to classify integrable
models of non-difference form. By following [13, 14], we derive the boost operator.
To illustrate the effectiveness of the boost automorphism mechanism, we provide a
simple example that demonstrates how it can be used to classify and discover new
integrable models. At the end of the chapter, we list some of the "tricks" we acquired
through the experiences. These tricks and strategies have been instrumental in our

classification.

This chapter is mainly based on the author’s paper: [2].

* In chapter 3, we use the boost authomorphism method to classify integrable open
quantum systems, which represents one of the key contributions of this thesis. We
give the derivation of the Lindblad master equation by following the reviews [32, 33].
The dynamical evolution of the density matrix corresponding to the system is described
via a Lindblad superoperator .#’, which we identify as one of the conserved charges of
the spin chain. We show, with an example, how to use the boost operator to provide
the first systematic approach to classify integrable Lindbladians. We also give the
connection between the Lindblad equation and the classical stochastic Markovian
system. This connection was known in the literature, but starting from integrable

Lindbladians is a new result.

This chapter serves as an introduction to understand the results presented in the author’s

paper [4].

* In chapter 4, we present a collection of integrable Lindbladians found through
the application of the boost automorphism mechanism. We classify these models
into two groups: fine-tuned models and coupled models. One particular model that
deserves special attention among the coupled models is model B3. We investigate the
Non Equilibrium Steady States and the particle current flowing through these states.
Surprisingly, this model serves as an integrable example of the pumping effect'!, where
a finite current persists even when the coupling constant is very small. We provide a
proof of the equivalence between model B3 and the generalized Toda system associated

with the non-exceptional affine Lie algebra Agz). To solve this model, we utilize the

!'This effect was already observed in other systems, see for example [34]. We provide the first case where it
is observed in an integrable model.



nested Algebraic Bethe ansatz, and we present the expressions for the eigenvalues and
the Bethe equation. Further computational details can be found in Appendix A. Lastly,
we introduce model B2, which represents an integrable deformation of the Hubbard
model. This model serves as bridge to the next chapter. It is worth noting that, with

the exception of model B2, all the discovered models are of difference form type.

This chapter is mainly based on the author’s papers: [2] for the classification of the

models and [6] for the analysis on the model B3.

In chapter 5, we introduce the Hubbard model, a toy model used to describe the motion
of electrons in the conduction band of a solid. We present the Hubbard model in both
fermionic and bosonic formulations. Additionally, we explore the relation between the
Hubbard model’s Hamiltonian and the Lindblad superoperator, given in [24] and we
investigate all the cases where this mapping is possible. Furthermore, we introduce a
new nearest-neighbour integrable elliptic model and we show how to use the bond site
transformation to relate it to a range 3 integrable deformation of the Hubbard model.
We believe that this is the first range three integrable deformation of the Hubbard
model. To confirm our findings, we prove the integrability of the 3-site model and
highlight the unusual functional dependence of the R-matrix. The explicit expression
of the R-matrix for the nearest-neighbour model is given in Appendix B. Details on the

bond site transformation are given in Appendix C.

This chapter is mainly based on the author’s paper [5].

In chapter 6, we analyze the symmetry of the Lindblad superoperator associated with
the range 3 deformation of the Hubbard model introduced in the previous chapter.
We start by providing a brief introduction on the meaning of conserved quantities
and symmetries in non-Hermitian models. Then, we analyze the 3-site model and we
discover the presence of multiple NESS. We motivate this multiplicity with the presence
of hidden strong symmetries in the form of quasi-local charges. We compute the
NESS exactly in the form of Matrix Product Operators with fixed bond dimensions
and we use this to compute the mean values of some local observables. Furthermore,
we prove that the dynamics leads to the emergence of the Gibbs ensemble constructed
from the hidden quasi-local charge. Interestingly, we did not use the fact that the 3-site
model is Yang-Baxter integrable. However, the “superintegrability” property of the
Hamiltonian (5.15) plays an important role. Details on the computation of the mean
values are given in Appendix D.

The introduction of this chapter is based on the paper [35]. The main results is based

on the author’s paper [7].
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Introduction

* In chapter 7, we apply the boost automorphism method to classify integrable models

where the local Hilbert space is of dimension 4. Since the most general Hamiltonian
involves 256 free functions, it is a challenging task to solve the coupled systems of
differential equations using current methods. To overcome this, we limit our focus
to models with su(2) @ su(2) symmetry and with a non-difference form R-matrix.
We begin by presenting the procedure for constructing the ansatz for the Hamiltonian
with the given symmetry and then we list the integrable models found. This ansatz
is motivated by the fact that many interesting known physical models such as the
Hubbard model (discussed in chapter 5), exhibit this symmetry. We discover five
models which, based on our current knowledge, are new. Furthermore, we demonstrate

that the Hubbard model can be classified within our framework.

The beginning of this chapter is based on the explanation given in [36]. The main

result is based on the author’s paper [2].

In chapter 8, we apply the boost automorphism method to classify integrable models
where the local Hilbert space is C2. We restrict our ansatz to Hamiltonians of 8-vertex
type or lower. We start with a short introduction on vertex models and then we list
the models that we found. Two of them can be reduced to a difference form type
and are equivalent to the well-known XXZ and XYZ spin chains. The remaining two
are of non-difference form: the 6-vertex B can be mapped to the solution A of the
paper [37] while the 8-vertex B (to the best of our knowledge) is a new model. To
motivate the ansatz chosen, we prove that any 4x4 Hermitian integrable Hamiltonian
can be transformed into an 8-vertex model. Models 6-vertex B and 8-vertex B are of
non-difference form type and contain the AdS; and AdS;3 integrable models as special
case. We explore this statement in Appendix E.

The introduction of this chapter is based on the book [38]. The main result is based on
the author’s papers [1, 2].

In chapter 9, we prove that the difference form integrable models discussed in chapter 8
satisfy the Baxter relation, while the non difference form ones satisfy the free fermion
condition. The latter condition is particularly significant as it enables us to express
the transfer matrix associated with these models in a diagonal form, simplifying the
process of computing eigenvalues and eigenvectors. We have explicitly demonstrated
that the free fermion condition enables us to express the transfer matrix associated with
the 6-V B model in a diagonal form, simplifying the computation of eigenvalues and

eigenvectors. This was previously hidden in the standard formalism. Furthermore, we
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identify the equivalent free fermion conditions for some of the models with su(2) &

su(2) symmetry discussed in chapter 7.

This chapter is mainly based on the author’s paper [3] .

The organizational structure of the thesis and the interrelation among the chapters are

presented on the following page.



Introduction

12

Chapter 1:
Integrable models: useful definitions & advantages

|

Chapter 2:

Classification of integrable models: boost automorphism method

e —

Chapter 3:

Integrable open quantum systems

Chapter 5:

A 4

The Hubbard model >
and its deformation

Chapter 7:
Classify models with

su(2) @ su(2)

T~

Chapter 8:
Classify models
with 8-V type
Hamiltonian

Chapter 5: /»\

Chapter 4:
g p ification: Chapter 4: Chapter 4: o .
.mmm_ ication: Classification: Model B2 Range 3 m___uyﬁ_n Chapter 9: .
Fine tuned Coupled models deformation The ._“_.‘mm Fermion
models h condition
: Chapter 6:
Chapter 4: Mdm_oﬁm_. m.Q | with me_om and Qcmmmu Appendix E:
Model B3 + NESS he model wit Integrable
h Tﬁ. .m.L =0 local symmetry deformations of AdS
Appendix A: :/r / -
Nested algebraic Appendix B: Appendix C: Qmﬂ:%._ww_.cm
Bethe ansatz R-matrix Bond-site X
transformation computation




Chapter 1

What is an integrable model and how can

we solve it?

There is not a single, clear-cut definition for quantum integrability, [8]. However, it is
commonly accepted to characterize integrable models using the R-matrix solution of the
Yang-Baxter equation and the presence of an infinite set of commuting conserved charges.
In this chapter, we explain these two definitions in more detail and demonstrate how they
are interconnected. Furthermore, we define some crucial elements like the monodromy and
the transfer matrix, using both analytical and visual explanations to make them easier to
understand.

Furthermore, we introduce the Heisenberg spin chain as an example of an integrable model
and we use it to highlight the importance of integrability in understanding the dynamics
of a system. We solve the spectral problem of this model via the Algebraic Bethe ansatz
technique and we show that this solution would not be achievable for a large system by using
a brute force diagonalization.

1.1 Useful Definitions

A quantum integrable model has an infinite number of conserved charges and it is character-
ized by an R-matrix solution of the Yang-Baxter equation' (YBE), [39]

R12(A1,22)R13 (A1, A3)R23(A2, A3) = Ra3(A2,A3)R13(A1,A3)R12(A1, A2). (1.1)

'Sometimes the Yang Baxter equation can be found in a slightly different form recalling R; i R; = PBijR;;
with P being the permutation operator that swaps the sites i and j.
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This is a matrix relation defined in End(V ® V ® V), with V = C”" the n-th dimensional
complex vector space. The R-matrix is defined in End(V ® V') and in the indexed version R;;,
the subscripts denote which of the three spaces R acts on (for example Rj; = R®L, [ being
the identity operator in C") and A1, A,, A3 are known as spectral parameters, each of them
associated to one of the three Hilbert spaces. They can take values in C.

The YBE is considered the crucial component of integrability (at both classical> and quantum
levels). The primary focus of this thesis is to classify the solutions of the quantum YBE and
uncover new models that possess intriguing physical properties.

In some cases, the R-matrix can be interpreted as the scattering matrix which serves as an
operator linking the initial and final states during a scattering process. The YBE is also
called a factorization equation: the total scattering can be viewed as a series of two-particle
interactions, with the order of scattering being irrelevant, [40]. When a particle interpretation
is applicable, the spectral parameters are associated to the momenta of the involved particles.

Pictorially, the R-matrix and the YBE can be represented in the following way:

Fig. 1.1 Graphical representation of the R-matrix (left) and the Yang-Baxter equation (right).

where to each line we associated a space and a spectral parameter.

From this representation of the R-matrix, we can construct more complicated objects like the
monodromy matrix and the transfer matrix and also prove some of the identities involving
them.

In general, the R-matrix depends on two spectral parameters (A;,A;) and we can distinguish

two possible cases
* R(Ai,Aj) = R(A; — A;) difference form

* R(Ai,Aj) # R(A; — A;) non difference form.

2The classical YBE takes a different expression than (1.1), we refer to [9, 29] for a detailed explanation.
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Some examples of difference form types of models include the Heisenberg spin chain (also
known as XXX), as well as the XXZ and XYZ spin chains. In section 1.2, we give a
definition of these models and we use the Heisenberg spin chain, known for its simplicity, as
a prototype for integrable models. A very famous model of non-difference form type is the
Hubbard model, which describes the physics of interacting spin-1/2 fermions on a lattice
and will be extensively examined in Chapter 5, along with some newly discovered integrable

deformations.

1.1.1 Why and how does the YBE define an integrable model?

In this thesis, the models under investigation are constructed on a spin chain: a one-
dimensional lattice. Operators can act on each site of the chain. When discussing an

observable A, the notation A ; specifies the site(s) where the observable acts non-trivially

Aj=1®® A © oL (1.2)

jthsite

The index j can refer to a single site or multiple sites simultaneously. L is the dimension of
the spin chain, also referred as length or volume, the total Hilbert space is Q; V,V = C". I
is the identity operator in V.

We now introduce operators that play a crucial role in characterizing the integrable properties

of the models.

Lax matrix The Lax operator® L can be defined using the RLL relation
Roo (A, A") Lon(A, An) Lon(A', ) = Lon(A', ) Lon(A, An) Roor (A, 4"). (1.3)

The Lax operator L acts on one auxiliary space (0 or 0') and one physical space (n). We
can represent graphically the Lax operator Lo;(A4, 4;) and the RLL relation in the following

way:

3We use the symbol L to represent both the length of the spin chain and the Lax matrix. However, it will be
clear from the context to which of the two we refer.
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A A A A n A A
0 i 0o o n 0 o n

Fig. 1.2 Graphical representation of the Lax matrix (left) and the RLL relation (right). Blue
lines identify the auxiliary spaces.

When the auxiliary space is equivalent to the physical space, it is possible to consider the
Lax matrix to be the same as the R-matrix. In this situation, we say the spin chain is in the
fundamental representation, and the RLL equation is equivalent to the YBE (1.1) by taking

01, 0 —2, n— 3. (1.4)

In this and the following chapters, we consider the Lax operators and the R-matrix as the
same objects. The only exception is in Section 5.6, where we present an example where
these two operators are distinct from each other.

If the auxiliary space has dimension 2, the Lax operator L, can be represented in matrix
form*

(1.5)

(s 2n) BulA,A)
Lo, (A, A,) = , =1,2,....,L,
oaihs ) (ynm,xn) 84(A, ) "

with «, 8,7, 8 matrices acting on the physical space n. The algebra of these operators is
encoded into the RLL relation (1.3).

Monodromy matrix The monodromy matrix Ty(A,{A;}) is the product of L operators

To(A,{AY) = Lor(AA) -+ Lot(A, A1) = ( zLL Z)( ?11 gi ) (1.6)

4The extension to the case of auxiliary space of higher dimension is obvious.
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In the cases where we can identify the Lax matrix with the R-matrix, the monodromy

matrix is equivalently defined as’
To(A,{Ai}) = Ror(A,AL)-- Roi(A,A1). (1.7)

The parameters A; are known as inhomogeneities, and each parameter is associated with a
particular physical space. When all the inhomogeneities have the same value A; = 6 for all i,
the spin chain is said to be homogeneous.

We can represent graphically the monodromy matrix in the following way:

L L-1 L-2 2 1

Fig. 1.3 Graphical representation of the Monodromy matrix. The blue line identifies the
auxiliary space.

By using (1.3) repeatedly, we can prove that the monodromy matrix obeys the fundamen-
tal relation

Roo (2, A) To(A,{Ai}) Ty (A {Ai}) = Ty (A" {4i}) To(A,{Ai}) R (A, A7), (1.8)

or in graphical form

o’ o

L L—-1 1 LL-1 1

Fig. 1.4 Graphical representation of the RTT relation.

Sometimes, for convenience, one can also identify Lo;(1,A;) = Roi(A,4]), where A, is related to A/ by a
shift.
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Transfer matrix The transfer matrix 7(4,{A;}) for periodic spin chains is defined as

(A, {4}) = troTp (A, {A:}) | (1.9)

where tr is the partial trace over the auxiliary space. (A, {A;}) is an operator acting only on

the physical spaces. The graphical representation of the transfer matrix is:

=1 j j+l

Fig. 1.5 Graphical representation of the transfer matrix.

By multiplying (1.8) for Ryy(A,A’)~! from the right, taking the partial trace over both

auxiliary spaces 0 and 0" and using the cyclicity of the trace, we find
(1A {A}) ;1 (A {A:})] = 0. (1.10)

Conserved charges Provided that all the inhomogeneities are the same (A4; = 0), we can
expand for a spin chain of definite length L, the transfer matrix in series

B 0+A2 6+1y\ 1 2 (OFA
logt(1,0) = @ ( . )+(1-0)Qa( . >+5(A—e) @3(T)+..., (1.11)
and by considering® (1.10) order by order we obtain
[Qi(6),Q;(0)]=0, i,j=1,...,00, (1.12)

which is the cornestone of integrability. Q;(6) are the conserved charges characterizing the
integrability of the models.

®To be precise, (1.10) implies that also [logz(A,{4;}),logt(A/,{A;})] = 0.
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If the inhomogeneties are different, the expansion of the transfer matrix can still be performed,

but now takes the more involved expression

logt(A,{A:}) =Qu <6+Tm) +Z(A —4;) Q2 <6+T{)Ll})+

Z%(l—lj)2@3(6+7w>+--~- (1.13)

And the commutation property (1.12) becomes

[Qi(0,{A:}),Q;(6,{A:})] =0, i j=1,... 00 (1.14)

To clarify, in a model characterized by an R-matrix that satisfies the YBE, it is always possible
to define an infinite set of conserved charges. However, the converse is not always true.
Indeed, some models have an infinite set of conserved charges, but with not known R-matrix.
An example of such a model is the Inozemtsev’s spin chain, [41]. In this model, the dynamic
is governed by a density Hamiltonian acting on all the sites of the spin chain. This class of
models, including Inozemtsev’s spin chain, will not be considered in this thesis. Instead, we
consider Hamiltonian density that acts on nearest-neighbour sites or on 3 sites.

Regular R-matrix We are interested in models where the conserved charges act locally,

therefore we should restrict to the case where the R-matrix is regular7,
R,'j(ﬂt,)'t):Pij7 (1.15)

where P is the permutation operator swapping the site i and j of the chain. We give the action

of P on both vectors |a), |b) and on a 2 site operator B:
Pla) ®|b) = |b) ®|a), P;jBjkFij = Bi. (1.16)

In general, we can also renormalize the R-matrix while still satisfying the Yang Baxter
equation (YBE), resulting in R;;(A,4) ~ P;j. As mentioned, we are considering the case
where the R-matrix and the Lax matrix coincide and consequently, the regularity property
can be analously given in term of one of these two matrices. In chapter 5, we consider one of

the case where L and R are two different objects and we define the regularity condition on

"We remark that to have a regular R-matrix, the spin chain should be homogeneous. Furthermore, the
statement that regular R-matrix implies that the charges are local can be understood from (1.18) and (1.25)-
(1.26).
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the Lax matrix, see expression (5.67).

From now on, we always work with the assumption of regularity, unless explicitly mentioned.
For this case, the charges Q; are local and have interaction range i. This identifies on how
many sites of the spin chain the charge Q; is acting non-trivially. As an example, we can

consider the case i = 2
Q=Y 21, (1.17)
J

and more generally, each charge Q; can be written as a sum of densities 2 acting non-trivially
on i sites of the spin chain. With this in mind, it is important to note that in the expression
(1.11), the length L of the spin chain must be bigger than the maximum range of the charge

we are interested in. Taking L smaller or equal gives rise to wrapping effect, [42].

Periodic and open boundary conditions The boundary conditions of the sum differ if we
work with open or closed spin chain.

For example, in (1.17)
e closed Q= Zﬁ;l 2ty 2L =210
e open Q@ = Z]L.;ll 2j sl

In this thesis, we work with closed spin chain (periodic boundary condition). The scenario
changes when dealing with open boundary conditions, [43]. In such cases, the reflection
matrix, often referred to as the K-matrix, assumes a prominent role. The YBE (1.1) continues
to hold, but there are two extra equations called boundary YBE (one for the left and one for
the right boundaries).

Charges and transfer matrix: meaning of the first few charges By using (1.11), the

charges are related to the transfer matrix by
Qi(8) = 9} 'log#(A,6)]5—0- (1.18)

The charge Q; can be identified with the momentum of the spin chain. We can first
consider the case L = 2 and take the auxiliary space to be the same as the physical one so

that the R and the Lax matrix coincide, the transfer matrix (1.9) is

1(0,0) =trgTo(0,0) = troRn2(6,0) Ro1(0,0) = trgPnFPo1 = Pi2, (1.19)
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where we have used the regularity condition (1.15) and the identity troAo Py, = A,.

Given an operator A acting on the first site of the spin chain, we find that
1(0,0)A11(0,0) ' =P A Py =A,, (1.20)
and this easily generalizes to arbitrary n
1(0,0)A,1(0,0) ' =A,1, n=1,...,L. (1.21)
Remembering that the momentum operator of quantum mechanics follows the property
P xXe P =X 1aq, (1.22)

where P and X are the momentum and position operators, and a is a c-number. We can define
the momentum operator for a spin chain by ¢’* =¢(6,6), which implies

P = —ilogt(6,6) = —iQy, (1.23)

so the first charge Q is related to the momentum.
For the sake of clarity, we point out that the condition (1.10) holds for any R-matrix satisfying
the YBE. The regularity condition is necessary to ensure the locality of the charges.

Traditionally, one takes the charge Q, to be the Hamiltonian of the system
L
Q2(0) =H(0) = Y 7 .1(6), 11 = I, (1.24)
j=1
and given a regular R-matrix, we can construct an integrable spin chain with nearest-neighbour
interaction Hamiltonian. This density is itself related to the R-matrix in a very simple way:
H12(0) = P12d)R12(A,0)[10 (1.25)
and as given by (1.18), [12]

Q2(0) = dalogt(A,6)[16- (1.26)

For difference form R-matrix, the relation is J#{; = P12d; R12(A)|3_0o- It becomes clear
that we can also investigate the nature of the R-matrix, whether it is of difference or of non-
difference form, by analysing the charges associated with it. Constant charges correspond to

difference form R-matrices.



22 What is an integrable model and how can we solve it?

Knowing the R-matrix gives us information about the Hamiltonian and the dynamics of the
system. However, there are alternative methods for constructing higher conserved charges
besides using the transfer matrix. For regular R-matrices, we can recursively generate the
charge Q; from QQ; using the boost operator mechanism, [13, 14]. In chapter 2, we provide

a thorough explanation of this mechanism, as we use it to find new integrable models.

In the next section, we follow the approaches of [44, 30],

"[...] not to begin in full generality but rather to choose a representative example and
explain on it all technical features in such a way, that generalization become reasonably
evident." Faddeev, [44].

We introduce the well-known Heisenberg spin chain as an example of an integrable model.
We utilize this model to initially highlight the significance of integrability in understanding
the dynamics of a system.

1.2 A typical example: the XXX spin chain

The XXX model (Heisenberg) is a standard example of integrable spin chain.

Even if this model is really simple, its rich and elegant mathematical structure makes it the
prototype of all integrable models. This Hamiltonian was first used for condensed matter
applications where it serves as a model for a ferromagnetic or antiferromagnetic material.
Furthermore, it is also very important in high energy physics. In fact, in the AdS/CFT context,
it describes the leading order anomalous dimensions for operators in the SU (2) sector of the
A = 4 supersymmetric Yang-Mills theory [45].

1.2.1 Why do we need integrable models?

Given a physical model, we are interested in solving the spectral problem

Hly) =Ely). (1.27)

We start to explore the problem considering H on a spin chain of length L = 2 and then to
generalize to arbitrary length. It will then be clear where the difficulties start to arise and
how integrable models can assist in addressing them.
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Definitions

We focus on a spin 1/2 chain (the generalization to s > 1/2 is straightforward and can be
found in many reviews or books, for example [44, 30]).
The Hilbert space is given by ®"C?. and we use the standard basis

1 0
( 0 ) =1, ( 1 ) =), (1.28)

to identify particles of spin up and down, respectively.
The density Hamiltonian of the Heisenberg spin chain is

J

where X, Y, Z are the Pauli Matrices. The inclusion of the identity term is for convenience, as
shifting the Hamiltonian globally does not affect the system’s dynamics but only leads to a
uniform energy level shift. The factor J serves as a normalization constant.

This model is called XXX spin chain because the coefficients in front of each term
XX,YY,ZZ are the same. However, the integrability property remains even when these
coefficients are different. For instance, the XXZ spin chain has matching XX and YY co-
efficients, while the ZZ coefficient differs. Similarly, the XYZ spin chain features distinct
coefficients for all three terms. Other limits can also be taken, like the XX model where the
727 coefficient is set to 0.

The density (1.29) can also be written as

;= %(H-—]I), (1.30)

with P;; the permutation operator acting as defined in (1.16) and I the identity matrix 4x4, or

in matrix representation as

0 0 0 0

Jlo -1 1 o0
P 1.31
27510 1 -1 0 (1.31)

0 0 0 0
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Spectral problem for L =2

We are interested in solving the problem
Hly) = (M2 + H51)|v) = E|y). (1.32)

Here and in the following we use periodic boundary conditions.

It is easy to see by direct inspection that a solution is given by

W) = D@1 =11, W0)) = 10+ 14, (1.33)
[Wa—1)) =11, [W0.0)) = [14) — [41). (1.34)

The states with |l;/(17l-)> have energy E = 0, while |l//(0’0)> has energy E = —2J.

J > 0 is called antiferromagnetic regime because the ground state is a spin singlet state;
while for J < 0 (ferromagnetic) there is a degenerate ground state, triplet.

The reason of this result can be also easily understood from the su(2) symmetry of the model.
In fact, the total spin operator

L
S:§<6®]I+I[®6>, (1.35)

with 6 = (X,Y,Z), are generators of a reducible 4-dimensional representation of su(2).

There exists a unitary matrix U such that

usut= [ Se=n | _ , (1.36)
| Sis=0)

where S (s=1) and S (s=0) generate irreducible representations of dimensions 3 and 1, respec-

tively. Since,

oo+ -Ixl, (1.37)

the two-site Hamiltonian can be expressed in terms of 2,
%2:£(6®6—H):§(?—2H) (1.38)

and using the fact that §2|S,5%) = S(S+1)|S,5%), we see that

%2‘S752> =

|~

(S(S+1)—2)|S,5%), $=-8,...,8; S=0,1. (1.39)
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In this way, we recover the result found earlier: for S = 1 the energy is £ = 0, and for S = 0
the energy is E = —J (the 2 in the energy eigenvalue given after (1.34) comes from the fact
that H = 2.47,).

We remark that symmetry arguments are of course not available for all physical models and

in some cases, only a brute force computation can be performed.

Spectral problem for arbitrary L and why integrability is useful

The problem of diagonalizing the Hamiltonian, now corresponds to a problem of diagonaliz-
ing a matrix of dimension 2% x 2L, While this problem can be solved using a computer, it
becomes more difficult as the chain length increases, eventually reaching a point where it
becomes impractical. To give a more precise idea, we performed the diagonalization of the
Hamiltonian (1.31) by using the software Mathematica 12.3. The eigenvalues and eigenvec-
tors were computed separately using the commands "Eigenvalues" and "Eigenvectors". We
set the numerical value J = —1/2, and we plot in Figure 1.6 the computation time needed by

the program to finish as a function of the length of the spin chain.

1000 ‘ ‘ ‘ ‘ ‘ " 1000 E ' ' ' ‘ ‘ .
100 ¢ L ] 100 L
10¢ — ] 10}
/U? [ . /(,? L
g g
= 0.100¢ " - = 0.100%
0.010¢ . ] 0.010 ¢ -
0001f 5 = = ] 0001f = * «
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
L L

Fig. 1.6 Brute force diagonalization of the Heisenberg Hamiltonian (1.31) for different L.
The left graph shows the computation time for "Eigenvalues", while the right graph displays
the computation time for "Eigenvectors".

From the graph, it is evident that the computation time for the diagonalization was
relatively short (the maximum time is approximately 1000 seconds or around 17 minutes).
However, when attempting to increase the length of the spin chain by one, we encountered
significant difficulties within the time frame we had. The computation of the "Eigenvectors"
for L = 15 was not completed after 7 hours, and a similar issue occurred with "Eigenvalues"
for L = 16. Therefore, explicit diagonalization rapidly becomes computationally challenging.
However, there are optimized algorithms available if one is interested in specific eigenvalues,

such as the smallest or the largest. Or one can use supercomputers. Nevertheless, it would be
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highly advantageous to have a method to obtain the complete spectrum efficiently.

If the model is integrable, there exist some techniques that allow to transform the problem
of exactly diagonalize a matrix, to the problem of solving a set of polynomial equations.
For example, in [46], the authors developed a method to generate all possible solutions
(analytically) of this polynomial equations for the rational GL(NIM) spin chain in the case
where the quantum numbers involved are not too large, proving the enormous advantage
of using integrable models. The analytical solution is in general not available, however
using numerical technique, the spectrum can be computed for spin chain with higher length
compared to the ones obtained by brute force diagonalization.

Furthermore, for many physical purposes, it is interesting to study the behaviour of the
eigenvalues in the thermodynamic limit (L — o), [47], which is definitely not achievable
by direct diagonalization. For all these reasons, integrability becomes handy. For integrable
models, the thermodynamic limit can be obtained by involving the so called string-hypothesis.
In the following section, we discuss a technique called the Algebraic Bethe Ansatz (or
Quantum Inverse Scattering method), [48]. However, this is not the only available technique
to exactly diagonalize the Hamiltonian, and to mention a few: Coordinate Bethe ansatz, [10];
Analytic Bethe ansatz, [49]; Baxter’s Q-operator method; a method that allows to directly
work in the thermodynamic limit, [50]; Quantum Spectral Curve [51].

Now, we apply the algebraic Bethe ansatz to the Heisenberg spin chain. Furthermore, in
Appendix A, we explore a more advanced technique called nested Algebraic Bethe ansatz,
which shares similar foundational elements to the approach discussed here, but it applies also

for systems with higher dimensional local Hilbert space.

1.3 Algebraic Bethe Ansatz

The Algebraic Bethe Ansatz is one of the techniques used to find the eigenvalues and the
eigenvectors of the Hamiltonian belonging to an integrable model. It allows us to obtain not
only the eigenvalues of the transfer matrix but also, by taking their logarithmic derivatives,
through the use of equation (1.18), the eigenvalues of all conserved charges.

The R-matrix® of the XXX spin chain is

8Now, we consider the R-matrix as a known object, in chapter 2 we explain how to obtain it from the
Hamiltonian.
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Rp(A)=Al+iPp = ; (1.40)

and it is of difference form type.
To verify that this is indeed the R-matrix associated with the XXX spin chain, we can

substitute it into the expression for the Hamiltonian (1.25) and we obtain
Hir ~ PradjyRi2(A)|3 -0 = Pr, (1.41)

which corresponds to (1.30) up to a normalization factor and a shift by the identity. These
transformations are always allowed”. If an R-matrix satisfies the YBE, then gR also does.
Similarly, shifting the matrix by an operator proportional to the identity is permissible and
only results in a global energy shift. We also notice that, the regularity condition holds (any

normalization pre-factor is not important) and the conserved charges are local.

The general idea

The starting point of the Algebraic Bethe ansatz is to find the reference state of the model.
From this state, by recognising a certain creation operator, we can build the other excited
states that belong to the spectrum. This idea is the same as the one used to solve the problem
of the harmonic oscillator.

For simplicity, we consider the case of a homogeneous spin chain, which corresponds to

setting!” the inhomogeneities A; in equation (1.6) to zero.

Commutation relations: From the RTT

The monodromy matrix To(A) (1.7) can be written as

To(A) :ROL()L_%)---ROI()L_%) = (222; ﬁii)) > ; (1.42)

9The transformations preserve the integrability of the model, however they may swap between the fer-
romagnetic and the antiferromagnetic regime. We discuss the allowed transformations in detail in section
2.6.1.

10Tndeed, a more general condition is to have A; = k with k € C. However, we can simplify the analysis by
setting k = 0 through a reshifting of 1.
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where the matrices A, B,C, D are related to the o, 8;,¥;, 0; of (1.6). Tp(A) can be seen as a
2 x 2 matrix living in the auxiliary space and A, B,C, D are operators on the physical space
®LC?. We identify the Lax matrix with the R-matrix with a shift in the spectral parameter'!.
Using this expression of the monodromy matrix and the R-matrix from (1.40) in the funda-

mental relation RTT (1.8), we can recover the following commutation relations

[B(A),B(A")] =0, [c(r),c(A))] =0, (1.43)
AQQ) B(V) = ZE;: — i;B(l’) A(R) — Z%i:i;B(z) ALY, (1.44)
D(A)B(A) = Z& :i,;B(?L’) D(A) — Z% :i/;B(l) DA, (1.45)
where
a=A+1, b=A, c=Ii. (1.46)

Based on (1.43), we interpret B and C respectively as creation and annihilation operators'?.
The reference state and the action of the transfer matrix
From (1.42), the transfer matrix 7(A4) is simply

t(A)=A(A)+D(A). (1.47)

We consider the ferromagnetic regime with J < 0. The reference state is the one with all
spins aligned!?,

w+:<(1)>®-~®<(1)):]ﬁ...¢>, (1.48)

L

which is an eigenstate of A(A) and D(A) and is annihilated by C(A),

.\ L .\ L
A(A) a)+:</l+%) w., D) w+:<l—%) o, CA)aoy=0. (149)

"'This choice is done in order to have a more symmetric final result for the Bethe equations.

12The choice between B and C as the creation or annihilation operator is motivated by the expression of the
reference state, as clarified in the following paragraph.

13We remind that the reference state has degeneracy 3. We chose here only one of the possible ground states.
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Furthermore, this state is not an eigenstate of B(A).

The state (1.48) is also called vacuum state or, since it is degenerate, pseudo-vacuum state.
In this particular case, determining the reference state was straightforward due to the exact
diagonalization of the Hamiltonian for L = 2 and the simplicity of the model. However, it
should be noted that for more complex models, this may not always be the case.

Let us outline the general steps involved in finding the ground state of a theory:

[

. Write the transfer matrix for a spin chain of L =2 and L = 3;

2. Perform numerical diagonalization of the matrix to obtain its eigenvectors;

3. Among those eigenvectors, select the ones that were not eigenvectors of B(1);
4. Among those, select the ones that are eigenvectors of A(A) and D(A);

5. Among those, select the ones that factorize, so that we can write them as KQ K® - - - K,
with x being a vector in C2.

The plan is to carry out these steps on a short spin chain, with L = 2 or 3, making it
possible to use direct diagonalization. We then aim to extend what we learn to understand
how things work for a spin chain of any length. We explain the reasons for steps 3. and 4. in
the footnote 15. The step 5. is optional. If it is possible to realize it, it is easier to generalize
the construction for arbitrary L.

Sometimes there is also the requirement that the reference state is annihilated by the C(A)s.
This condition is met in the case of the Heisenberg spin chain we’re examining. Nevertheless,
unlike conditions 3. and 4., it does not need to be satisfied for all the models. In fact,
it depends if in the RTT relation the C terms appears. This point will be clarified in the
Appendix A, after the expression (A.19).

It is useful to notice that in some integrable models like the anisotropic XYZ chain a simple
reference state is not known in the generic situation, and one has to use other methods to
solve them, [52].

Bethe states

Due to the property (1.43), we can identify the operators Bs as creation operators and we use

them to construct the so-called Bethe states or Bethe vectors,

Ay Au) = B(A) - B(Am) @4, (1.50)
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where A; are the Bethe roots'*. We can refer to this excited state as a state of M magnons. A
key step consists in requiring that this state is an eigenvector of the transfer matrix. We will

illustrate how this requirement leads to the determination of the Bethe roots’ expression.

One magnon state

To understand how to find this constraint, we can start with the one magnon state
A1) = B(A) o (1.51)
and we want that
H(A) A1) = (A(A) +D(A))B(A1) @1 = A(A; A1) M), (1.52)

with A(A; ;) the eigenvalue to be determined.
We use the relations (1.44) and (1.45) and obtain

(I} =[5 BN AR+ 57 538 D)

- —B(A)A(MH%B(A) D(zl)} o, (153

and we now use (1.49)

()| A1) :[M (/1 +5)L+ M(x - i)L}B(zl)m

bM—M\" " 2) Tha—a)\" 2
c(h—4) iNL  c(A—Ay) iNL
o M+a) Hamy (i-g) e ase

We recognize that in the first line, the one magnon state'> (1.51) appears and that it corre-

sponds to (1.52), if we identify

L al=A) g, L al—A) g, i\
A(A,Al)_m<l+§) +b(7t——7ti)<l_§) . (1.55)

14We remark that before we identified with A; the inhomogeneities. Now A; are the Bethe Roots. Since we
set all the inhomogeneities to 0, there should be no ambiguity in the notation.

5The expression (1.54) provides the reasoning behind implementing steps 3. and 4. when selecting the
ground state. In particular, because we have identified B as the creation operator for the excited state, w, cannot
be its eigenstate. Step 4. is justified by the observation that, as seen in (1.44) and (1.45), the coefficients in front
of B(A')A(A) and B(A")D(A) are generally different. Consequently, we must ensure that @, is an eigenstate of
both A and D separately.
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The terms in the second line of (1.54), often referred to as the unwanted terms, are required

to vanish. This condition imposes a constraint on the rapidity A; of the magnon. In particular,

we impose
=)y L INEL _cA=h) g DN
b(%—l)(AH_z) - b(?L—QLI)OI 2) ; (1.56)
or equivalently
AL
A ) _ A -A)b(h—A) w5
)'1_% C()Ll_ar) b(l—ll) :

So, for the one-magnon state, the solution of the eigenvalue problem is given by:

eigenvector: Bethe vector (1.51),
eigenvalue (1.55),

constraint for Bethe roots A;: Bethe equations (1.57).

Two magnon state

To derive the expression for M magnons, let’s start by examining the case of M = 2. By
understanding this particular case, we can then easily generalize the results to any number of

magnons. The Bethe vector for M = 2 is
A1, 42) = B(A1)B(A2) o (1.58)

and similarly to what we did for M =1,
t(A)|A1,42) = (A(A) + D(A))B(A1)B(A2) 04 = A(A; A1, 42)| A1, As). (1.59)

We now should start to use many times the commutation relations (1.44) and (1.45) and then,
when A(A4) or D(A) are closed to @ we apply (1.49).
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Explicitly,

A()L)B(A] )B(;Lz)a)+ :Zgii :i; Zéiiii; <l + %)LB(}L] )B(;Lz)0)++
B (a(ll —A)c(Ap—A) B c(A—A) c(Aa—Ay)
bl —A)b(A—A)  b(A—A)b(Ar— L)

- Zgbi :% ZEZ:% <7Ll + %)LB(A)B(MM, (1.60)

) (22+ é)LB(A)B(AI)m

which can be re-written as

A(A)B(ll )B(lz)a)_,_ :A(l;ll , 12) Ml , 12>+

MyB(A)B(A1) @y +MiB(A)B(A2) 0, (1.61)
where
A A As) = Z& ;;ZEX:;% (z+é)L, (1.62)
=i (73
M, = ZEX:;; ZE ; (R2+ ) (1.64)
We obtain similarly
D(A)B(A)B(Aa)@s =A(A; A1, 2) Ay, Ao) +
MyB(A)B(A) @y +MB(A)B(A) (1.65)
where
A
=g R a) .67
= b () .68
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M magnon state

This expression generalizes to the case of M magnons, the Bethe vector is

‘A/],AQ,...,A{M> :B(7L1)B(7LQ)...B(7LM)CO+ (1.69)
and
M a(A;—A) i\L
AM)BAM)B(2)...B(Ayy) 0 :Eb(z;—x)@ﬁ) A )+
M
Y. M;B(A)B(A)...B(A; 1)B(Aj1). .. B() @y
=1
(1.70)
with
=) g ala—) [, Nt
Mj__b(l;—l)k#jb(/lk—/l;) (+3) (1.71)

M
Y. M;B(A)B(A)..B(Aj-1)B(Aj11) ... B(Aw) 0.
(1.72)

with

(Af: — ) (2- £>L. (1.73)

Adding the results (1.70) and (1.72), we find both the expressions of the eigenvalues and
the Bethe Ansatz equation.
The expression of the eigenvalue is
M a(A;— 1) iNL Moa(d 1)) i\L
A o) = [T28 8 (1 Y PTER=20 (0 1Y (g
(R, Au) ]I:[]b@j—z) +3) a7, * 2 (1.74)

Jj=1
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with the Bethe roots A; constrained to be solution of the Bethe ansatz equation (BAE).

We notice that the the unwanted terms cancel against each other M +M 7 =0. In our specific
case, the functions a(A), b(A), and c(A) are given by the expressions (1.46). In particular, ¢
is a constant and b(A) = —b(—A). This leads us to the Bethe equations

. L
A‘j—i—% (l ),k) ﬂ, ﬂ«k—i-i .
ORIV R ) P .24 ot Ak B =1,....M. (1.75)
(?Lj—%) ,LIJ a(A—2;) ,!;IJA “de—i

We remind that the Hamiltonian is related to the transfer matrix by (1.26), and considering
(1.42), to obtain the Hamiltonian

J d L—1
m=1. ( a 1ogr<z>)k_£—m): S Hmir + S (176)

n=1

where we considered the normalization and the shift. Furthermore, the derivative is evaluated
at A = i/2 because we defined the monodromy matrix as (1.42). In particular, the 2 site
Hamiltonian is related to the R-matrix by (1.41) and we obtain

J

Hij =5 (Pj HRij(A)a= —T) = > (P —1). (1.77)

|~

In this way, using the expression of the eigenvalue (1.74), and the fact that the momentum
and the energy are related to the transfer matrix by (1.23) and (1.76), we find

M A i M
p=" Y log (“—JFZ> (mod 27), _ ! Z (1.78)
l la_% 24

21
a4

where A are the Bethe roots satisfying (1.75).

Trick to obtain the Bethe equations

We observe that in the case of the XXX spin chain, we were able to explicitly compute the
commutation relations between the A and D operators with the B operators and identify the
unwanted terms. However, for more complex models, this calculation can be lengthy and
cumbersome. Fortunately, there exists an alternative method to derive the Bethe equations.
First, to obtain the expression of the eigenvalues (1.74), we explicitly permute the A and D
with all the Bs and then we require the cancellation of the unwanted terms. By disregarding
the unwanted terms from the beginning, obtaining the expression for the eigenvalues becomes
straightforward. Specifically, from (1.44) each time we commute A with one of the B, we
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get one term of the type 7 and similarly from (1.45) by commuting D with B. Finally, from
(1.49), when the A or D acts on the vacuum, it picks up the eigenvalue. By following this
procedure, we can easily derive the expression for the eigenvalue. Schematically,

M

AG 2= (T1) () +(T1) () - (179
fromAB fromDB

The eigenvalue A(A;A1,...,Ay) (1.74) has a pole when b(A — A;) = 0, that is when
A= 7Lj. However, it is important to note that the transfer matrix remains non-singular at
these points, suggesting that these poles should not exist. To eliminate these poles, we can

ensure that the residue of the eigenvalue at these points is zero. From

Voa(h ) e M a(e—A) fn i\L
Res; ,; (174) = — [[ S8 =) (2,4 D) G T 8% =40 (3, 5 ~o, (180
#5152, (1.79) kl;llb(/lj—/lk)< i+5) gb(lk—lj)( i=3) (1.80)
k#j k#j

we exactly obtain the Bethe equations (1.75).

This technique proves to be valuable, particularly in the case of more complex models, where
the commutation relations between A and B, or D and B, may involve more than three terms.
Keeping track of all of them become tortuous. We use this trick in the Appendix A, when
we apply the nested Bethe ansatz technique to solve one of the new integrable model that
we find. However, we remark that, even though this trick works for the known cases, to the
best of our knowledge, it has not been proven that the cancellation of the poles is a sufficient

condition for obtaining the Bethe equations.

Roots at infinity

A valid concern arises when two or more states are degenerate, as we may only obtain one of
the corresponding Bethe states via the Algebraic Bethe ansatz. How can we obtain the Bethe
states corresponding to the same eigenvalue?

Let us start from the beginning. The reason of the degeneracy is the symmetry. The

Hamiltonian (1.76) commutes with the generators of the global su(2) algebra

[HL, Sx] = [H, Sy] = [H, S]

0, Sa=Y A, A=XY,Z (1.81)
j

For example, we can choose the eigenstate of the Hamiltonian to be the eigenstate of S, as

well.
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Since at each site of the chain there is a su(2) algebra, the whole Hilbert space is a tensor
product of L copies of the fundamental representation of su(2) and can be decomposed into

a direct sum of irreducible representations Vy, of the global su(2) symmetry,
C® ®C*=agVy, (1.82)

Vg 1s an invariant subspace of the Hamiltonian and all the states have the same energy.

For example, for L = 2, the Hilbert space decomposes into a spin-0 and a spin-1 representation.
The eigenstates of the Hamiltonian are (1.33) and (1.34). The states [11) and [1) — |{1) are
highest weight states and corresponds to the Bethe states (1.50). Having found all the highest
weight states, one can use the lowering spin operator and obtain all the other states as well.
These are called descendants.

An equivalent way to obtain the other states is to consider the Bethe roots at infinity. In fact,

in the limit A — o, the lowering spin operator S_ is related to the B operator by
BA)=c AL ts 4., A — oo, (1.83)

with ¢ a constant. If we add roots A; = oo to any solutions of the Bethe ansatz, we have the
Bethe equations still satisfied. In other words, for finite Bethe roots, the Bethe states (1.69)
are highest weight states, and if some of the roots are at infinity they are descendant. We
refer to [53] for a more detailed analysism.

We can also check that since
S:,B(A)] = —B(A), (1.84)

the Bethe state of M magnons is an eigenstate of S;, with eigenvalue L/2 — M, and we can
think of this state as having M spins flipped from |1) to |]). This observation clarifies the
meaning of an M magnon state, highlighting that it corresponds to a state where a certain
number of spins have been flipped. Furthermore, since the eigenvalue of S; for a Bethe state
is L/2 — M, to get all highest weight states!” it is enough to consider only M < L /2 in the

Bethe equations.

16The author breaks the su(2) symmetry by considering a twisted model and afterward, sending the twist
parameter to 0, he recovers the un-twisted result.

17We remark that, restricting to M < L/2, we obtain the highest weight state. To explore the complete
spectrum, which includes M > L/2, one must repeatedly apply the lowering spin operator.
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Completeness of the Bethe ansatz

It is also interesting to investigate whether the Bethe equations provide all the eigenvalues of
the transfer matrix, a property known as the completeness of the Bethe ansatz. The answer to
this question is expected to be positive for the XXX and XXZ model, however a rigorous
proof is not available'®. It is common practice to verify completeness numerically when
applying the Bethe ansatz to a specific model. We first diagonalize numerically the transfer
matrix for different lengths of the spin chain L = 3,4,5, ... and then compare the obtained
eigenvalues with those derived from the Bethe ansatz.

To illustrate the process, let’s consider the case of L = 5 for the XXX spin chain. By
direct diagonalization of the Hamiltonian H in (1.76) with J = —1, we find the following

eigenvalues A along with their corresponding degeneracies d
{A,d} = {{0,6},{0.3455,8},{0.4410,4},{0.9045,8},{1.0,2},{1.5590,4}}.  (1.85)

We can verify the completeness of the Bethe ansatz by checking if we can obtain the
same eigenvalues by solving the Bethe equations (1.75) and plugging the solutions into the
expression for the energy eigenvalues (1.78).

As mentioned, it is enough to focus on the case® M <L /2. In this case, we obtainZ’

M=0, O, (1.86)
M =1, 0.3455,0.9045, (1.87)
M =2, 0.4410,1.5590, 1, (1.88)

that reproduce all the eigenvalues found by numerical diagonalization, confirming the com-
pleteness of the Bethe ansatz for the XXX spin chain with L = 5. The common practice to
verify completeness is to extend this computation to different values of L and check if all the
eigenvalues will be found.

18We refer to [54] for a summary.

19We remark that this restriction is due to the su(2) symmetry of the model. If we consider a state with
M > L/2, its energy will not be different than one of the state with M < L/2. At the level of the Energy (1.78),
this is understood because we are adding constribution of states characterized by a Bethe root at infinity. We
recommend to read the discussion at p. 197, 198 of [53] for more details.

20The Bethe equation are solved numerically by using the command FindRoots in Mathematica and specifying
the starting point of the searching.
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Is this method really powerful?

As showed in this chapter, the problem to find the eigenvalues of the Hamiltonian become
equivalent to solve the Bethe Ansatz equations (1.75) for the Bethe roots. We may ask why it
is beneficial to use this reformulation since the equations become very difficult to solve as the
system size and number of magnons increase. As we showed in Figure 1.6, as L increases,
direct diagonalization becomes impossible even with the help of a powerful computer due to
the exponential growth of the matrix size. In particular, we showed that for the Heisenberg
XXX model, the direct diagonalization is possible until L = 15 for the eigenvectors and
L = 16 for the eigenvalues. If we imagine to apply this problem to a physical system, for
example a “metal”, the number of atoms in a unit volume is of the order of the Avogadro
number 0(1023) and the direct diagonalization is clearly impossible.

In that case, however, the equations (1.75) tend to enormously simplify and one often is able
to derive elegant linear integral equations. The case where L — oo is called thermodynamic
limit, [47]. In this context, various methods have been developed involving some assumptions
about the nature of the solutions, such as the string hypothesis (see, e.g., [55]).

From the Bethe equations (1.75), qualitatively, it can be understood that computing the Bethe
roots for small M is not very complicated numerically, even if L is very big. The problem
become more challenging as both L and M grow. However, without any sophisticated
algorithm, one can check that it is possible to obtain (numerically) some of the eigenvalues
even for L ~ 100, M = 40 and bigger.

Furthermore, if we know the Bethe equations of a theory but lack knowledge of the specific
spin chain from which it originates, we can obtain information about the theory’s original
symmetry by examining the quantity of Bethe roots at infinity.

The Bethe ansatz has proven to be an incredibly powerful technique, yielding a wide range
of results in various areas of physics. Some notable achievements include determining the
spectrum of low-lying states, finite-size corrections, scattering matrices and thermodynamics
(finite temperature and magnetic field). Progress has been made on the computation of

correlation functions.

Other models

The spin 1/2 isotropic Heisenberg chain which we have discussed is the simplest integrable
models. However, it is possible to introduce additional complexities, such as considering
inhomogeneities into the spin chain. Since this chapter aimed to provide an introduction,
we focused on the simplest case. In the Appendix A, we apply this technique to a more

complicated model and we also consider inhomogeneities.
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Moreover, by using the appropriate R-matrices, one can apply this technique to the anisotropic
XXZ chains, chains with spins in higher-dimensional representations (S =1,3/2,...) and
chains with spins in representations of higher-rank algebras su(N). The Bethe ansatz
technique can also be applied for open boundary conditions, [43].

The Bethe Ansatz equations have been obtained for many such models.






Chapter 2
Classification of Integrable models

Due to the relevance of quantum integrable models, numerous approaches have been devel-
oped to find solutions to the Yang-Baxter equations.

In this chapter, we give a brief overview of these methods, discussing their strengths, weak-
nesses, and the types of solutions found. Then, we provide a detailed explanation of the
boost automorphism method and how to apply it with a concrete example. One of the main
contributions of this thesis is the application of this method to discover new solutions of the
Yang-Baxter equation with R-matrices of non-difference form in different scenarios. At the

end of the chapter, we enumerate all the contexts in which we applied the method.

2.1 A brief introduction

The most intuitive and obvious method to classify integrable models consists in searching
for the solution of the Yang-Baxter equation (1.1). The latter is a cubic polynomial equation
whose solution gives, in principle, all possible quantum integrable models'. However, since
it is technically enormously difficult to solve cubic coupled functional equations, different
groups of researchers developed various methods to overcome this problem. It’s worth
mentioning that the literature on this topic is extensive, so our reference list is therefore
partial. We have included a selection of papers, and interested readers are encouraged to
consult the references therein.

We divide the classifications methods into two classes:

* Top-down: The outcome of these methods is the expression of the R-matrix that

satisfies the YBE. This R-matrix is the key component that enables us to construct the

'We remark that we refer here to quantum integrable models characterized by an R-matrix solution of the
Yang Baxter equation. There exist, in fact, long range interacting models characterized by the conserved charges
but for which the R-matrix is not known.
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transfer matrix. By taking the logarithmic derivative of the transfer matrix, we can

derive all the conserved charges.

* Bottom-up: The outcome is the Hamiltonian belonging to an integrable model. These
methods impose constraints on the form of one of the conserved charges, namely the
Hamiltonian, ensuring that it belongs to an integrable model. Afterwards, this is used
to find the corresponding R-matrix.

The boost automorphism method used in this thesis belong to the bottom-up class and, in the
following, after giving a derivation of the boost operator, we clarify with an example how to
perform the various steps of the classification of quantum integrable models.

2.2 Top-down methods

Impose symmetries on the R-matrix

In physics, it is common to be interested in models that exhibit particular symmetries. The
symmetries of the Hamiltonian are carried out also to the R-matrix. In particular, requiring
that H commutes with the generator of a bialgebra .27, translates to the level of the R-matrix
as A°?(a)R(u,v) = R(u,v)A(a), where A and A°P denote the coproduct and opposite coprod-
uct related by conjugation on .o, respectively. These constraints restrict the number of
independent functions of the R-matrix and usually only leave few functions to be fixed with
the help of YBE.

Type of solutions found: This approach has been used since early days [11, 12, 56-58] to
obtain finite-dimensional irreducible representations of GL(2,C) but also more recently was
applied in the context of AdS/CFT [59-66].

Pros: Easy to apply.

Cons: It will only produce R-matrices characterized by a given symmetry.

As a curiosity, this approach was one of the first used and in the paper [12] of 1982 one of
the first classification was given. It is interesting to point out a statement of their paper

SUPPLEMENT
In the Supplement we give a summary of known solutions of the quantum Yang—Baxter equa-
tion. Since in a series of cases the verification of (1) requires long and tiresome calcu=-
lations, not all the sheaves given below will be reexamined. In the majority of examples,

we indicate the authors to whom the assertion that the given sheaf satisfies (1) is due.

Nowadays, with the software Mathematica (and many others) we can check the YBE (equa-
tion (1) of [12]) in seconds.
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Baxterisation procedure

The Baxterisation procedure uses representations of the braid group, such as the Hecke
algebra, the Temperley-Lieb algebra, or the Birman-Murakami-Wenzl algebra, to obtain
solutions of the Yang-Baxter equation (YBE) with a spectral parameter.

In fact, it is known that the S-matrix of a representation of a braid group is a solution of the
Yang-Baxter relation (which is the spectral parameter independent case of the Yang-Baxter
equation). The Baxterization was initially proposed in the context of knot theory [67-70]
and consists in inserting a spectral parameter into a given representation of braid group so
that the Yang-Baxter equation is satisfied. We can recover the original representation of the
braid group as a limit in the spectral parameter of the Baxterized version.

Type of solutions found: Many new R-matrices of difference form with dimension 4x4
and 9x9 [71-77] and recently also of non-difference form of 4x4 type and higher spin
representation of s[(2) [78-80].

Pros: Easy to apply

Cons: Only R-matrices coming from a representation of an algebra can be found.

Differential approach

This method was broadly used in the context of spin chain with open boundary conditions
to solve the reflection equation [81, 82]. It was used in the early days, [12] and also, more
recently by R. S. Vieira through a series of works [83, 84]. In physical models, we can
typically assume that the R-matrix is differentiable in a neighbourhood of a certain point.
This condition is not overly restrictive, in fact for regular spin chain to obtain the conserved
charges from the transfer matrix one can take the power series expansion (1.11).

The method consists in taking the formal derivative of the YBE (1.1) with respect to one of
the spectral parameters and evaluate the derivatives at a fixed point of these variables (for
example at zero). Then, since the system of equations is overdetermined, the derivatives and
the functions can be treated as independent between each other. In this way, one can select
and solve first the easiest equations i.e. those linear in the derivatives and then, plugging back
these solutions into the others, the remaining ones become simpler than they were initially.
Once all the solutions of the system are found, it is necessary to individually check that the
derivatives and functions satisfy the compatibility conditions. These conditions ensure that
the solutions are valid and consistent. In some cases, these impose additional constraints,
while in other cases they may reveal incorrect or incompatible solutions which should be
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discarded?.

Type of solutions found: This method provides a full classification of R-matrix of difference
form of size 4 x 4 of 8-and-lower-vertex models [83]; difference form R-matrix of size 9 x 9
satisfying the so-called ice rule condition® [84].

Pros: The method is complete: given an ansatz for the structure of the R-matrix, all the
possible solutions of that type will be found.

Cons: It quickly becomes unwieldy as the size of the R-matrix increases.

2.3 Bottom-up methods

Models solvable via the coordinate Bethe ansatz

As discussed in chapter 1, the strength of integrable models lies in their exact solvability. The
coordinate Bethe ansatz is one of the techniques available to solve these models. Another
method to classify integrable models involves the identification of the constraints on the
Hamiltonian to ensure that the spectrum can be obtained through the coordinate Bethe ansatz.
Having the expression of the Hamiltonian belonging to an integrable model allows the
construction of the corresponding R-matrix*.

Type of solutions found: In a series of papers [85—-87], the authors classify the integrable
Hamiltonians of difference form of dimension 9 x 9 with 14,17, 19 or 33 vertex.

Pros: Once some integrable models are found, we are sure that they can be solved via the
Coordinate Bethe Ansatz.

Cons: Unfeasible for the integrable models that cannot be solved via the coordinate Bethe

ansatz> and it is hard to generalize for C" @ C", n > 3 local Hilbert space.

Iterative procedure

This old procedure to find integrable models of difference form type can be considered a
mix between the bottom-up and the top-down methods. It consists in fixing the symmetries
of the Hamiltonian and reconstruct the R-matrix iteratively by imposing the YBE order by

order in the spectral parameter. Explicitly, the starting point is the expansion for R(u) =

“This last case happens if for example we found that one of the entries of the R-matrix should be zero, but
the corresponding derivative is not zero.

3More details on this type of models will be given in section 8.1.

“4The steps on how to obtain the R-matrix from the Hamiltonian are given in section 2.5.

3As already remarked, non all methods to solve integrable models is applicable to all of them. For example,
the X'YZ spin chain is integrable but it cannot be solved via the standard coordinate Bethe ansatz approach
because we cannot define a good reference state.
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RO 4R 4+ 2R 4 . Inserting this into the YBE and considering separately order by
order in u, gives a set of equations for the R In the models obtained using this method,
the solution for R(Y) was determined, and it was observed that the matrices R? and R®) are
completely determined by the solution® of R This allowed to re-sum and find the explicit
expression of the R-matrix. Since R corresponds to the Hamiltonian (1.41), from this
method, the Hamiltonian can be computed first and then use the results obtained to re-sum
and obtain the R-matrix.

Type of solutions found: In [88] and [89, 90] they listed the difference form R-matrix of
19-vertex type.

Pros: The method is complete.

Cons: The re-sum is very complicated for more complex ansatz.

2.4 New method: Boost automorphism mechanism

The main result of this thesis is the use of the boost operator to classify quantum integrable
spin chain with R-matrix of non-difference form. In this section, we describe in details the
method used: we give the derivation of the boost operator [13, 14], explain the main idea
behind it and then we clarify the statements with an example.

The boost method was first used to classify R-matrix of difference form [91, 36] and then,
we generalized it to the case of non-difference form [1, 2]. In this thesis, we focus on the
second case and in particular in application in the context of Open quantum systems. We
refer to the thesis [92, 93] for applications in AdS/CFT.

As mentioned, there are various historical approaches to classify integrable models and many
of them start from the R-matrix, solution of the Yang-Baxter equation (YBE). The R-matrix
is then used to construct the transfer matrix, and by taking the logarithmic derivative, all the
conserved charges of the integrable model can be obtained. In particular, the Hamiltonian
provides the dynamics of the model.

In our approach, we followed a bottom-up strategy. Instead of starting from the R-matrix,
we began with the Hamiltonian of the system and used it to derive the corresponding R-
matrix. This allowed us to directly establish the connection between the Hamiltonian and the
integrable structure of the model.

The main advantage of this method lies in its versatility and applicability to a wide range
of contexts. In fact, the starting point is to chose an ansatz for the Hamiltonian density

H12(0). The ansatz is dictated by different reasons: we may need to focus on Hamiltonians

®This is an old conjecture called tangential star-triangle hypothesis . It states that all the higher orders of the
R-matrix depend on the first one. This is not proved but it is believed to be true, [88].
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with a given symmetry or having some particular properties, for example in chapter 3 we
identify the Hamiltonian to be a Lindblad superoperator: the generator of the dynamics of
an open quantum systems. While the method can be extended to more general Hamiltonians,
it is important to note that the computational complexity of the calculations increase to
the point where it may become unfeasible to obtain explicit results. However, with the
advancement of computational power, we expect that more general integrable Hamiltonians
can be successfully classified using this method.

Obviously, by starting from any type of ansatz for the Hamiltonian, there is no a-priori reason
such that it defines an integrable model. This is the point where we apply the method and we
restrict the entries of the Hamiltonian such that it belongs to an integrable model. We do this
by using the so-called boost operator [94, 13, 14], which is an alternative way to generate
the tower of conserved charges for regular integrable models without the need to construct
the transfer matrix and expand it. In the following section, we explicitly write the derivation
of the boost operator by following [13, 14]. For the moment, we can consider the boost as a
machinery that allow us to compute the conserved charge Q3 by starting from Q5.

Since our model should be integrable, the two charges Q, (constructed from the density
Hamiltonian) and Q3 should commute. This will place a number of constraints on the entries
of the density .77, (and consequently on Q,) in the form of a system of ODEs. We then
solve the set of constraints and show that the resulting Hamiltonian defines an integrable

system, meaning it can be obtained from a solution of the YBE.

2.4.1 Boost method in a nutshell

1. Start from an ansatz for the Hamiltonian density .7, = 2, (this depends on some
functions hy,hy, ..., h;). We remark that we work with the general case of R-matrix
of non-difference form type. In this case, the Hamiltonian depends on a spectral
parameter /71, = #1,(60) and h; = h;(0). For simplicity, we do not write the explicit
dependence.

2. Use the boost operator to construct the density 25 (it depends on the same functions
hi, hy, ... ).

3. Solve the constraint [Q,, Q3] = 0 — potentially’ integrable Hamiltonian .77,.
4. Use 71, to find the R-matrix via the Sutherland equation.

5. Check that such R-matrix satisfies the YBE.

"In principle, we should check that all the commutators [Q;, Q ;] vanish. We instead prove integrability by
constructing the R-matrix.
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6. Answer the question: Is the R-matrix that we found new?

2.4.2 Derivation of the boost operator

In this section, we review the construction of the boost operator (also known as ladder
operator) for non-difference form models. Our exposition closely follows that of [13, 14].
This operator can be used in a recursive relation to generate all the tower of conserved charges
without using the transfer matrix.

The term boost operator is derived from the fact that, in (1+1)-dimensional continuum
field theories, the generators of the Poincaré group are B, P and H, which correspond to the
generators of Lorentz boosts and spatial and temporal translations, respectively. The last two

are the total momentum operator and the Hamiltonian, respectively. They obey the algebra
[B,H| =P, [B,P] =H, [H,P] =0. (2.1)
For some integrable models defined on a lattice, the entire set of conserved quantities satisfy

[B, 1] = 1"+1) ("1 =0, (2.2)
with #(© and (') the momentum operator P and the Hamiltonian H. The boost acts as a
ladder operator for the charges.

In the derivation of the explicit expression of the boost operator, we focus on the case of R-
matrices of non-difference form R = R(u,v) # R(u —v) and, for completeness, we comment
on how to apply the method to the difference form case.

Our starting point is the Yang-Baxter equation (1.1)

Rio(u1,u2)Ry3(uy,u3)Ro3(u2,uz) = Roz(u2,uz)Ry3(uy,u3)Ri2(u, u), (2.3)

we take the derivative w.r.t. u3 and we omit the dependence on the spectral parameters. There
is no ambiguity, since R;; = R;j(u;,u;)

R12R|3R23 + R12R13R); = R)3R13R 12+ RosR 3R 2, (2.4)

we identify with R'(u,v) the differentiation w.r.t. v. We multiply by P»3 from the left, we
send uy — u3 and we use the regularity (1.15) and the boundary condition (1.25)8

8Notice that here we are using the boundary condition by taking the derivative w.r.t. the second spectral
parameter, so we have an extra minus sign.
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Rij(u,u) = Py, OujRij (i )|y = R iy )iy = —Pijiolaj(u). (2.5)
This leds to the well known Sutherland equation
[R13R12,73(6)] = Ri3R1, — RisRu, (2.6)

where here we denote’ R; j = Rij(u,0). We now make the replacement 1 — a, 2 — &,
3 +— k+ 1, obtaining

[Ra7k+1Raka %@k-{-l (6>] - Ra7k+1R;k - R;7k+1Rak- (27)

We consider an infinite homogeneous spin chain with monodromy matrix'® 7, (u, 8) (the

infinite version of (1.6)) given11 by
(u 9) alRaORa N [N (28)

Now take (2.7) and multiply from the left with the product of R-matrices ...R, x4 and from
the right with R, ;1 ... and then multiply the resulting equation by k and sum over k from
—oo to oo, The two terms on the right hand side of (2.7) telescopically cancel'? and we are
left with

dT,(u,6
Z k(Ty(u,0), 74 k41(0)] = %, (2.9)
k=—oo0
and by taking the partial trace over the auxiliary space
> dt(u,0)
Y k[t(u,0),74141(0)] = 70 (2.10)
szoo
Finally, using the expansion (1.11) we obtain
Qr+1(6 Z k[ A x41(0),Qr(0)] + 0o Qr(0), r=123,.... (2.11)

k=—o0

The Sutherland equation only depends on two spectral parameters since we considered the limit on the
YBE where one parameter approaches the other.

19For clarity, we call the auxiliary space a instead of 0, since we are using the labels oo, ..., 1,0, —1,...,—oo
for the physical spaces.

""Here we identify the auxiliary space with "a" instead of "0" since "0" is one of the site of the physical spin
chain.

12This happens because we are considering a spin chain of infinite lenght.
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We can then identify the boost operator with

B Qo) =09+ Y, kHys1(0). (2.12)
k=—c0

The infinite sum should be interpreted in a formal sense since what we are interested is not
the boost operator itself but rather its commutator with the tower of conserved charges which

is perfectly well-defined even for finite chains. In fact,

@H—l = [’%[QZLQI’]) rz L. (213)

To clarify this, we can explicitly compute the boost operator for a chain of finite lenght L.
This construction will be in fact very useful in the following.

Taking r =2 in (2.11) and remembering that Q =}’ ; 7 j 1, we can keep in the commuta-
tion relations only the cases where j = k41, all the other terms will trivially vanish and we

obtain

Q3(0) = Y. k[Hys1(0), 71 1(0) + it 112(0)] + I Q2(6). (2.14)
he—oo

We shift in the second term of the commutator k — k — 1 and, in this way, the linear

dependence in k drops out and we get

(o)

Q3(0)= Y [H-1x(0), Hx1(0)]+eQ2(0). (2.15)
[

The k factor multiplying the sum was problematic because it was breaking the periodicity of
the spin chain. Now, we consider the terms inside the sum as a range three operator, and we
write the total charge Q3 in a chain of lenght L
L+1
Q3(0) = Y [H-1k(0), #k41(0)] + 06 Q2(6). (2.16)
k=2

In what follows, we use periodic boundary condition
A1+ = 1. (2.17)

The expression obtained for the boost operator (2.12) relies on the assumption that the

R-matrix is of non-difference form and the Hamiltonian depends on a spectral parameter. In
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the case of a difference form R-matrix, a similar derivation can be carried out, resulting in

the absence of the derivative term in (2.16).

2.5 Detailed explanation with an example

Step 1. Starting point: ansatz for 71,

Our starting point is a nearest-neighbour Hamiltonian density .7#7,(0) on C" @ C". We
emphasize that the validity of the method does not depend on the chosen ansatz. However,
selecting a highly intricate ansatz, may lead to the technical problem of solving a very
complicated coupled set of differential equations.

In this example, we start from an easy ansatz for a density Hamiltonian in C? ® C:

J2(0) = , (2.18)

S O O O

h;(0) are the functions to be determined. To construct the total Hamiltonian QQ; from the
density, we need to specify the length of the spin chain. We work!® with L = 4. For this
reason, the total Hamiltonian is

4
H(0) = Qa(6) = Y 5 11(0), Has= A4, (2.19)

J=1

The last condition defines a periodic chain.

Step 2. Construction of Q3 using the boost operator

Using the boost operator (2.16), the charge Q3 is related to QQ; as

4 4
Q3(0) = Y [7,j+1(0), #)11,j42(0)] + 99Qa(0) = Y 2, j41,j42(0), (2.20)
Jj=1 j=1

3The reason is the following. A charge Q; is the sum of range i densities. Since we are firstly interested
in the commutator [Q2, Q3] this is a sum of densities of range 2 + 3 — 1 = 4. Starting from a chain of length
lower than 4, the commutator produces some cancellations which do not happen in general, while starting from
a chain of higher length is computational more expensive and it does not give any additional information.
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with 2; i1 j+2(0) arange 3 density. In matrix form, this is

0 0 0 0 0 0 0 0
0 0 —hh; 0 —h3 0 0 0
0 hyihy N 0 3 — hohs 0 0 0

D1 (6) = 8 ;)2 ) 0 I 0 hs+hihs  h3 0 @
1 4+ hohy 0 ho 0 0 0
0 0 0 hy — hihy 0 ho hohs 0
0 0 0 —h? 0 —hhy 0 0
0 0 0 0 0 0 0 0

for simplicity we suppress the 6-dependence on the entries and dgh; = h; .

Step 3. Imposing the integrability constraints

Since we want the model to be integrable, we have to require that the two operators (Q, and

Q3 commute

[Q2,Q3] =0. (2.22)

This constraint leads to a set of coupled ordinary differential equations. For the example

analysed, those are
hs(hy +ha) = (I + h) s, ha(hi+hy) = (hy + ho)ha, (2.23)
easily solved by
c3 C4
hs = 3(’11 +hy), hy = 7(’11 +hy), (2.24)

for some constants c3 4.
In this way, we obtain the Hamiltonian density

0 0 0 0

Hin(0) = | © hy S(hi+hy) 0 (2.25)
0 $(h+h) hy 0 '
0 0 0 0

This Hamiltonian density "potentially" belongs to an integrable model. At this stage, we have

determined that [(Q2,Q3] = 0. However, to establish integrability, it is necessary to show
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that this commutativity condition holds for all charges, i.e., [Q;,Q;] = 0 for all i and j. To
compute the infinite set of commutation relations would be a challenging task, so instead of
taking that approach, we can prove the integrability of the model by finding the corresponding
R-matrix for the density Hamiltonian (2.25). This approach also provides insight into the
logic behind the other bottom-up methods discussed in section 2.3 for classifying integrable

models.

Step 4. Use 7 to find the R-matrix via the Sutherland equation

To guarantee that the model we found is integrable, we find the R-matrix corresponding to
the density Hamiltonian. By doing so, we ensure that the model is indeed integrable.
In order to do this, we start from the YBE

Rip(uy,up)Ri3(ui,u3)Ro3(uz,u3) = Ro3(ua,u3)R13(ur,u3)Ri2(uy, u) (2.26)

and we differentiate with respect to u

Ry (uy,u2)Ry3(uy,uz)Roz(ua,uz) + Rio(uy,uz)Ry3(uy,us3)Roz (u, uz) = (2.27)
Ro3(uz,u3)Ry3(uy, uz) Rz (ur,u2) + Roz(uz, u3)Ry3(uy, uz) Rz (uy, uz) (2.28)

where we used the shortcut R;; = dy, R;j(uy,u2). We now send u; — up and use the regularity
property (1.15) the boundary condition (1.25)

Rij(u,u) = Pij, Rij(u,u) = PIJ%J(M) (229)
In this way, one gets another version of the so-called Sutherland equations
[R13R23, #2(u)] = R13R23 — R13R23, (2.30)

where R;; := R;j(u,v). Similarly, as explained before, one can get the second Sutherland
equation (2.6)
[R13R12, #43(v)] = Ri3R|, — Ry3R12, (2.31)

where now R; i= du,Ri j(u1,uz). The Sutherland equations (2.30) and (2.31) constitute two
sets of ODE:s for the entries of the R-matrix and the boundary conditions are fixed by (2.29)
and (2.5).

From Step 3. we found the potentially integrable Hamiltonian, which we use as input in
the Sutherland equation. To verify its integrability, we proceed by solving the Sutherland
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equations for the corresponding R-matrix.
In principle, we can start from a general ansatz for the R-matrix, but to simplify the problem,
we can already impose some constraints on the entries of the R-matrix. In particular, we

compute an expansion'* of the R up to order (1 — v)?

N2
Rlz(u,v):P12 <1+(u—v)jﬁ2<u_2i_v)+<u ZV) %22 <u—£v>+ﬁ(u—\/)2> (2.32)

and use it to understand which entries are non-zero and which entries are the same. The
expansion of the R-matrix at order 2 in (z — v) can be understood from the braiding unitarity
property R(u,v)R(v,u) o< I. This ansatz on the entries of the R-matrix resulted to be correct
for all the models analyzed in this thesis.

We should also remember that the YBE continues to hold if one consider a different nor-
malization of the R-matrix, R(u,v) — f(u,v)R(u,v), with f any well defined function in
the two parameters u,v. For more complicated models, a right choice of the normalization
enormously simplifies the solution of the set of differential equations. However, in choosing
a normalization, the compatibility with the boundary conditions should still hold.

For this specific example, we used the following ansatz for the R-matrix

rn 0 0 0
0 0

R= 2.3 , (2.33)
0 r4 15 0
0 0 0 r

the entries 1,1 and 4,4 are equal as suggested from the expansion (2.32). The boundary

conditions (2.29) corresponding to this ansatz are

ri(u,u) =1, ra(u,u) =0, r3(u,u) =1, (2.34)
ra(u,u) =1, rs(u,u) =0, (2.35)
1 (u,u) = 0, P (u,u) = %(m W) +ho(u),  (uu)=h(u),  (2.36)
a(ugu) = h(u),  Fs(uyu) = %(hl(u) ha(u)), (2.37)

where the notation 7;(u,u) means d,r;(u,v)|,—,. We are allowed to chose to normalize the
entry r1(u,v) to 1. Note that not all the choices are admitted, for example rs = 1 would have

been not compatible with the boundary condition.

14This expansion provides a transparent explanation for the different signs in the boundary conditions (2.5)
and (2.29).



54 Classification of Integrable models

From the Sutherland equation (2.30), we obtained the set of partial differential equations

(PDEs) that are not independent from each other!>

Fa T3

C4rs =c31, —+h—hy, (2.38)
r4 r3
c 7 c
P2 = = (hy + hy)r3ra, 2 =yt 2+ ho)r, (2.39)
2 r3 2
V1 —cscs(1—r3rg) = 1 +c3m2, (2.40)

where 7; = d,ri(u,v).

In certain cases, solving the set of equations derived from the Sutherland equations proved to
be challenging and resulted in non-trivial solutions involving functions such as trigonometric
or elliptic Jacobi functions. To simplify the process, a more efficient approach was taken by
considering a linear combination of these equations and using both the Sutherland equations
(2.30) and (2.31).

For the example analyzed, by solving these equations, imposing the boundary conditions and

plugging the result into our ansatz, we obtain

1 0 0 0

O Cq we‘H—. O
R — 0 a)coté)c:l_ll-lj)fl a)cos(coHJrg;sm(coHJr) 0 7 (2.41)

wcos(wH, )—sin(wH-) wcot(wH;)—1
0 0 0 1
where for simplicity of notation we called
H + H u
p. = M) : 209) ) = / hi(8)d0, @ =czea—1.  (2.42)
v

Step 5. Check that the R-matrix satisties the YBE

As last step, we check that the R-matrix (2.41) is a solution of the Yang-Baxter equation
and that the boundary conditions are satisfied. We conclude that the "potentially" integrable
Hamiltonian (2.25) is actually integrable.

A comment is now necessary. It is worth noting that the constraint [Q;, Q3] = 0 alone was
sufficient to ensure the integrability of the model, as we were able to find the corresponding
R-matrix. It will be clear in the following chapters, that for all the initial ansatz we chose,
this condition was enough to guarantee the integrability of the models. This goes back to an

old conjecture of [95] and to the best of our knowledge it is still unproven.

ISHere we have already eliminated the equations that would clearly lead to the same solutions.
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Step 6. Is the R-matrix that we found new?

In order to address this question, it is necessary to first examine a related issue. We return to

this point later in section 2.6.2.

2.6 How many different models did we discover?

For the example we have examined, the simplicity of the chosen ansatz results in a single
Hamiltonian density that corresponds to an integrable model. However, there is some freedom
in choosing the functions 4 («) and h;(u) and the constants c3, c4.

For more complicated ansatz for the density Hamiltonian (and R-matrix), this method gives
rise to a large redundancy in solutions. However, not all of these models are independent.
In fact, there are different transformations that can be performed on the R-matrix (and
consequently on the Hamiltonian) that preserve integrability. We list them in the next section.
As a result, in the following chapters, we present only one representative model from each

class.

2.6.1 Identifications

Given a regular solution R(u,v) of the Yang-Baxter equation, we can make the following

identifications, which preserve integrability and regularity.

Local basis transformation (LBT)

Given V (u) € C" an invertible matrix,

RUBT) (41 ) = [v(u) ® V(v)} R(u,v) [V(u) ® v@)} - (2.43)

RBT) (4, v) remains a solution of the YBE.

The Hamiltonian associated to this R-matrix is
AW — VoV Vev] - [V lel-1evv], (2.44)

where for simplicity we omit the spectral parameter dependence. We notice that terms
of the form A ® [ —I® A in the Hamiltonian density can be removed by performing a basis
transformation with the matrix V () satisfying V = AV. Adding these telescopic terms to the

density Hamiltonian does not affect the total Hamiltonian H because they cancel each other
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in periodic spin chain.

The regularity condition of the R-matrix is also preserved, in fact
LBT -
RUBT) (3 ) = [V(u) ® V(u)] R(u,u) [V(u) ® V(u)} —p (2.45)

Reparametrization

R(g(u),g(v)) is still a solution of the YBE and the regularity condition is preserved. The

Hamiltonian associated to it is
H(u) — 7 (g(u)). (2.46)

Notice however that a simple reparametrization of the Hamiltonian without renormalization
(and also the other way around) does not preserve the compatibility condition [Q,, Q3] =

We clarify this point in section 5.4.3.

Normalization

Normalization of the R-matrix is also allowed, with the associated Hamiltonian density
R(u,v) — g(u,v)R(u,v), H(0)— A(0)+8(0,0)L, (2.47)
where [ is the identity matrix. To preserve regularity, g(6,60) = 1

Discrete transformations

The following discrete transformations are also allowed

R(u,v) — PR(u,v)P, H(0) — PH(0)P (2.48)
R(u,v) — R (u,v), H(0) = PAHT(0)P (2.49)
R(u,v) — PRT (u,v)P, H(0) — AT (0) (2.50)
R(u,v) — R*(u,v), H(0) — H7(0) (2.51)
R(u,v) — R (u,v), H(0) — PAT(0)P (2.52)

where 7 is the transpose of the matrix and * the complex conjugation element-wise. The

regularity condition is also satisfied.
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Twists

If U(u) is an invertible n X n matrix which satisfies [U («) @ U(v),R12(u,v)] = 0 then it can
be shown that
Riz(u,v) = Uz (v)Ry2 (u,v)Uy (u) ™! (2.53)

is a solution of the YBE. Under this transformation, the Hamiltonian density .77, is
Ay Uy 407+ 00! (2.54)

and the analogue of the condition [U(u) @ U(v),R;2(u,v)] = 0 for the Hamiltonian density

can be easily worked out to be
(U102, H42] = U1 Uz — U1 Uy (2.55)

This relation may also derived by plugging the twisted R-matrix (2.53) and Hamiltonian
(2.54) into the Sutherland equations (2.30) and taking the spectral parameters to be the same.
This is not surprising given the similarity between (2.55) and the Sutherland equations (2.30).

Universal and non-universal transformations

Among the transformations described here, the local basis transformation, reparametrization,
normalization and the discrete transformations are universal as they do not alter the degen-
eracies of the eigenvalues and the symmetries of the model. To determine if two models are
related by any of these transformations, one can compute the spectrum for spin chains of
different lengths and compare the degeneracies.

In contrast, recognizing if two models are related by a twist is more complicated. This one
changes the spectrum and the other physical properties of the integrable model in a non-trivial
way. However, on the level of the R-matrix, a twist is a simple transformation and the twisted
R-matrix remains a solution of the YBE.

Some other transformations that preserve integrability are model dependent, for instance
Drinfeld twist [96].

2.6.2 Is the model that we found in the example new?

The Hamiltonian density (2.25) and its corresponding R-matrix (2.41), which we obtained
by employing the simple ansatz (2.18) are not new. This is not unexpected considering the
simplicity of the ansatz we used.

We now perform the transformations that bring the Hamiltonian (2.25) to a known one. First,
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we use a local basis transformation to set #; = h. This is achieved using the matrix V(0)

V(6) = exp <1H<e)z) , (2.56)

\S)

in the transformation law (2.44), with H,.(6) = % (H\(8) £ H»(0)), Hi(8) = [® hi(u)du and
Z the third Pauli matrix.
Next, we renormalize the Hamiltonian by %(hl + hz). In this case, the renomalization does

not affect the commutation constraint [Q,, Q3] = 0, since the remaining Hamiltonian is

constant,
O 0 0 O
0 1 ¢35 O
F-9(0) = J4, = 2.57
12(0) 12 0 e 10 (2.57)
0O 0 0 O

Moreover, we use a twist and set ¢3 = ¢4 = ¢. Indeed, it is trivial to check that the twist
condition (2.55) is satisfied for any constant invertible diagonal matrix. In particular we use
the twist U

U = diag (\/ca,/3), (2.58)
in (2.54), to bring the Hamiltonian density to the form
0 00O
01 c¢ O
F(0) = 2.59
(6) 0 c1O ( )
0 00O

The Hamiltonian (2.25) presented in the example is equivalent to the XXZ Hamiltonian,

which is given by

Hxxz = U XiXip1 +YiYip1 +AZi Zip1 — Al (2.60)

with the identifications o = —i and A = —%.

At this point, one can apply the same transformations to the R-matrix (2.41). Alternatively,
one can obtain the R-matrix corresponding to the transformed Hamiltonian by using the
Sutherland equation. Both approaches are equivalent and will lead to the same results. We
follow the second one.

The Sutherland equations are easily solved since all the coefficients of the Hamiltonian are
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simply constants. As a consequence, the R-matrix corresponding to (2.59) is

COs WU — % 0 0
sin Wu
R(u) = ¢" 0 o 0 , (2.61)
O 1 csmwa)u O .
0 0 0 cos Wy — Snou

()

where now w? = ¢? — 1.

To demonstrate the equivalence between the solution obtained and the solution (2.41), we can
reverse the identifications made to make the Hamiltonian constant. First, we undo the twist
and apply Rj2 — U, 1R12U1 to (2.61) and put ¢ = ,/c3,/c4 so that we arrive at the R-matrix
for the Hamiltonian (2.57). Next, we reparameterize u — H (u), and finally we apply the
inverse of the local basis transformation (2.56), which immediately yields (2.41). This shows
that the two solutions are indeed equivalent and that the model we found with the example is
not new.

Difference vs. Non-difference After using all the identifications, we see that (2.41) is
just an R-matrix of difference form in disguise. The non-difference nature of the rapidity
dependence of the R-matrix only resides in the local basis transformations. This can also be
considered a way to obtain a non-difference form solution by starting from a difference form
one.

In what follows, we will present our results that will concern R-matrix genuinely of non-
difference form type, so that the non-difference form nature cannot be removed by any of the

mentioned identifications. We will present only one matrix for each equivalence class.

2.7 Some useful tricks

Before going into the heart of the classifications, it is worth sharing some tricks we have
learned through our exploration of different classes of models.

While the example discussed here is relatively simple and does not require additional com-
putational details, those tricks were essential to find new models by starting from more
complicated ansatz and in cases where the dimension of the Hilbert space is bigger.

To explain the tricks learned and also the complexity of the problem, it is useful to consider
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the ansatz used in the chapter 8: Hamiltonian of 8-vertex type

Hr=h 1+ (ZR1-1RZ)+h30, R0_+h40- R0

, (2.62)
+hs(ZRI+1RZ)+heZQRZ+h76-® 0- +hgo Q04
where 04 = %(X +iY) and h; = h;(0), or in matrix form

hy 4+ 2hs + hg 0 0 hg

0 hi+2h, —h h 0
iy = G ’ L 263

0 hy h1 —2hy — hg 0

h7 0 0 hy —2hs + hg

By plugging this ansatz in the integrability constraint [Q,,Q3] = 0 we obtain 21 non-
independent equations. To simplify the problem, since we know that solutions related
by the Identification given in 2.6.1 are equivalent, we can eliminate some of the redundant
degrees of freedom, narrowing down our search to models that are not related by these identi-
fications. For example, without loss of generality we can set 4; = 0 (shift of the Hamiltonian)
and hy = 0 (as already discussed, this telescopic terms vanish in a closed spin chain).
Furthermore, we consider a linear combination (with the appropriate coefficients) of 2, 3 or 4
of the differential equations obtained from [Q,, Q3] = 0 and start to solve for the simplest
one first.

Similar to the discussion in the section 2.2 about the "Differential approach" method, the
number of different equations coming from [Q;, Q3] = 0 is bigger than the number of vari-
ables, so we can consider the derivatives as independent variables. In other word, we can
recall dh; = h;. In this way, some of the equations will be linear in dh;. One can select the
equations containing those terms and solve for them and then plug back into the remaining
equations. We have yet to discover a precise algorithm for determining the optimal order of
variables for easier solution finding. In some cases, solving for all the derivatives first and
then substituting into the remaining equations works well. Other times, it is more efficient to
solve for specific derivatives and functions. After finding the solution, one needs to impose
the compatibility condition that the variables and the derivatives are not actually independent.
Treating the derivatives as independent variables simplifies the initial stage to solving sets of
linear or polynomial equations, deferring the differential equations to a later stage. However,

some complications arise also here. For example, for the 8-V type ansatz, we obtained

(—h3 + hy)hghy = 0. (2.64)
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There are 3 solutions to this equation
h3 = hy, he =0, h7 =0. (2.65)

We should consider these 3 branches separately. By taking more general ansatz and increasing
the dimension of the Hilbert space, the number of branches increases, rendering the search of
a solution a computationally hard problem. For the ansatz of 8-V type, a brute force solution
of the equations led to 31 solutions. For more general ansatz, brute force is unfeasible and
each branch should be analysed separately.

One approach to solve this branch problem is to select a block of n equations to solve and
get m solutions. Among the m solutions, there may be some variables that are the same in all
the solutions. One can then plug back only this one into the initial system of equations and
the complexity of the problem is simplified.

Combining all these tricks allowed us to successfully carry out the classification of integrable

models by starting from different ansatz.

2.7.1 Ansatz used

In what follows, we apply the boost automorphism mechanism to classify and discover new

integrable models in different contexts.

* In chapter 3, we assume that the Hamiltonian density has the structure of a Lindblad
superoperator. This generates the dynamics of an open quantum systems, a quantum
spin chain with Hamiltonian 4 in contact with a Markovian environment (described
by the jump operator /). We apply the boost method to investigate a specific simple
example, revealing the discovery of a novel model. Additionally, we analyse the

connection between Lindbladians and classical Markovian process.

* In chapter 4, we generalize the ansatz used in chapter 3. We consider a general
Hamiltonian % and an operator ¢ with at most two elements below the diagonal. Then,
we consider both 4 and ¢ of 6-Vertex type. Surprisingly, we found two integrable
models for which the environment and the system do not require fine-tuning. One of
these models, B3, is new and exhibits interesting properties which we analyze. We
solve this model via the nested algebraic Bethe ansatz in the Appendix A. The other

model, B2, is already known and it is related to a deformation of Hubbard model.

* In chapter 5, we show how in some cases we can map Lindblad superoperator to

Hermitian matrix. This holds for the Hubbard model. We start from an ansatz with A
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and ¢ of both 8-Vertex type and we discover a new and intriguing model. This model
is related to an elliptic range 3 deformation of the Hubbard model. The R-matrix
has a very unusual dependence of the spectral parameter, which, to the best of our
knowledge, has not been previously accounted for. The complete classification of

models in this class is computationally very complicated and is still a work in progress.

* In chapter 7, we extend the method to higher-dimensional Hilbert spaces. Specifically,
we consider the case of C* ® C* with su(2) @ su(2) symmetry. We demonstrate that
our method successfully reproduces known models in this class, such as the su(4)
Heisenberg XXX spin chain [12], the Hubbard model [97], the AdS/CFT S-matrix!©
[59, 98, 99] and the related Shastry R-matrix [100]. Additionally, we present some

new models that emerge from our approach.

* In chapter 8, we consider the case where the local Hilbert space has dimension two
and, consequently, the R-matrix is of size 4 x 4. These models satisfy the free fermion
condition which we discuss in chapter 9 and are related to integrable deformation
of the AdS/CFT S-matrix, discussed in Appendix E. Furthermore, we prove that all
Hermitian 4x4 models with 16 entries, can be brought via the identifications given
in section 2.6.1 to models of 8-Vertex type. This implies that obtaining a complete

classification of 8-Vertex type models is equivalent to finding all Hermitian integrable
models in C? @ C2.

* We have also explored other ansatz that are not discussed in this thesis but can be found
in [2]. These include 9 x 9 Hamiltonian corresponding to spin 1 chain. We imposed
that the Hamiltonian (and also the R-matrix) commutes with the Cartan subalgebra
of su(3). These models are usually referred as 15-Vertex model and satisfy the so

called ice rule condition. They have interesting connections to the eclectic spin chain,
[101-103].

Let us point out that such restrictions are not strictly necessary to implement our approach.
In principle, the method allows to classify integrable models starting from the most general
Hamiltonian density. Unfortunately, the problem of solving a set of coupled differential
equations becomes (with the currect technique and the current computer power) very hard
and also due to the fact that our method produces huge number of dependent integrable
systems, providing a full classification of all possible R-matrices in a higher dimensional
spin chain is difficult and so we limit ourselves to a subset of models which are physically

interesting.

16This point will be clarified in the footnote 5 of section 7.3.2.



Chapter 3
Integrable open quantum systems

In this chapter, we provide a brief introduction to the properties of open quantum systems,
physical systems that interact with their surrounding environment. By introducing specific
approximations, which will be detailed later, we can characterize their behavior using the
Lindblad master equation. We present a simplified overview of the derivation, referring to
the works of Preskill and Cappellaro [32, 33]. For a more detailed and formal treatment,
references such as [104—106] are available. The dynamics can be equivalently described
by using a superoperator . that acts on a doubled Hilbert space. We focus our attention
to integrable open quantum systems, where the Lindblad superoperator £ is one of the
conserved charges of an integrable spin chain. While other research groups have explored
such systems in the past [25, 24], our work represents the first systematic approach to
classify integrable open quantum systems. We demonstrate with an example how the
boost operator can be used to classify integrable open quantum systems and which are the
transformations that preserves either integrability or the structure of this superoperator. For
our specific application, we consider a spin 1/2 chain, where the Hamiltonian 4 governs
the evolution of the system and the jump operator ¢ represents the effective action of the
environment on the chain. We also describe the connection between the Lindblad equation

and the classical stochastic equation.

3.1 The Lindblad master equation

3.1.1 The Lindblad master equation: derivation

In introductory physics courses, for simplicity, the focus is typically on studying isolated
systems, detached from their surrounding environment. However, in quantum systems, the

influence of the environment becomes significant, and it becomes challenging to conduct
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experiments where the contributions from the environment can be disregarded.
In what follow, we use the subscripts S, E and T to refer separately to the system, the
environment and the total: system + environment.
If we consider both the system + environment as a whole, a state in the total Hilbert space
is characterized by the density matrix pr and its unitary dynamic is governed by the Von
Neumann equation
dd% — _ilHyprl, pr(t) = e H1 o (0)HHr". 3.1)
However, in many practical application, the environmental degrees of freedom are incredibly
vast and finding a solution of this dynamical equation is an impossible task. Moreover, the
focus of interest is often on the evolution of the system itself, while the environment is
considered as an uncontrollable entity. Therefore, the main object of study is the dynamics

of the density matrix,

ps(t) = Trepr(t), 3.2)

where Trg is the partial trace operation over the environment degree of freedom.

We aim to understand how the environment influences the dynamics of the density matrix
ps, specifically its time evolution. While it is not obvious that an open system’s dynamics
can be expressed by a differential equation, we proceed with the assumption that, as defined
after equation (3.5), the evolution of these dynamics is Markovian, local in time. In such cir-
cumstances, the evolution can be described by the Gorini-Kossakowski-Sudarshan-Lindblad
master equation. This equation was derived in the 70s by Lindlad [15] and independently,
around the same time, by Gorini-Kossakowski-Sudarshan [16] by using the theory of dy-
namical semigroups. In the modern literature, there are two main approaches to derive this

evolution:

* Microscopic derivation: This involves taking the partial trace Trg in equation (3.1) and

making a series of approximations to obtain the Markovian Lindblad master equation.

* CPTP map: The focus here is on answering the question: What is the most general
way to map a density matrix onto another density matrix? By assuming the evolution

to be Markovian, we arrive at the Lindblad equation.

We follow here the second approach. The density matrix represents a physical state and must
adhere to certain properties. For this reason we need to search for a CPTP map. The "CP"

refers to the requirement of complete positivity, ensuring the density matrix has non-negative
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eigenvalues at any time'. The "TP" aspect refers to the preservation of the trace?

, ensuring
that the total probability of finding the system in any state remains unity.

The answer to this question is the Choi-Kraus’ theorem. We only state this theorem and refer
to [106] for the proof.

Choi-Kraus’ theorem. Any linear map u : Z(Hs) — %(Hy) is completely positive and

trace preserving iff it can be expressed as
e ps(t) =Y Mi(t)psM (1), (3.3)
k

where % (Hy) is the space of bounded operators acting on the Hilbert space of the system,
the operators My € 9(Hs) are called Kraus operator and satisfy

Y MM =1. 3.4)
k

The sum runs from 0 to Q, with Q < Ng, Ng being the dimension of the Hilbert space Hy.
To obtain the dynamic in the form of a master equation, we have to require the Markovian
approximation: the evolution is local in time. In fact, it is not immediately clear why a
first-order differential equation is sufficient to describe the system’s dynamics. Let us discuss
the reasons behind this.

Suppose that we can define the dynamics as

ps(t +dt) — ps(1)
dt

ps(t) = Z[ps(t)], = Z[ps(t)], dt < 1. (3.5)

We are assuming that the density matrix at the time ¢ 4- df is determined by its value only
at the time . This is not guaranteed. In fact, the total system (system+environment) has
unitary evolution, but for part of the total system, the evolution does not necessarily remain
local in #. During the time evolution, the system and the environment are interacting and the
information flows from the system to the environment. The trouble is that, if the environment
has memory, it can retain and later releases this information, resulting in non-markovian
fluctuation of the system. In other words, if this happens, the state of the system at # 4 dt, is
not only affected by the time ¢ but also by older configurations. In this case, we say that the
environment is non-markovian. Opposite, if the environment does not have memory, it is

called markovian and the evolution of the density matrix is local in time.

Complete positivity is a more general property than positivity. In fact, it should preserve positivity also
when acting on a part of a larger system.

%In particular the trace of the density matrix should be equal to one at any time.

3We remark that the Kraus representation is not unique, [32].
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In the real word, perfectly markovian environment does not exist. However, it is a good
approximation, to allow the environment to remember the information for an interval of
time called (Af)eny. After this interval, the information is lost. However, in practice, our
measurement instruments have limitations, and we can only resolve the dynamics with
a characteristic time (Af)coarse- If (Af)coarse => (Af)eny We can neglect the memory of the
reservoir since we are unable to resolve its effect. This approximation takes the name of
Markovian approximation and it is useful in many practical situation.

We refer to the book [107] and the work [108] for a quantitative definition of (At),,,. The
authors explore various physical scenarios where a numerical solution of the system’s
dynamics is available and compare it to dynamics obtained through the application of
Markovian approximations. For instance, they examine a single harmonic oscillator coupled
to an environment of M harmonic oscillators. They define (Af)eqy as the full width at half
height of the correlation functions involving operators that describe the environment. They
demonstrate that, when other parameters are held constant, this quantity decreases as a
function of the environmental temperature. Intuitively, at infinite temperature, quantum
correlations tend to be eliminated, leading to the emergence of Markovian properties in the
environment.

For the range of validity of the Markovian approximation, (3.5) holds and using (3.3), we
obtain

ps(t+dt) =Y Mi(d)ps(t)M] (dt),  ps(t+dt) ~ ps(t)+dt LIps(t)].  (3.6)
k

If we retains only terms linear in df, we may assume without loss of generality* that
My =T+dt(—ih+K), My =Vdil, k=1,2,...,0 <Nz, (3.7)

where h and K are Hermitian operators, 4, K and ¢ are zero-th order in dt and Ny is the

dimension of the Hilbert space of the system. Substituting it into (3.4), we find

N2
1 &

K=-3) Gl (3.8)
k=1

“In fact, if one starts from M;=1+ \/Eaj +dt;, with aj and f3; arbitrary operators and j =0, 1,...,0 < NZ,
by using (3.4), the result (3.9) remains the same. Furthermore, if in the expression for M;, we allow to have
terms dr", 0 < w < 1, by using (3.6) it follows that only w = 1/2 contributes.
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and substituting into (3.6) and considering (3.5), we obtain the well-known Gorini-Kossakowski-
Sudarshan-Lindblad equation (GKSL) master equation [15, 16]

1
Ps(t) = —ilh,ps]+ Y [ﬁkpsd - E{E,iék,ps} : (3.9
%

For brevity, in what follows, we refer to this as Lindblad equation, however it should be
mentioned that it was independently derived by the other physicists as well. The first term
represents the unitary evolution (thus 4 = hg is the usual Hamiltonian of the system). ¢ are
called quantum jump operators and the terms in the square bracket represent the potential
transitions ("jump") that can occur in the system as a result of its interaction with the reservoir.
If the contribution of the environment drops out, My = 1 —ihdt and all the M;~y = 0, we
recover unitary dynamics. In particular, the relation between the numper of jump and Kraus

operators is
# Kraus = # jump+ 1, (3.10)

with the maximum number or Kraus operator being N2, with Ng the dimension of the Hilbert

space of the system.

3.1.2 The Lindblad master equation: summary

In what follows, we restrict to the case where there are only two Kraus operators and
consequently, only one family of jump operator>, but the method can be easily generalized to
multiple families. For simplicity in the notation, we omit the subscript S in p(¢) = ps(z).

The Lindblad master equation is

BU) = —ilh.p(O)]+ [ep()E — {6, p (1)} |, @1

J/

-~

von-Neumann equation

.
dissipator

where & is the Hamiltonian of the system and /¢ is the jump operator that describe the
interaction with the environment. The operator ¢ is not normalized. In some cases, where the
system and environment are not fine tuned, we use ¢ — +/ U/, where U measures the strength

of the coupling between the system and the environment.

SThis statement will be clarified in the following section. In fact, in our case, each jump operator acts on
nearest-neighbour sites of a spin chain. We refer to them as one family of jump operator since the action of the
superoperator in the chain is periodic.
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3.1.3 The Lindblad superoperator and the Fock-Liouville space

We can write the Lindblad equation (3.11) as a linear operator . acting on a state

plt)=2Lp(), (3.12)

Z is the so-called Lindblad super-operator. This is possible through an operator-state
correspondence. Fixing an arbitrary basis, the density matrix p = Y, , pap|a) (b| acting on
the space H is interpreted as a vector of the tensor product space (also called Fock-Liouville
space)®

peHoH =HYH?), (3.13)

H is the initial Hilbert space of the system and H* its dual. For finite dimensional spaces
this is not a problem, because there is a natural identification H* ~ H. Since we consider
finite system, we do not encounter the problem of infinite dimensional spaces.

We write (3.11) in components

. : . 1 1
Pjk = —ihjipu+ipjihi + [Ejlplmglk — E(Ew)jlplk - EPﬂ(ﬂﬁ)zk] : (3.14)

With the identification (3.13), the Lindblad superoperator takes the form
& = —ih™M +i(h")® 4 [£<1>£<2>* ~ Ly - —£<2>Te<2>*} : (3.15)
2

For any operator A the notation A and A®) means that it acts only on the first space
AN =A@Tor A® =TI®A. T, * and T refer respectively to the transposition, complex

conjugation elementwise and transpose conjugate.

3.1.4 Lindblad superoperator as a spin chain Hamiltonian

We want to identify the Lindblad superoperator (3.15) as a nearest-neighbour operator
acting in a spin chain. We consider the case where both the /4 and ¢ operators act as
densities in nearest-neighbour site of a spin 1/2 chain of lenght L. The total Hilbert space is
H=®;V = ®; C? and the density operators hjjr1and €} .1,

hjjr1€BVRV), ljji+1 EBVRV), (3.16)

%We should notice that now the vector density matrix is different from the previous one but, for simplicity of
notation, we will keep referring to it as p. Sometimes, in the literature, the vector p is indicated with |p)).
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with B(W) the space of bounded operators acting on the Hilbert space W, B: W — W.
The local Fock-Liouville space of the superoperator on a spin chainis V@V @V*@V*.
The superoperator defined in (3.15) takes the form

Ly jrr = —ih)

L1 1 .
il ()2 S = ST can

Ji+ IR RS NSRS VA RS NE S BRI N AR RN
It is easy to understand that the superoperator corresponding to the Lindblad equation (3.9)
with multiple families of jump operator is

_ () a0 m 2+ _Lmr ,m Lor o«
L= —ihy g ik ; <€k,j,,~+1£k,,-,j+1 — Sl ng,j,mgk,jﬁl) )

(3.18)

where k identifies the family.

This system is referred to as bulk Lindbladian because the jump operators are acting in
adjacent sites in the bulk of the spin chain. For spin chain with open boundary condition,
it is also common to consider boundary Lindbladian where the jump operators act on the
boundary of the chain. We do not consider this type of system in this thesis, we refer to [22]
and reference therein, for work in this direction.

We remark an important point necessary for the construction. We want to consider the
superoperator . as acting in a quantum spin chain, so in order to do this, we need to swap

two of the middle spaces of the Fock-Liouville space, explicitly
VaveV eV - VeV eVeVH, (3.19)

and now the interpretation of the superoperator as acting on a spin chain becomes clearer

L1 € VOVVeV:. (3.20)
j j+1
J Jt

To take this into account, we identify with os the matrices acting in V and ts matrices’

acting in V* (similar to [25, 24])

V ® Vi ® V ® V*
3 \J ! \J
Oj Tj Oj+1 Ti+1 (3.21)

7Sometimes in the literature T — & or T — &.
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This system is usually referred as two-legs (one for the "bra" and one for the "ket" of the
density matrix) spin-ladder system. And the notation AWM and A®) should be intepreted as
AW only containing ¢ and A only 7.

Having in mind this construction, we show how to use the boost operator to find new inte-
grable Lindblad superoperators. The superoperator is associated to a nearest-neighbour
(non-Hermitian) Hamiltonian on a spin-chain with local Hilbert space V @ V*. This superop-
erator is integrable if .’ can be written as the derivative of an R-matrix which is a solution of
the Yang-Baxter equation.

Before showing the method with an example, we briefly mention the convention used.

3.1.5 Conventions

A state of the system is given by the density matrix p. The explicit matrix representation is
basis dependent. In this thesis, in the context of open quantum systems, we work with spin
1/2 chain and we use the standard basis as in (1.28). We denote a vector in the space as

vty )= ( v > (3.22)
v,

We choose as reference state, a state with all spin down. Particles are spin up. The occupation

number is n; = Gl-+ o, = % For nearest-neighbour spins we apply the notation
Vit
<"’T>®<"’T>z i (3.23)
L Y, Yir
Y

The density matrix of a two-site segment is given by

P = vyl  abc,d=t] (3.24)
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and in the superoperator formalism we treat such a density matrix as a vector with 16

components ordered as p1, P2, .... The identification of the components is given by

7T
Prr Py
1
p— Pri Pyy
7N
Pir Pip

AP
Py Py

"
Py

"
Pri
B

Py

It
Py

I
Py

I
Pty
I
Pt

W
Pl

p1 P2
pPs  Pe
P9 P1o
P13 P14

p3
p7
P11
Pis

P4
Ps
P12
P16

(3.25)

3.2 Finding integrable Lindblad superoperators

Now, we initiate the systematic classification of integrable open quantum systems using

the boost automorphism mechanism. The charge 2; ;. 1, traditionally associated with the

Hamiltonian of the spin chain, is now the Lindblad superoperator .’ (3.17). We remark

that, the operator 2; ;1 = .Z; ;11 is not Hermitian by construction, the Hermitian operator

describing the closed system in the spin 1/2 chain is /4 in (3.17).

For clarity, we specifically apply the steps outlined in Section 2.5 to the case of an open

quantum system.

The main steps of the method are:

1. Start from an ansatz for the densities® hii+1(0) and ¢; ;+1(0). In this thesis, we refer to

spin-1/2 chain, both % and ¢ are 4x4 matrix. They depend on some un-known functions

h(8),....1(6),....

2. Plug the ansatz into the superoperator .Z; ;11 defined in (3.17) and identify 2, = .Z.

3. Use the boost operator (2.12) to construct Q3 (given by (2.20) ).

4. Tmpose the integrability constraint [(Q;, Q3] = 0 and solve the set of differential equa-

tions derived by it. This gives a "potentially" integrable superoperator.

5. Use J# » = £ > in the Sutherland equation (2.30) or (2.31) to find the corresponding

R-matrix.

6. Check that the R is a solution of the YBE and investigate if the model is new.

The steps 1. and 2. impose a very strong constraint: the decomposition of the density 2,

as a Lindblad superoperator holds for any value of 8. In order to have an integrable Lindblad

81t will become evident in the classification that we did not impose / to be Hermitian. However, we only

discover integrable superoperator where 4 has this property.
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system, it is enough to find a solution of the Yang-Baxter equation such that 2, takes the
form of (3.17) only for some value of 6. Unfortunately, solving the general problem is more
challenging® and we leave it for future work.

We provide further clarification on these steps by considering an example.

3.2.1 Example

Since we have already provided many details in section 2.5, here we only emphasize the
steps that differ.

1. Ansatz for / and /

We start from h; 11, £; 41 € C? @ C?. We choose a very simple ansatz where ¢ only has two
elements and 7 is of XY-type!”

_ I
b= | =00t g A=2)0+2)0, (3.26)
h . .
hj?j'-H = Iy 1 :h]G;rGjJrl"”hZGj Gj++l’ (3.27)

where h; = h;(0) and [} = 1;(6). As mentioned, we did not impose that 4 is Hermitian since
we did not fix any constraints on A1, h;. For simplicity, we normalize one element of the ¢ to
one.

An important clarification is that, in the more general classifications considered in the
following chapter, we did not impose from the beginning that the Hamiltonian % of the closed

system is integrable. However, for all the solutions that we find, this was always the case.

°In order to fully solve this problem, one needs to classify all possible integrable models where 2, has
components on the positions of the non-zero components of .Z. Only in a later stage, one can check if the
decomposition in term of superoperators hold for any value of 6.

10Usually we refer to spin chain of this type if the only non zero coefficients on the Hamiltonian are the
XiXir1 and Y;Y;y .
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2. Construction of the superoperator .7, ;|

The superoperator .Z; ;1 actson V@ V*®V ® V* and using the notation (3.21), the expres-
sion (3.17) is

Lj= —i(hoj o] +ho; o) +ilh T T+ttt )+

o ey + 4 a-o o of + & - )+

s 1

1 I
—5(110,*% +ho o+ 2k 4 (1= 07)(I+07) + 7 (I+07) (I - 07))

1
T +5 [+ ) (I-15),  (3.28)

1 - _
—s(hitt +ht T 1

5 (H 7)) (I+75)

where for simplicity we omitted the dependence of the spectral parameter. We identify with
[; the complex conjugate of /; and |ll|2 = [11;. We remark that now ¢ and 7 should be
interpreted as (3.21). For example 0;" = 0" ®@I®I®land 7{ =l ot @IxL

3. Construct Q3 via the boost operator

With the help of the boost operator, we can compute Q3 (2.20), whose density is

1, . .
(23)iiv1,i+2 = [Lit1, Liv1,i42) — 3 («Zmﬂ +§fi+1,i+2> : (3.29)

We do not write the explicit expression since it is very long, but the computation is straight-

forward.

4. Impose the integrability constraint

Plugging @, and Q3 in the integrability condition (2.22) then yields the following simple set
of equations

2hy—il; =0, 2hy+il; =0, h2=1, (3.30)

I =3 =0, [,+35 =0, — I =0. (3.31)
This implies that /1, h and /; are constants and

I} = —iel, T ———— ¢ cR (3.32)
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or directly in matrix form

0 0 0 0 00 0 0
1o 0 €2 0 00 0 0
h=— . , (= . 3.33
21 0 e® 0 0 0 1 —ie? 0 (3-33)
0 0 0 0 00 0 0

Even if we did not impose it from the beginning, we find that the Hamiltonian 4 is
automatically Hermitian. We plug this solution in the superoperator .’ (3.17) and we find a

"potentially" integrable superoperator.

5. Find the R-matrix

We start from an ansatz for the R-matrix.
We consider 77{, — %), in the expansion (2.32) and we fix which entries of the R-matrix
are non-zero and which one are the same. Furthermore, since the superoperator is constant,

the R-matrix is of difference form. Explicitly, we used the ansatz

0 0 0 O
r3 0 0
r 0

0
0

0

=
o o
NS
o oo oo
N
o o

N
)
S O O O O O

~
-

O OO0 o o oo
—
O OO0 o o oo

N
N

(3.34)

SN O oo 0O o0 o0 o o oo
OO0 o 0O o0 o o oo
O OO0 OO0 oo o0 o o o
O OO0 OO0 o0 o o0 o o o

~N
—

o o o o o
3
S

o
S O O O O O O O O o o o o o o

o
N

SO O O O O O O O o o o o o oo
S O O O O o o o o o o
>

S O O O O O O O o o o o o o
S O O O O o o o o O
S O O O o O

N
S O O O O O o o o o o o o
S O O O O o o o o
o O O O O
o o
S O O O O oo o o o o o
o O O O O o o O
o o o O

=
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Plugging this ansatz into the Sutherland equation'! (2.30), with the superoperator it
with (3.33), we obtain'?

|

<

|
NI

r =1, rg=e ", rmn=e 2, rg=1—e" (3.35)

rye 0 = je (e"—1)=—r ¢? = —eu/zei¢r5 = /20 r6. (3.36)

6. Check YBE

With the software Mathematica, we check that the R-matrix satisfies the YBE (1.1).

We tried to map this model to known models by using the identification of the next section,
but we were not successful. Despite the simplicity of the ansatz selected, to the best of our
knowledge, this model seems to be new. We discuss it in the letter [4], where we call it
model Al.

As in 2.6.1, there are some transformations that preserve integrability and help to under-

stand if a given model can be mapped to a known one.

3.3 Identifications

The problem of finding integrable superoperators can be reformulated as finding pairs of
operators (h,£) such that the corresponding superoperator (3.17) can be written as the
derivative of an R-matrix that satisfies the Yang-Baxter equation.

We distinguish between two types of identifications
* preserving the form of the superoperator;
* preserving the integrable nature of the model.

In our classification, we use both types of transformations to reduce the number of degrees

of freedom in our ansatz and make the calculation more feasible.

"t is easy to obtain the difference form version of this equation: (u) — &, R;j(ui,u;) — Rij(u),
Rij(ui,uj) — OuRij(u).

121n this case, we gave the expression of the R in form of a matrix. In the following chapters, we only indicate
the non-zero element of the R-matrix, with R/ the element corresponding to j-row and i-column.
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3.3.1 Preserving the form of .
Shift in /

The combination of a shift in ¢ with a transformation in 4 preserves the form of the superop-
erator. We derive the corresponding transformation on the 4.

Consider a shift in ¢ by a term proportional to the identity
{— 0+ al, aeC. (3.37)

This changes in the ¢ will be reflected in the superoperator as

Lp=ilp,h]+ (Epﬂ — %{EW,p}) + (apﬂ+a*£p — %{a*EJrocﬂ,p}) ,
. Lol 1 o
=ilp.n)+ (ot = S{e"e.p} ) +3 (alp. '] —o'[p.1]). (3.38)

for simplicity we omit the sites ; ;| where the operators act.

This is equivalent to a redefinition of the Hamiltonian
h— h— %(aﬂ —a*l). (3.39)
A simultaneous change
(h,0) — (h+§(a£*—a*£),£+a]1) (3.40)

leaves the total superoperator invariant. This can generically be used to set one of the diagonal

entries of ¢ to zero.

Shift in &

Shifting the Hamiltonian of the system by a constant
(h,0) = (h+all) (3.41)

also leaves the superoperator trivially invariant. It is immediate to see it because the Hamilto-

nian contribution appears in the commutator with the density matrix.
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3.3.2 Preserving integrability of .

In this section, we show how the transformations of section 2.6.1 act on the superoperator.

To see the action on the R-matrix, we refer to section 2.6.1.

Local Basis transformations

If we consider a local basis transformation on the superoperator ., similar to (2.44), we
have
% - (B®B)Z(BoB) ' — (BB '®I-1BB™ ") (3.42)

This is a well defined transformation that preserves integrability, however it will not always
give an interpretation in term of 4 and ¢ separately. If we restrict to the case B=A ®A, at
the level of 4 and ¢ this implies

(h0) = (ARAVh(ARA) L (ARA) (ARA)™), (3.43)

and to keep the structure of the superoperator'?, the matrix A should be unitary, i.e.
ATA =1. In this way,

L - (ARARARA) L (AQARARA)™ !, (3.44)

we omitted the telescopic terms since they cancel on a closed spin chain. So even if the

expression of the superoperator changes, integrability is preserved.

Telescopic terms on the &

As a particular case of the telescopic term, we can also consider the identification
h—h+a(o,@l-I®o,), aeC. (3.45)
This is a particular case of identification at the level of the superoperator
L= LHARQI-1I®A (3.46)

with A = —i(0, ® [ — I ® 0;), that preserves the structure of the superoperator.

3This restriction is due to the terms of the form £72.
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Normalization

In .Z, the dependence of the jump operators is quadratic in ¢ and appears as £7¢. Any
redefinition ¢ — €'/, @ € R leaves . invariant. The global phases of the jump operators

are irrelevant, but relative phases within the components of a given ¢ matters.

114

We can also rescale the superoperator by a positive real ™ element

L o, (h,0) — (ath,/ae?0), o e RY, ¢ e R. (3.47)
The dependence on the spectral parameter in the normalization is discussed in section 2.6.1.

Discrete transformation

Complex conjugation If _Z is an integrable superoperator, then .Z* is as well.
This transformation on the 4 and ¢ operator is

(h,0) — (=", ). (3.48)

Parity If a superoperator .Z is integrable, also its parity reverse is, as mentioned in 2.6.1.
This implies

< — PZLP, h— php and (¢ — plp, (3.49)

where P and p are the permutation (or parity) operators respectively in W =V ®V* and V.
In fact, . acts on (V@ V*); ® (V ® V*),, where we put the indices 1 and 2 to keep track of
the spaces. By permuting spaces, we get (V @ V*), ® (V @ V*);. The action of P in (1) is

h = Y hijueij @1@ey @1 — Y hijnen @1®e; @1 = (php)V,  (3.50)
il il

where here we wrote A1) in components. ¢;; are unity matrices, with 1 in position (i, j) and

0 otherwise.

14 should be real, if we suppose to start from 8 € C, h — Bhand £ — \/B{, but €70 — |B|¢7¢.
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Transposition If R satisfies the Yang-Baxter equation, then the transpose does as well. As

mentioned in section 2.6.1, this translates to the superoperator
&L —PLTP. (3.51)

This transformation is useful when we want to check if the model found can be mapped to a
known one and it does not have a direct connection at the level of (A, ¢) separately.
In fact, if we want to use the mapping

(h, 0) — (W, 7)), (3.52)
to preserve integrability we have to add the additional constraint
(07, 0] = 0. (3.53)
In this way, it can be shown that
9T — (with hT,ET). (3.54)

Example: add a global phase to 7 + shift in / We can apply two of the transformations
to the model (3.33). First, we multiply £ by the phase ie~'® and then we transform (1, £) by
using (3.40) with o = 1.

An alternative representation for the same superoperator can be obtained with

1 0 00
0 1 00

h=0, {= . 3.55
0 —ie’™® 0 0 (3-55)
0 0 01

3.4 Diagonal preserving models: connection with classical

stochastic equations

Before showing the models found in the classification, we explain an important connection
between Lindblad superoperators and integrable classical stochastic equations, [109, 110].

The Lindblad equation (3.11) is capable of realizing the classical flows on the diagonal
of the density matrix. The diagonal elements of p (3.25) are the classical probabilities of

finding the system in the given state, and in some cases the operator space spanned by the
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diagonal elements is kept invariant by the Lindblad superoperator. We refer to these models
as diagonal preserving.

We call |ny,ny,...,n.), nj =1, | the vectors in the computational basis and L is the length
of the spin chain. For diagonal preserving models, when we project the Lindblad equation

(3.11) to the diagonal elements we obtain

(ny,...,nplplny,...,n ) = P(ny,...,np) (3.56)

and the flow equation
o|P) =W|P), (3.57)
where |P) = P(ny,...,nz)|ny,...,ny) and W = 25:1 wj j+1 is the generator of the classical

flow, with matrix elements given by the corresponding projection of .Z'.

Even if the model is diagonal preserving, for a generic configuration, the orthogonal com-
plement of the diagonal subspace is not always conserved, so we can still expect guantum
effects in the time evolution.

We now show that the model found in the example (3.33) is diagonal preserving.

Example: the integrable Lindbladiand (3.33)

By direct computation, we show that the model in the example is diagonal preserving. In fact,
by projecting the Lindblad superoperator corresponding to (3.33), we obtain the following
differential equations

a1 =0, ot = =1, ANt =IM), a4 =0, (3.58)

and the generator of the classical flow is

0O 0 0O
0O -1 0O _
S Rl P =0; 07 —ni(1 —niy1), (3.59)
0O 0 0O
where n; = ' This is the generator of the Tota symmetric Simple Exclusion Process
here nj = —L. This is the g f the Totally Asy Simple Exclusion P

(TASEP) [110]: a particle can only move to the right if the neighbour site is empty. To our
best knowledge this is the first realization of the TASEP using an integrable Lindbladian. In

this case, the orthogonal complement of the diagonal subspace is not conserved.
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Diagonal conservation for a non integrable Lindbladian

The connection between Lindbladians and integrable classical stochastic equations has a rich
history by itself and it was studied before the study of integrable Lindbladians (see [109] and
reference therein).

An example of a diagonal conserving model was discussed in [111] (see also [112, 23]). Here
hj j+1 = 0 and the model has two families of jump operators (k = 1,2 in (3.18)) identified by

the letters R or L depending on the direction of motion of the particles!?

R — L —

Cjj1 = PrO; Gj++1= b i1 = GDLGerjH, (3.60)

with @ g > 0. The resulting classical flow was found to be the Asymmetric Simple Exclusion
Process (ASEP), with the generator being

wjj+1 = @rl0; 67 —nj(1—nj)]+eulof o —(1—njnja].  (3.61)

In this model, particles can move to the left or to the right with different probabilities. The
integrability properties of the superoperator itself were not investigated in [111, 23]. We
checked integrability!® and we found that the Lindblad system given by (3.60) is not Yang-
Baxter integrable for arbitrary ¢ and ¢. We also studied the two limits ¢g =0, ¢, = 1 and
¢r = 1, ¢, = 0, for which the generators are the TASEP model and we found that in the first
case .Z is not integrable while in the second case it is.

ISWe recall that in our convenction, the particles are spin up.

6More details on how to check if a model is integrable are given in section 5.4.3 and we refer to [113] for
further details. Here, we briefly say that we checked if it exists a range 3 operator that commutes with it. In the
positive case, we argue that the model is integrable.






Chapter 4

Classification of integrable open quantum
systems

In this chapter, we present a collection of new models discovered through the application
of the boost automorphism mechanism within the realm of open quantum systems. This
provides the first systematic approach to classify integrable open quantum systems. When a
quantum system interacts with a markovian environment, its dynamics can be described by a
Lindblad superoperator. We focus on cases where this superoperator is one of the conserved
charges of an integrable model. In most cases, the environmental contribution destroys the
integrability property of the system. However, there exist some cases where integrability is
preserved and we list some of them in this chapter, along with their properties. We divide the

models that we found into two classes:

* Fine tuned models. This class is physically not very interesting. It is expected that
by placing a system in contact with an environment and fine-tuning the latter, the

integrability property is preserved.

* Coupled models. This class is physically more interesting because one can tune the
coupling constant to control the impact of the environment according to the specific

situation being studied.

One of the coupled models' (model B3) will be deeply analysed, we study the Non Equi-
librium Steady States (NESS) and the particle current flowing through them. We found
that this is an integrable example of the pumping effect: there is a finite current even when

the coupling constant is very small. This effect was already observed in other systems, for

IThe notation is explained in the next section. We follow the same names of the letter [4], where A and B
correspond to two different ansatz that we used.
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example [34], however this is the first case where it is observed in an integrable model. At
the end, we prove that up to identifications, model B3 is equivalent to the generalized Toda
system related to the non-exceptional affine Lie algebra Agz). We provide an interpretation
for model B3 as two coupled spin-1/2 XXZ chains. We solve this model using the nested
Algebraic Bethe ansatz and we report here the expressions of the eigenvalues and the Bethe
equations. The details of the computation will be given in Appendix A. Lastly, we discuss
model B2 which is an integrable deformation of the Hubbard model. Among all the models

found, except from model B2, all of them are of difference form.

4.1 Initial ansatz

To apply our method, we start from an ansatz for both 4 (the Hamiltonian of the system) and
¢ (the jump operator) acting on a spin 1/2 chain C? ® C?. We allow % and ¢ depending on a
spectral parameter in order to search for non-difference form models. For completeness we
report the expression of the superoperator .Z, given in (3.17),

Ly jor = — i)

O+ il ()0 _Lyor i Lor e ). @D

B+ IR NS N R A R E S BN NS e
We investigate two choices:

* lower triangular £ operators with at most two elements below the diagonal and general
h with all the 16 elements,

* h and / operators that both conserve the total S° quantum number.

As previously stated, the classification method is applicable to any generic form of the
operators & and ¢. However, in order to maintain manageable computational complexity,
we had to restrict their expressions. The first ansatz was maily selected for its simplicity.
Furthermore, it also contains models with a clear physical significance. For example, if we
require that the environment removes particles from the system, the jump operator takes the
simple form £; ;1| = © 1 and falls in this category. The second ansatz, as per Chapter 5, was
chosen because the Hubbard model can be viewed as an open quantum system and it aligns
with this ansatz.

Following the notation of the letter [4], we refer to the model of the first class as "A" and the
second one as "B". We show that models A1, A2 and B1 are fine tuned and models B2 and
B3 are not. Curiously both ansatz A and B only allow for diagonal Hamiltonian densities /& or
it is given by

Tl v i
hjoi =5 [¢00f op +e Moy ol |, 9eR 4.2)
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This Hamiltonian density describes a free fermionic hopping model. The angle ¢ can be
understood as a homogeneous twist along the chain, and the ¢ = 0 point corresponds to
the XX spin chain. The model can also be interpreted as the XX chain perturbed by a
Dzyaloshinskii—-Moriya interaction term, [114].

We omit some models with less interesting physical properties, such as those having diagonal

h and ¢ operators for which the superoperator is trivially integrable.

4.2 Partial classification: Fine tuned models

4.2.1 Model A1

This is the model discussed in the example of the previous chapter. It is characterized by &
and /¢ (3.33) and R-matrix given in (3.34)-(3.36). By using the identifications of section 3.3,
we did not manage to map this model to a known one, so we believe that this is a new model.

4.2.2 Model A2

The h and ¢ operators are

00 00 1000

sl oo io 0000 . -

=2l Zioo |t T 0 s 10 | T TS TTO 0 4
00 00 1000

with s = 1. his (4.2) with ¢ = sm/2. The jump operator describes particle propagation to
the right (the term Gj_ G;EH) and two-body loss (Gj_ G];rl)'
The non-zero entries of the R-matrix are

16 4
Rig=Riz =1,
. u
ng = sRé2 = —SRZ = —sR}lO = R? = R%l =2e¢ “sinh (5) ,
SRB= RS =R =R = RE =Rl =1 "

2 3 p8 _ pld pl2_ pl5 4
Rs=Ry=Rj;, =Ry =R|5=Rj;=¢ 2

Y

3u

9 p5_
R3:R2:€ 2’

RI=R}=Ri|=R[g=Ry’=R}’=¢"", (4.4)
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and to the best of our knowledge it corresponds to a new integrable model.

The model is diagonal preserving with the generator being
Wj i+l = —I’lj-l-O'j_Gj_-:_] +G;G];1. 4.5

This corresponds to the totally asymmetric limit of the diffusion-annihilation model treated
in [115-117]. To our best knowledge, this is the first time that this generator is embedded
into an integrable Lindbladian.

4.2.3 Model B1

In this case & = 0 and the jump operator is

s; 00 0
001 0
(= , (4.6)
010 0
000 s

where s; = £1, so = £1. In the case of s; = s, = 1 the superoperator is equivalent to the
Hamiltonian of the SU (4)-invariant chain; this case was listed in [25].

The non-zero entries of the R-matrix are

Ri=R{g=e"(u+1),

Ré =Rl = e “(sosu+1),

RE=R=Ry=R}=R=R’=R}y=R’=R}, =R{*=RlZ=Rj3=¢"",
S]RZ—S]R3—S]RS—S]R9—SZR8—52R12—52R14—52R15—R4:R7 Rlo—R13—e ul/l.

4.7)

As mentioned earlier, for s; = s, = 1

R(u) = i <1 + 1P) 4.8)

which is the R-matrix of the SU(4) invariant chain.
The R-matrix has difference form for all four choices, and for 515, 7 1 it seems to be new.
The model is diagonal preserving in all four cases and the generator is

Wj’j_g_l—G G 1—|—G ]+1 —nj—nji+2nnj. 4.9)
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This is the generator of the Symmetric Simple Exclusion Process, (SSEP) [109]. To the best of
our knowledge it is the first time that the SSEP is realized by an integrable Lindbladian. Even
though this model is very simple and its dynamics is generated just by the jump operator, the
parameters s; and s, have an effect on the off-diagonal sectors of the superoperator, which
in turn influences the spectrum. We verified this through direct computation for L = 3,4,5

since a Bethe ansatz solution is not yet available.

4.3 Partial classification: Coupled models

4.3.1 Model B3

Since in this model there is a coupling constant, we can tune the strength of the environment.
We analyse this model in more details due to the interesting physical properties.

Here, we use the notation of our work [6]. This notation allows for simpler expressions
compared to the notation we used in the earlier work [4]. The two notations are connected
through the parametrization y = tanh y. The coupling constant of the model is proportional to
¥, so this reparametrization maps strong coupling to strong coupling. Hence strong coupling
is ¥ — oo and weak coupling corresponds to ¥ — 0.

hand ¢

Model B3 is again characterized by the Hamiltonian / given by (4.2). For simplicity in the
notation, we renormalize it

0O 0 0 O
hj j+i 0 0 €20 I —ip —
"o |oe 0 0] °° Pojo +eoj o), (4.10)
0O 0 o0 O
and the jump operator / is
isinh y 0 0 0
Cij+1 0 icoshy e ¥t 0
B 0 eV~  _jcoshy 0
0 0 0 isinh y

—isi - (e Vini—eVn: Vb gt g 1V gt
=isinhy (14 2nnj11)+i(e Ynj—e¥njii)+e o0, te" Yo, 0/,

4.11)
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where & = cosh? ysech2y, B = —iy/tanh ysech2y and n; = %(]I—FZJ).

Here B(y) is the coupling constant.

R-matrix

The R-matrix is of difference form, with entries

Ri=Rg =R} = }2 =1,
el 3= €l¢ COth(l/l— Il/) +tanhl;/’
9 .
1¢R5 Ry R{i _ o pls i(tanhy — 1)

e"P o — s T coth(u — y) +tanh y’
R:=R5=R}5=RI2 =R}, = R{* = R} = R} = sechucosh y,

. R4 R .
¢RI = 10 10 _ _0RIS — _jsech ucoshysinh(u— y)sech(u+ ),

el et
RIO
—¢"R] = —¢ = ie*¥sech ucosh ysinh(u — y)sech(u+ y),
el
RlO
¢R]; = — ei1¢3 — ie"?¥sech ucosh ysinh(u — y)sech(u+ y),
1

R =R], = Esech u(cosh v+ cosh(3y))sech(u+ y),
0 3

_Rg _ Ry _ Rj3

R‘l‘3 = —e" ¥sech ucosh y(sinh(u — y)sech(u+ y) — 1),

R4113 = ¥ ¥sech ucosh y(sinh(u — y)sech(u+ y) +1). 4.12)

= tanh usinh(u — y)sech(u+ y),

For simplicity, we omitted the dependence on the shifted spectral parameter. Explicitly
R =R!(u—v). (4.13)

Diagonal preserving point

In the limit Y — oo, the model is diagonal preserving and it describes the TASEP model. For

generic values of y, the model describes a mixture of quantum and classical transport.
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Particle current

The particle current J; can be found from the continuity equation
— =1 =k (4.14)
and the Lindblad equation, [111]. It is given by

Jy = sech?yJ? + tanh y(tanh(2y) 4 1)y (I — ngy 1) + tanh y(tanh (2y) — 1) (1 — ng) e,
(4.15)

with J,? given by

0 _ I i st ~— —i0 o=t

S = Ty € o o — e o o) (4.16)

J,? is the current of the coherent time evolution dictated by (4.2), and the remaining terms

describe stochastic transport. The stochastic terms explicitly break the spatial reflection

symmetry, representing the current in the ASEP. From here, we observe that sending y — oo,

the only remaining term in J is ny (I — g ), current of the TASEP.

Non Equilibrium Steady States and Pumping Effect

An object of particular relevance in the theory of open quantum systems are the Non Equilib-
rium Steady States (NESS). They correspond to fixed points in the dynamics,

PnEss =0, ZpnEss = 0. 4.17)

From (3.11) it is easy to see that the identity density matrix is always a NESS, however,
searching for other NESS is an interesting and ongoing field of research since their stucture
may reveal information about the symmetries of the Lindblad superoperator. We motivate
this statement in chapter 6.

In the case of model B3, we have observed that for arbitrary values of ¢ and y, the NESS
is a mixed state, meaning it cannot be described by a single pure state?>. However, when a
compatibility condition holds, it degenerates into a pure state. This condition is given by
¢p+m/2)L

ell = 1. Specifically, the pure state takes the form of a spin-helix state

1 1
pn =) (¥, P = ®§:1\ﬁ <eij(¢in/2)) , (4.18)

The purity allows to determine if a state is pure or mixed. It is defined (for density matrix normalized such
that Tr(p) = 1) as Tr(p?) and it is equal to 1 for pure states and < 1 for mixed states.
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and h|¥) = 0, for any value of .

The superoperator conserves the particle number, thus the NESS’ in the sectors with fixed
spin are given by the appropriate projections of p,. Numerical studies on small systems show
that in each spin sectors the NESS is unique. For this model, we discovered the existence of
multiple NESS and the multiplicity is attributed to the conservation of particle number. In
chapter 6, we analyse a deformation of the Hubbard model and we motivate the multiplicity
of the NESS with a hidden symmetry.

The particle current (4.15) in the projected states can be computed easily, and in the thermo-

dynamic limit we find
lim (J;) = (1+tanhy?) (n) (1 — (n)). (4.19)
L—oo

We conjecture that this formula holds generally, even if the compatibility condition is not
met. The coupling constant 8 is zero in the limit y — 0. In this case, there is still a finite
particle current. This phenomenon is understood as a pumping effect. The jump operators
are coupled to the coherent current, thus they build up its mean value over time. The current
itself is conserved, thus it cannot decay. Eventually a current carrying state is produced no
matter how small the coupling is. This phenomenon was discussed in [34, 118], and our

model is an integrable example of it.

Is this model new?

In this section, we show> that model B3 is not new since it is related to the Generalized Toda

System connected to the non-exceptional affine Lie algebras Agz) discussed by Jimbo in [56].

More details can be found in [119]. The R-matrix of Agz) is
(2)
RY (u,v) =1+ P(u,v) + Q(u,v), (4.20)
with

Puv)= Y pijuv)ej@ei,  Quv)= Y qrpluyv)e®ej, (421

1<i,j<N 1<i,j<N
f(uav)_L l:] o f(Vé,I/t)—l, l:]

pij(uav) = g(u,v), i< ] ’ qij(uav) =4 -/ g(V&,I/l), i< ] . (422)
8(u,v), i> g§(v&,u), i>]

3We thank A. Hutsalyuk and A. Liashyk for pointing out this connection.
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Inthiscase N=4,E =g * i =N+1—i, 1<i<Nandi=3—ifori>3andi=2 for

i < 3 and similar expressions for j and j with i <> j,

—1 -1 —1
qu—vqg qu—uq qv—vqg
f(u V) ) g(u V) ) g(l/l V) :

u—v u—v u—v

(4.23)

To show that this R-matrix is equivalent to the R-matrix of model B3, we perform in series
some of the transformations given in section 2.6.1
~4(2)
1. normalization RA3 — Q( ) = R4

. ~ ~,(2) . . . .
2. twist (FQF~ )RA ( V) (FRF 1) =RAY% (u,v) , with F a diagonal matrix with
entries { e¥/2, ie? e_2l¢,ie_%

3. LBT (K(u) ® K(v))RAS (u,v) (K (1) @ K(v))~, with
K(u) = i(2+1)(zl+22)+4(1— 5)1+2:12,).

It follows that the R-matrix of model B3 is equivalent to the Generalized Toda System Agz) if
qg=1ie V.

We conclude that this model is not new, however the interpretation in term of open quantum
system is new. This opens an interesting question whether all the R-matrices of the non-
exceptional quantum affine Lie algebras can be mapped (after some identifications) to an
open quantum system.

The difficulty in the discovery of this equivalence is the following: when we begin with the
R-matrix (4.20) and derive the associated density charge 2, = PBMRA§2) (,v)y—y, We attempt
to determine the values of 4 and ¢ that would yield the superoperator .. However, we
discover that this correspondence does not occur. The twist F' is the key object that allowed
this identification.

4 — D interpretation of the model

In light of (3.21) and of the discussion in the related section, we can also interpret model B3
as acting on a Hilbert space of local dimension 4. We rewrite the superoperator (3.17) by
separating the part containing only ¢ (MWyor 7 () operators

Py = (— i) _Lmr >+(m“

SJ+L o i g+ __g( " 5(2) >+£( ) E(Z)* 4.24)

L+l o T g+ S 17, j+1

we obtain

H; j :Ji,j(])‘f—ji(j-)—f—fi 072

e (4.25)
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where

) 1
Jij=—ihij= 50 i, (4.26)
and J; ; 1s related to J;; by taking the complex conjugate elementwise.
The decomposition of the superoperator in term of /4 and ¢ is not unique, as discussed in
section 3.3. By using the transformation (3.40) with o¢ = — sinh? y\/csch(4y), one gets
1Y) = i (tanh y — 1) 67 —ie ™ (tanhy + 1)o7 0 —tanhy (n;—n;)%,  (4.27)
7% = —ie” (tanhy — 1) T ¢; +ie (tanhy + 1)1, T) —tanhy (i — )2, (4.28)

where we refer to n; = JI+TG§ and 7i; = HTT’ The term El(})fg?) in (4.25) is

6(1)[7(2) _ tanhy

i nite ¥Yn—ie Vst 6 —ieV P50t —e¥n,
ear _Coshzw(251nhy/n,nj+e n; —ie 0, 0; —le 0; 6; —e nj)(c.c)

(4.29)

where (c.c) has the T operators and the coefficients are complex conjugate.
Interestingly, the expression (4.27) of J; ; corresponds, up to a twist* and a normalization
defined in 2.6.1, to the Hamiltonian of the XXZ chain

Ui jU7" = (hxxz)ij ~ 670} + 0] 0] + Ac{ s, (4.30)

where A = +isinh y. When we send y — 0, the Hamiltonian H simply decomposes into
two independent XX spin chains.
To summarize, we see that the model B3 corresponds to two coupled XXZ chains with

interaction terms given by the /s (4.11). Applying the same twist U on £ we get

0 0 0
I —tanhy  Fisechy O
Fisechy —tanhy—1 0
0 0 0

Uity iU = 4.31)

o O O O

In chapter 5, we give 4-D interpretation for the Hubbard model, as two XX spin chains
coupled. Here, in contrast to the Hubbard model, the coupling constant between the two
independent chains is related to the inhomogeneity A in the individual XXZ-spin chains.

o 1 0
“The twist is U; = ( 0 Lo Wi )
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What are the eigenvalues of this model?

In light of this interpretation, we can consider the Lindblad superoperator as an operator in
a four dimensional Hilbert space. To solve this model, we employed the nested algebraic
Bethe ansatz technique, which is a more advanced version of the Algebraic Bethe ansatz
discussed in chapter 1, see [31, 120] for recent reviews. After discovering that this model
can be mapped to the Lie algebra Agz), one could consider to adapt the solution obtained for
that particular model (for example in [121] for periodic boundary condition and [122] for
open) for the model B3. However, implementing the twist at the level of the Bethe equations
proves to be a highly challenging task. Therefore, we present an independent solution [6]
that we have derived specifically for this model (4.12). Taking into account the considerable
length of the calculation, we have chosen to include it in Appendix A, while presenting the
main results here. In the appendix, we revisit the definitions provided in section 1.1.1, but
this time in a higher-dimensional Hilbert space. We define the monodromy, transfer matrix,
and reference state, and we establish the commutation relations between the entries of the
monodromy matrix based on the RTT relation. We explain how for model B3 this method
closely mirrors the ones for the Hubbard model, [123, 124] and the AdSs x S5 for bound
states, [125]. However, we observe a distinct feature in our case, as we obtain a twisted
transfer matrix for the nested spin chain. Finally, we give the expression of the eigenvalues
of the transfer matrix and the Bethe equations.

Similar to [123, 124], we identify three types of creation operators B, By and B3. The first
two operators create electrons with spin up and down respectively, while the third operator
creates an electron pair. The concept of nesting arises from our two-step procedure: initially
considering the entire Hilbert space and subsequently focusing on the smaller Hilbert space
C2.

Unlike in section 1.3, where we only needed to know the length of the spin chain L and the
number of particles M to identify a state, here we also need to specify the types of particles
involved. A state is characterized by the length L of the spin chain as well as

M = #electrons

N = #number of electrons with spin up

To simplify the expressions, we consider a shift in u;, v; and v, in particular

¥ ¥
l[/—>"P—|—l?, ui—>u,~+%, V,‘—)Vi—%, (4.32)
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and we find the eigenvalue of the transfer matrix,

Ay (u) _Hsinh(u—v,—l—gy)_'_
N =1 sinh(u—v,+ 2)
Asv (u) M sinh(u Vi — fI s1nh u—uﬁ—l]/) N

(_e2i¢)L_M_N i—1 sinh (u +

cosh (u—v;— %) L

e¥+if sinh (u — uj)

coth (u — ui) sinh (4 —u; +¥)

4.
i—1 cosh (u—vi—%) ,IJ e?¥ cosh(u—u;—¥) ~ #39
N =( 2;¢)M—N( ‘P—up)M and
Asv (u) _ M sinh (2 (u—w; +¥)) (4.34)

%9 sinh (2 (u—wy))

i=1

M N : M 2
(_62i¢>L MH_smh(z( H i9 s1nh(2u—2v,—|—‘P).

€219 sinh (2 (u—w;)) sinh (2u —2v; — V)

i=1

The "nested" structure is manifest, Aps (the eigenvalue of the main spin chain) depends
on Agy (the eigenvalue of the nested chain). The rapidities {v} and {w} of the particles in
the model obey the sets of Bethe equations, for j=1,....M

M sinh (v L sinh(ui—vj—%) N sinh (2v; —2w; + )
4.35
; llle#Jsmh( VJ—F"P II_Ile\PJ“"P s1nh(u,~—Vj—|—%)gsmh(ZVj—Zw,-—‘P) (4.35)
and the auxiliary Bethe equations, for j=1,... ;N
N h(2 N\ o\ L4 sinh (2v; —2 b Y
[ ) = () T ey @9
i=1,i#j J i=1 l J

We checked explicitly” that by numerically solving the Bethe Equations for the rapidities,
and substituting to the eigenvalues Ay (u), we find the same eigenvalues as by directly
diagonalizing the transfer matrix. We checked for spin chains of small length and up to three
particles state. Such validations are typically sufficient to ensure the accuracy and correctness

of the results obtained using the nested Bethe ansatz method.

SWe thank Rafael Nepomechie for providing the code for the numerical computation of the Bethe equations.
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We present the result by using the standard Baxter Q-functions

i H sinh[x — w; — ¥, Ol (x Hcosh x—u;—a¥], (4.37)
i=1 i=1

[a H sinh[x — v; — a'P], ol (x) = Hcosh[x —v;—a¥], (4.38)
z—l i=1
B N

“(x H sinh[x — w; — @], 01 (x) = [T coshlx — wi — a]. (4.39)

i=1 i=1

The eigenvalue is

AM(M) _Qv[—3/2] oy [3/2 Qu Qu 1] (_ie—‘P—i(p)L Q [1/2] Q A
N _QV[*I/Z] e Q‘[II/Z] 0,0 Qu * (_82i¢)L*M*N 0,V g, ov (1),
(4.40)
v (1) p2iON B Q[—HQEV—I} N <—e2i¢)L QU]QM Q[—1/2]Q‘[,—1/2] 4
VY (Cerioy LM ol 50 D00 /2 5l172] '
where for simplicity we used Q,[a] (u) = Q,M.
The Bethe equations for the main chain take the simple form
o, B (e‘P+i¢) 0174 @, 11/ Qg/z] ’ (4.42)
j=1,...,M and for the nested chain
gl INTASEr G
Qv Qv QV; _ <_e2’¢’> O "Qv (4.43)
0,10y

0l

where Q,[a](wj) = Q,M and j=1,...,N.

The obtained expression for the eigenvalues opens up opportunities to investigate various
properties of this model. One interesting avenue is to apply the thermodynamic Bethe ansatz
and examine the behaviour of the eigenvalues on an infinite spin chain. Of particular interest

is also the study of the scaling of the eigenvalue with the second largest real part (with the
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smallest being 0) with the dimension L, which corresponds to the Liouville gap. In a finite

system, this quantity is equivalent to the inverse of the relaxation time, as discussed in [126].

4.3.2 Model B2

Similar to the previous model, Model B2 possesses a coupling constant and exhibits intriguing
physical properties. We first provide the expressions of & and /. Next, we analyse the NESS
and we give the expression of the particle current. This model serves as a bridge to the next
chapter, as it corresponds to an integrable deformation of the Hubbard model (correspondence
that will be clarified in the next chapter). Additionally, this is the only model among the ones
in the ansatz presented in section 4.1 that does not possess the non-difference form property.

hand ¢

The Hamiltonian is given by (4.2) and the jump operator is

ch(u) 0 0 0
tu)y | 0 1 ish(u)e’® 0
B(u) 0 —ish(u)e ¢ -1 0 ’ (449
0 0 0 —ch(u)

with B(u) = (y/(27ych(2u) +2))/* and y > 0 being a fixed coupling constant.

R-matrix

When u = ¢ = 0, this system is equivalent to the XX model with dephasing noise®, as

discussed in [24], which, in turn, corresponds to the Hubbard model with an imaginary
coupling [97]. We provide further clarification on this point in chapter 5 section 5.3.1. When
u # 0, the model can be understood as a twisted version of the inhomogeneous Hubbard
model [25, 127]. The corresponding R-matrix can be found in [127], for this reason we do

not provide it here.

Diagonal preserving model

For generic values of u, ¢, and B(u), the model is not diagonal preserving. However,

when B(u) is set to 2sinh(u), the model becomes diagonal preserving, and its generator

Explicitly, the jump operator takes the form £ = Z;. This is called a dephasing noise because the dissipation
destroys the quantum coherence of the states, i.e. off-diagonal density matrix elements in the diagonal basis of
Z; in the super operator space decay exponentially.
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corresponds to the SSEP model. It is worth noting that model B1, described in section 4.2.3,
is also diagonal preserving with the SSEP as its generator. This is because model B2 includes

model B1 as a special case. Further discussion on this topic can be found in section 5.7.2.

Particle current and NESS

The particle current J;, can be determined using the continuity relation (4.14), and its expres-

sion is given by
T = (1 —=2B%(u)sh(u))JY + B> (u)sh? (u) (ng — misy).- (4.45)

Here .
l . _ g _
= 5(e'q’cr,jc;k+1 —e o, o), (4.46)

is the current of the coherent time evolution dictated by (4.2), and the remaining terms
describe stochastic transport.

By analyzing the spectrum of the superoperator . and in particular the zero eigenvalues, we
found that for a given length L, there are L4 1 NESS in the system. One of these NESS is
the identity operator, and due to the conservation of particle number in this model, we can
obtain the remaining one by projecting into each subsector with a specific particle number.

Each subsector possesses a unique NESS.






Chapter 5

The Hubbard model and its deformation

In this chapter, we introduce the Hubbard model, a toy model used to describe the motion
of electrons in the conduction band of a solid. We begin by presenting its definitions in
both fermionic and bosonic formulations. Additionally, we explore the existing connection
between the Hamiltonian of the Hubbard model and the Lindblad superoperator, which
describes the evolution of open quantum systems. Building upon this connection, we present
all the cases in which this mapping is possible. Furthermore, we introduce a new nearest-
neighbour integrable model characterized by an R-matrix that contains an unusual functional
dependence on the Jacobi functions (we refer to it as not quite elliptic) and we show how
to use the bond-site transformation to relate it to a range 3 integrable deformation of the
Hubbard model. We believe that this is the first range 3 integrable deformation of the Hubbard
model. This deformation manifestly breaks the 1(1) symmetry of the Hubbard model. To
validate the significance of our findings, we prove the integrability of the 3 site model and

highlight the unusual functional dependence of the R-matrix.

5.1 Introduction

The Hubbard model [97] describes the physics of interacting electrons in the lattice. It
was introduced by John Hubbard in the sixties in a series of papers "Electron correlations
in narrow energy bands", [128—133] and has since become an important model in physics
because it can be solved exactly. In 1968, Lieb and Wu solved it by using the coordinate
Bethe ansatz [134]. In one dimension, the Hubbard model is Yang-Baxter integrable, but
finding the associated R-matrix was challenging. It was realized by Kulish and Reshetikhin
[135] that the R-matrix could not be constructed as a fundamental model of difference form
type. In 1986, B. S. Shastry [100] found the non difference form R-matrix associated to the
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spin-model correspondent to the Hubbard model'. The proof that this R-matrix actually
solves the Yang-Baxter equation was later established by Shiroishi and Wadati [136] and it
is based on the work of Korepanov [137]. The R-matrix was subsequently used to built the
algebraic Bethe ansatz [124, 123].

The integrability property makes the Hubbard model a playground for different field of
research.

In condensed matter, for instance, solving the Hubbard model has provided a theoreti-
cal laboratory for studying non-perturbative effects in strongly correlated electron systems.
This is important because describing the microscopic behaviour of solids is extremely chal-
lenging. The Hubbard model has been instrumental in investigating phenomena such as
ferromagnetism, different forms of antiferromagnetism, unconventional superconductivity,
charge-density waves, electronic liquid crystalline phases, and topologically ordered phases
(such as "spin liquids") [138]. By studying the Hubbard model in specific instances, re-
searchers have been able to explore properties that were previously not accessible. Transport
properties of the model have been a subject of interest for many decades (see for example
[139]). Recently, the so-called integrable quantum quenches have also been considered in
the 1D Hubbard model [140], using information about exact overlaps [141, 142].

The Hubbard model finds also application in the context of AdS/CFT [143]. In fact, the
S-matrix relevant for the AdS/CFT correspondence [144, 145] is related to the Shastry’s
R-matrix. This remarkable relation sheds some new light on the symmetry algebra of the
Hubbard model. It was known for a long time that the Hubbard model exhibits su(2) & su(2)
symmetry [146, 147]. By using the map to string theory these could be seen as coming from
a centrally extended superalgebra from which the Hubbard model can be obtained in a certain
limit [148]. Moreover, this observation recently leads to the formulation of the quantum
spectral curve for the Hubbard model [149].

Over the years, many integrable generalizations of the Hubbard model have appeared, the
models of Bariev and Alcaraz [150, 151], the Essler-Korepin-Schoutens model [152], and
multi-component generalizations [153-155].

In recent times, the Hubbard model has found applications in the field of open quantum
systems. This model can be formulated as two interacting XX spin chains connected by a de-
phasing term. In 2016, taking this into account, Medvedyeva, Essler and Prosen [24] mapped
the Hubbard model with complex interaction strength to a Lindbladian: a superoperator

generating the dynamics of an open quantum system.

'The Hubbard model was discovered as a fermionic model; however, it can be mapped to a spin model via a
Jordan-Wigner transformation.
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5.2 Generalities

5.2.1 Fermionic and bosonic formulations

The Hamiltonian of the Hubbard model [97] in the fermionic formulation is
T 1 N et o)
H= Z[ ]+1 jH)ch—F(cJ)T Ci (i) c;+Unn;|, (5.1)

T¢)T T

where U € R is the coupling constant of the model. ( are the standard creation and

annihilation operators which satisfy the canonical anti- commutatlon relations

{ef. e} =1 () =0, (5.2)

[, ()T} = 6P 5y (5.3)

where j, k refer to the local Hilbert spaces , o, B =7, and n is the local particle number
operator nf = c;ﬁcsx

The local Hilbert space is spanned by the four vectors

0)=er. [D=()]0)=e2, [1)=(cN)0) =5, [1)=(c)T()T0) =es, (5.4

with e; the standard basis.
The Hamiltonian H commutes with

N:Z(n%nﬁ), . =Y (n]—nb), (5.5)
J

where N is the total particle number and S, the magnetization. We can add two magnetic
fields so that the interaction term becomes particle/hole symmetric. This choice preserves
the integrability of the model and its explicit form is

U
B =Y | (€])e]y +(chy) el +(e)) e §H+(c§+l)’fcﬁ+z(1—2nj)(1—2n§) . (5.6)
J

This Hamiltonian enjoys su(2) & su(2) symmetry.
Since the main result in this chapter is a new integrable deformation of the Hubbard model,
it is convenient to give the definition in the spin chain context, working with the “bosonic”

version of the model.
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The local Hilbert space is the tensor product

V,=C*®C? (5.7)
with the full Hilbert space being the tensor product

V=ah,V, (5.8)

with L the length of the spin chain. With the same notation of (3.21), the (inverse)-Jordan

Wigner transformation is

4 1 _
o; = |[T(=1)" |l o= |[T(=1%|¢}, (5.9)
k=1 k=1
o I i PRI = :
o/ =(c;)" |[TT=D™]|, T = ()" [TI(=1D)"], (5.10)
k=1 k=1
oi=1-2n =1-2nt (5.11)
j Jj? j Jj :
In this way, the Hubbard model Hamiltonian (5.6) takes the expression2
H//_ + ~— — ~t + = — -t Y 242 5.12
j

where U is still the coupling constant of the model. At U = 0, the model describes two XX

spin chains which do not interact with each other. For U # 0, the two chains are coupled by

a dephasing term?.

If we perform a twist transformation*, the Hamiltonian is transformed into

1 2 u
Hi= Y ) 450+ 500 | (5.14)

J

2We remark that we consider the (inverse)-Jordan Wigner transformation for the terms acting on the
bulk (j,j+ 1). Only afterward, we consider periodic boundary conditions on the spin chain. Applying the
(inverse)-Jordan Wigner transformation to the boundary term will make unwanted string appear.

3The interaction is given by the diagonal matrix Z;. "dephasing" is related to the fact that this term changes
the relative phase between different spin states.

*We use H; = B;H"B|' with the diagonal twist B given by

p—

(5.13)

O~ OO
- o o O

0
i
0
0

coo !l

This is allowed since the condition (2.55), BBy, H"] = 0 is satisfied.
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where

()
hj j1

= i(Gj_G_

ji+1 7 9; o} ) 0

J+1 j+1 (T Tj-i—l T T+ ) (5.15)

j+1

We use the notation () and @) to identify operators only containing ¢ or only 7, respectively,
as given by (3.21). The reason of doing the twist will be explained in section 5.3. In fact,
without the twist, the condition (5.29) is not met and we cannot interpret the Hubbard model
as an open quantum system.

Here and in the following, we use the notation Hl;, with £k = 1,2, 3 to identify the number k of
sites of the spin chain spanned by the interaction term. The kinetic term above is the same
as (4.2) and it corresponds to a XX chain perturbed by a Dzyaloshinskii-Moriya interaction

term [114],

1

hjjv1= 5 G/GH_l o} S04 (5.16)

5.2.2 Symmetries
Now we discuss the symmetries of the Hubbard model in more detail, focusing on the

Hamiltonian (5.14). The Hubbard model has both discrete and continuous symmetries.

Discrete A Shiba transformation is defined on a chain of even length L by

1) _ <y x Y X
y()_GLGL 1--- 0507,

(5.17)
s =0t . Y.

This transformation acts on the total number of particles operator N and on the total magneti-

zation S, as

SO 7Ny 72 —2p N, s W o) 22 —g.. (5.18)
The combination of two Shiba transformations (see [97]) is a discrete symmetry. A
similarity transformation with either .7’ M) or 7(2) preserves the kinetic term of H;, while

changing the sign of the interaction term. Explicitly,

SU)HIS(U:SQ)HIS(Z):Z hE',IJ)'+1+h§‘?J)‘+1_%G/Z'T§ ’ (5.19)
- .

and

7 70, .70 @ —H;. (5.20)
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Continuous The Hubbard model Hamiltonian enjoys invariance under the continuous
group su(2) & su(2), [146, 147]. The first su(2) corresponds to rotations in spin space,
which can be interpreted also as a mixing of the ¢ and 7 operators. The generators are local
in space if we express them using the original fermionic variables. However, when we work

with the spin variables, the Jordan-Wigner strings appear. Formally we have

T _ 1%

o
A=Y L .
=25 (5.21)
J
and

A=Y KH G,fr,i) Gj*fj_] , A=) [(Hc,fr,i) GJ._’CJJF} , (5.22)

J k<j J k<j
that satisfy the standard su(2) algebra
AL, A_]=A,, [A;,AL] =£2A,. (5.23)
For both periodic and open boundary conditions, the following condition holds
[A;,H;] =0, (5.24)
while for the off-diagonal generators the symmetry relations
(A, Hi] =0 (5.25)

hold only in the case of open boundary conditions, or formally in the infinite chain limit.
The second su(2) follows from the Shiba transformation. The idea is to perform a similarity
transformation with either (") or .”(), construct the su(2) generators of the modified
Hamiltonian, and then transform them back to the original H. In this way, we obtain the
su(2) generators (also called n-pairing generators)

74 ¥4
Gj+Tj

BZ: )
7 2

(5.26)

and

By =Y KH fo,f) Gfrj*] , B_=Y) [(Hc,f’c,ﬁ) ijjl . (5.27)

k<j
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Similarly to the As, the B, operator commutes with H; (5.14) for both periodic and open
boundary conditions and B only in the open boundary case. All A operators commute with
all B operators, therefore the symmetry algebra is indeed su(2) ® su(2). In chapter 7, we
explicitly show how to construct the most general Hamiltonian that exhibits this symmetry.
We would like to mention that the fact that A+ and B+ only commute with H; in the open
boundary case comes from the non-periodicity of the A4 and B4 operators defined in (5.22)
and (5.27).

5.3 Relation between Lindblad superoperator and Hermi-

tian Hamiltonians

In [24], the authors mapped the Hubbard model to a Lindblad superoperator in presence of
dephasing noise. We present their findings here and further explore the conditions under
which this correspondence holds. Considering as starting point the Hubbard Hamiltonian

(5.14), we can then identify
hjjv1=1i <0'j+6j_+1 — GJ-_G;H) : Ui i1 = Z;. (5.28)
The operators in (5.28) satisfy
h=—h", 0=0 =T, P=0r=1 (5.29)
These properties allow to rewrite the expression of the Hamiltonian (5.14)
JrJ+ L+ j+1

1 nr U 2
H = Zhg-,j)'—Fl_h( ) 1+Z€( ) p2) (5.30)
J

We can add a term proportional to the identity®, complexify the coupling constant U — iU
and then multiply H by i, in this way we obtain
L= — i i@ Y 2 g 5.31
Jitt = —ihy oy i+ (Gt L) (5.31)
which is equivalent to the expression of the superoperator (3.17) by using (5.29) and where
the dependence on the coupling constant U is explicit. This proves how to map the Hubbard

Hermitian Hamiltonian to a Lindblad superoperator.

More generally, we emphasize that if the conditions (5.29) are met, a Lindblad superoperator

SThis term only shift all the energy levels by a constant and do not alter the integrability property.
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can be always mapped to an Hermitian operator. It is easy to see that under the conditions
(5.29), the map also works in the other directions: allowing to write the Hermitian version of

the Lindblad superoperator.

5.3.1 Model B2

Now we clarify why model B2 of section 4.3.2 is related to the Hubbard model. The
h of model B2 coincides® with (5.28) for ¢ = m/2 and the ¢ can be written as (up to

renormalization)
b =Z1 + (X1 X2 +Y1Y2) +1°2, (5.32)

where 11 = —tanh (%) 7 is the deformation parameter and for 11 = O (or equivalently u = 0)
it reconducts to the Hubbard model (5.28). This deformation was found in [127] and we
presented it in the letter [4] in the context of open quantum systems.

5.4 Toward a new integrable deformation of the Hubbard

model

In this section, we outline the procedure that leads us to discover a novel integrable deforma-
tion of the Hubbard model, characterized by interaction terms spanning three consecutive
sites of the spin chain.

We identify this deformation within the framework of open quantum systems, starting from
the Lindbladian .’ (3.17) as the initial ansatz for the Boost automorphism mechanism. We
started from an ansatz for both 4 and ¢ of 8-Vertex type’. The complete classification of inte-
grable models using this ansatz is still a work in progress®. Nonetheless, this model already
holds considerable interest on its own. Initially, its connection to the Hubbard model may
not be apparent. However, we demonstrate how to perform a bond-site transformation that

preserves integrability and transforms it into a next-to-nearest neighbor model, representing

®In section 4.3.2 we stated that the point ¢ = 0 coincides with two XX spin chains and dephasing interaction.
We now consider the point ¢ = 7/2 to have the open quantum system interpretation, in particular to have the
conditions (5.29) satisfied. It is clear that the two models are related by a twist.

"We give more details on this type of models in section 8.1. In these 4 x 4 models the only non-zero entries
may be in positions: 11, 14, 22, 23, 32, 33, 41, 44 of the matrix.

8This ansatz is more intricate than the ones employing a 6-vertex model for both /2 and ¢ as done in chapter 4.
The complexity arises from the two additional entries in the ¢ operator (quadratic in the Lindblad superoperator),
which results in highly intricate equations for the integrability constraints [Q, Q3] = 0.
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a new integrable deformation of the Hubbard model. To the best of our knowledge, this is
the first range 3 integrable deformation of Hubbard.

5.4.1 h and 7 of the two site model

Although we discovered this model in the context of open quantum systems, we noticed
that the /& and ¢ operators meet the conditions described in equation (5.29) of section 5.3.
As a result, we chose to present its Hermitian version to make the connection with the
Hubbard model more transparent. We refer to this model as two site model indicating that
the interaction term spans two sites of the chain.

The integrable Hamiltonian that we found is

_ (1) (2) )
H, = Z [hjvjﬂ thj +lj,j+llj,j+1]’ (5.33)
J

where

isn 0 0 1
dn, . _ _ 4 0 0 —cn 0
h= 7(61- 01— 0; Gj+1) = 0 —en 0 0 , (5.34)

1 0 0 —isn

sn, cn and dn are the Jacobi functions sn (2%|k?) , cn (2%|k?) and dn (%%|k?). The models
depend on two parameters k and u. H is integrable if k and u are chosen such that the entries
of [ are real.

To clarify the meaning of k and u, we use a different normalization and reparametrization

that bring the kinetic term to (5.15) (independent from the parameters) and the / term to ¢:

sin 0 - _ _
sin@ 0 O cos@
0 01 0
= (5.35)
0O 10 0
cos@ 0 0O —sinb
This new reparametrization is related to the old one by
ksec’> Ocn~! (—sec O |k? 2iU cos” 6
w=—" 4(5 | ), k 1 co8 (5.36)

\/UZ sin®(20) + 1
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The advantage is that now the dependence on the coupling constant U is factorized, and we
obtain

_ (1) (2) (1,2
Hy = Z [hj,jﬂ Thijn +2U£j,j+l€j,j+1]‘ (5.37)
j

H, depends on both U (coupling constant) and 6, a parameter. We remark that this model
does not contain the Hubbard model for any value of U and 6. However, in section 5.5.2 we
will show how to use a bond site transformation to bring it to a range 3 model which contains
the Hubbard model. The parameter 6 is related to the deformation of the Hubbard model. In
order for H, to be Hermitian, both parameters need to be real. We restrict the range of 6 to
the fundamental domain of [—, 7].

The ¢ operator is of 8-vertex type’ [39]: particle number is not conserved, but particle
creation and annihilation only happen in pairs (due to the terms G;_ G;_I and o; Gj_+l)' l
obeys the properties

(6 501)7 o< 1, (5.38)

[€j,j+1,4j+1,j4+2] #0 (5.39)

and it is free fermionic. This property can be understood from the representation (5.35):
performing a Jordan-Wigner transformation we find terms which are only bilinear in the
fermionic operators. This point will be clarified in section 6.3.1.

The spin-1/2 model obtained by considering only the Hamiltonian };¢; ;1 are known in
the literature as the XYh models [156]. They correspond to a XY spin chain coupled to

(1) 42

j.j41t; j41- therefore it is

a magnetic field Z;. However, our model involves the coupling ¢

interacting.

5.4.2 Symmetries

Let us now discuss the symmetries of (5.37) for a generic value of 8. First of all, we do
not find any continuous symmetries. However, there are discrete symmetries. In particular,
similar to the Hubbard model, the Shiba transformations (5.17) preserve the kinetic terms
and both of them negate the sign of the coupling constant U. Therefore their combination is
a discrete symmetry:

SO g, 71 7@ = H,, (5.40)

9More details on this type of models are given in section 8.1.
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Because both interaction matrices (/) and ¢()) create/annihilate particles in pairs, the

“fermionic parity” is conserved for both sub-chains
[Zs,Hp] = [Z,H,] =0 (5.41)

where

Zs =[] 7 Z.=1]7- (5.42)

J=1 J=1

This property also holds for the three site spin chain given in (5.60).

5.4.3 Why is this model integrable?

To establish the integrability of this model, we derived the expression of the R-matrix
associated with (5.34), which is presented in Appendix B. The R-matrix satisfies the Yang-
Baxter equation'? and its properties are of particular interest. Firstly, it is of non-difference
form, evident from its dependence on both the sums and differences of Jacobi elliptic
functions. Secondly, it has a very non-trivial functional dependence on the spectral
parameters, containing terms that cannot be completely expressed in terms of the usual

Jacobi elliptic functions, as they involve expressions such as
1 1
sin 3 [am(u|k2) - am(v|k2)] , sec > [am(u|k2) - am(v|k2)] ) (5.43)

where am is the Jacobi amplitude. The product of this two functions can be expressed in

term of Jacobi functions, in fact

tan% [am(u\kz) —am(v|k2)} =csc [am(u\kz) —am(v\kz)} —cot [am(u|k2) —am(v]kz)] =

cn (ulk?) en (v|k?) +sn (ulk?) sn (v[k*) — 1
cn (u|k?) sn (v|k?) —cn (v|k2) sn (u]k?)

(5.44)

but still one of the two functions in (5.43) escapes the elliptic property. In particular, it can

only be expressed in the Jacobi elliptic functions sn,cn,dn by introducing square roots.

101f the reader is interested in showing this, we would like to remark that by using version 12.3 of Mathematica
the check is straightforward. However, using version 12.0 particular attention should be paid to the choice of
the sign of the branch-cut.
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Explicitly

_ 2 2
sin% am(u\kz)—am(wkz)} :sl\/ L= cn (ulk )\/ Len(vk?) | (5.45)

2 2
. \/ 1 cnz(V|k ) \/ 1 +Cn2(”‘k ). (5.46)

with s1 and s, signs that depend on the choice of the branch cut.

To the best of our knowledge, this R-matrix is new and we have also not encountered before
a model with functional dependence on the square root of Jacobi function.

Let us clarify some points about the integrability of the model (5.37). If we take the expression
(5.37) and write U = U (u) and 6 = 0(u) and construct Q3 via the boost operator (2.16), the
condition [Q,, Q3] = 0 gives a set of differential equations for U and 6 that are satisfied by
(5.36). However, it is important to note that from (5.37), with U and 6 kept constants, we
cannot obtain the R-matrix using the Sutherland equation (as demonstrated in section 2.5).
This raises a broader question, discussed in [113, 42]: how can we determine if a constant
Hamiltonian belongs to an integrable model? In fact, suppose we take an Hamiltonian H (u)
dependent on the spectral parameter u and we fix u = constant. We construct Q3 via the
boost method. But if we compute [Q;, Q3] we won’t obtain zero since we are missing the
derivative term in (2.16). In such cases, to verify the integrability of the model, we need
to investigate whether it exists a range 2 charge that plays the role of the derivative term in
Q3, resulting in a vanishing commutator [Q;,Q3]. If such a charge exists, the model may be
integrable and to prove it, we need to construct the Lax operator.

To prove integrability of H (5.37) we also need to use the Lax operator, a more fundamental
object than the R-matrix. The Lax operator is used to construct the conserved charges, as
explained in section 1.1.1. To generate the correct Hamiltonian, the Lax operator should be

related to the R-matrix in the following way'!
L(u,u) =R(au,p), (5.47)

where
B 2iU cos? 0
\/1 +U?sin*(20)

a—# ,u:cn_l (—sec@}kz), k

T ey 049

This is analogous to the reparametrization (5.36).

'We would like to remark that the regularity condition for the R-matrix in this new parametrization
corresponds to consider u = 1 /o(pt), while for the standard parametrization used in the Appendix B to u = v.
Same choices of u should be used to reproduce the correct Hamiltonian.
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5.5 The bond-site transformation

Here we use the bond-site transformation to bring the nearest-neighbour model (5.37) into
a form where the Hamiltonian is three site interacting. We then show how this model is a
deformation of the Hubbard model.

The bond-site transformation has its origin in the Kramers-Wannier duality [157], which can
be used to determine the critical point of the Ising model on the square lattice. It can also be
applied to the 1D quantum Ising chain, where it acts as a self-duality [157]. More recently
the same transformation was also used in the “folded XXZ model” [158, 159].

5.5.1 Generalities

To understand the transformation, it is enough to first consider just one copy of the local
space C2, on which our previous ¢ act (in light of (3.21)). The same argument can be
repeated for the 7¢ acting on the second copy of C?.

There are two ways to introduce the bond-site transformation: either formally on the level of
the operators acting on the Hilbert space or via a real space description of the states. We
treat both formulations. We first consider models with open boundary conditions.

On the level of operators, the duality transformation is a particular Clifford transformation

[160], a mapping between operators with the following two requirements:

* Products of Pauli matrices are mapped to products of Pauli matrices (including possible

multiplication with phases, but without producing linear combinations).
* The operator algebra is preserved.
The transformation is then defined by the mapping
J

Zj—X; 1X; 1, X; _>;<lek_5 (5.49)
and we can use the operator algebra of the Pauli matrices to extend this mapping to all
operators. For example, a product of two X operators in nearest-neighbour sites is mapped to
a single Z matrix, in this way we obtain a symmetric formulation for the elementary steps!'?

Zj—)Xj_%X. 1 Xij+1_>Zj+%- (550)

12As stated in [160], this bond-site transformation can be recognised as the Kramers-Wannier duality of the
Ising model.
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The half shift that we introduced can be understood in the real space interpretation of this
transformation: working in the computational basis, we perform a rotation and afterwards we
put spin-1/2 variables on the bonds'? between the original sites, such that the new variables
measure the presence or the absence of a domain wall (kink or anti-kink). This is why we
call these steps a “bond-site transformation”.

To be more precise, let us assume that the model in question has spin reflection symmetry.
Then we can map the Hilbert space of a chain of length L to that of another chain of length
L — 1, such that for each bond we put an up spin if the two neighbouring sites have the same

orientation, and a down spin if they have different orientation. Symbolically

m — 1, L — 1. (5.51)

H A

The original spin pattern can be reconstructed from the bonds up to a global spin reflection
step, which preserves all values of the bonds'*. Denoting the new variables with space

positions at half shifts, the mapping on the operatorial level becomes simply
Zij+1—>Zj+%. (5.52)

A single spin flip on the original chain necessarily changes the values on two bonds, thus we

obtain the other elementary transformation rule

X=X, X,

1X (5.53)

These are not yet identical to the steps (5.49)-(5.50). In order to achieve the same formulas,

one needs to perform a global rotation before the bond-site transformation, which maps
Z—X, X —Z, Y — Y. (5.54)

Combining this rotation with (5.52)-(5.53) we obtain the transformation rules (5.49)-(5.50).
In Appendix C, we give an explicit expression of the bond-site transformation in a matrix
form.

The advantage of using the formulas (5.49)-(5.50) is that they describe an involutive transfor-
mation, so that applying the transformations twice will produce the initial model. However,
the transformation is non-local: a subset of local operators remains local after the mapping,

3For example, the bond between the sites j and j+ 11s j+1/2.
14We remark that if the model does not have spin reflection, those statements remain true with the addition
that we need to know the state of the first site. Furthermore, in this case the Hamiltonian becomes non-local.
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but the remaining subset (including X; by the definition (5.49)) becomes truly non-local. In
[161], the authors give a lists of the terms in the Hamiltonian that remain local after the
bond-site transformation. We refer to [160] for the classification of translation invariant
Clifford group transformations that preserve locality of all the Hamiltonian and those that
lead to non-local terms but preserve locality of certain Hamiltonians. The bond-site trans-
formation belongs to the second class. In the cases when the local Hamiltonian density is
mapped to local operators, it is possible to define the bond-site transformed model also with
periodic boundary conditions. However, in this case the two models are strictly speaking not
equivalent. This can be seen on the level of the real space transformation: in the periodic case
any state has an even number of domain walls, therefore it is mapped to a state with an even
number of down spins. The sectors of the new model with odd down spins do not correspond
to the states of the original model. This difference should not affect the thermodynamic

properties of the models, but it is crucial for the comparison of finite volume quantities.

5.5.2 From two site to three site model

Now we apply the bond-site transformation to map the two site model to a three site model.
In our case, the transformation preserves locality, so we can consider the model with periodic
boundary condition.

We apply the transformation to both ¢ and 7 matrices. For simplicity, we again use the
notation of the Pauli Matrices as X,Y,Z with the remark that, when considering them acting
on the local Hilbert space C?> ® C? they will be either o or 7, respectively, if they act on the
first or in the second copy of C?, as in (3.21).

Kinetic term (5.16) To use the transformation (5.50), first we need to use the rewriting
Y; — iX;Z; and then the rotation (5.54)

ViXjor =Xi¥j1 = i(Zjp1 = Z)XiXj1 - =

XXy =X X )2 =YXy = XYy

(5.5%)

The kinetic term is now localized on three sites!>. However, summing over these contributions
for the sites of the periodic chain and redefining j — j+ %, we see that the integrated kinetic
term is self-dual. For this particular model, the bond-site transformation will only change the
interaction terms.

I5This is evident by considering j — j+ 1/2. It correspond to consider a new spin chain where the "bonds"
now become "sites".
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Interaction (5.35) We transform separately the different terms.

First we use the rewriting

o too ok XX Y;Y
0; Ojy1 70,011 = 5( X1 YY),
(5.56)
o L e Y;Y
6;0,,,+0;0;, = 5( Xjr1—YYji1),
and then the rotation and the transformation (5.50)
Zi+Zj — inéijr%—f-XjJr%XjJr;,
YijJrl :—Zij+1Xij+1 — —in%ZjJr%ijL%,
and after j — j+1/2
Zi+Zji - XiXj1+Xjr1Xj2,
Xij—H — Zj-i-la (558)
YiVien = —XZjni X,

we obtain a term that spans three sites of the spin chain.
In the next section, we give a summary of the model obtained with the bond-site transforma-

tion.

5.6 The first range three deformation of the Hubbard model

5.6.1 h and !/ of the three site model
We put together the results found in the previous section and we introduce a different

parametrization (v, k) with the coupling constants U and 6 such that

e
U==:(2+1)0, 0 = —2ilog (ﬂ) . (5.59)

1
8 VKZ+1

The Hamiltonian (5.33) is now

— (1) (2) V(1) (2)
H3 = Z [hj,jﬂ +hj,j+1 + 1 lj,j+1,j+2lj,j+1,j+2] 5 (5.60)
j
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where 4 is (5.15) and
Ltttz =Zin + K (X +X02)Xj 11 — K2 XZj 11X 12, (5.61)

Hj acts on the Hilbert space V = ®Z-L:1V,~ = ®1-L:1 ((C2 RC?® (Cz) and the notation A(1), [(D)
or h?) 1) identify respectively whether the operators appearing in 4 and / are respectively
o or 7. Hj signals that the density of the Hamiltonian acts on 3 sites of the spin chain, as
it is clear from the subscript ; ;1 j+2. The parameters v and k are the two independent
parameters of the model; the model is Hermitian if they are both real.

This model is a deformation of the Hubbard model. In fact, by sending K = 0 we recover
the Hamiltonian (5.14) (with U = v).

Similarly to (5.38), the operator (5.61) satisfies

(L js1.j42)* = (1+ &), [ j1,j42(K), L g2, j+3(K)] # 0, (5.62)

the last equality only holds for the case of the Hubbard model k = k¥’ = 0.

Furthermore, similarly to (5.39), [; ;1,42 are non-commuting for generic values of k,

L, jr1,+2(K), L 1, jaa(K)] #0. (5.63)

The equality holds only if k¥ = k’ (trivial) or if kx’' = —1.

We also checked that the commutation relation [/} j11 j+2(Kk),lj12,j+3,j+4 (k)] = 0 is valid
for any x and k’. The reason is that /; j 1 j» is the bond-site transformation of a range two
model for which [¢; ;1 1,¢;;2 i13] = 0 since the operators act on different sites.

5.6.2 Integrability

The model given by Hj3, found by performing a bond-site transformation of Hj, is integrable:
it has an infinite family of commuting local charges.

The integrability property can be proved in two ways:

* Using the recently developed formalism of [162] for medium range spin chains. It can
be checked that the charges can be obtained from the transfer matrix construction. We

use this method in the following section and we explicitly find the R-matrix.

« Showing that the higher charges of the two site Hamiltonian H, remain all local'® if

we perform the duality transformation to the three site family.

16We remark that with locality we do not mean nearest-neighbour. Higher conserved charges will be
characterized by a range of interaction that remains finite even if L — co.
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The second proof is very easy. In fact, it follows from the fact that H, commutes with Zs
and Z; given in (5.42). Therefore, it can contain an even number of Pauli matrices which
cause a spin flip. The duality transformation (5.50) produces non-local operators only for an
odd number of spin flipping Pauli matrices. Consequently, all charges of the two site models
remain local after the transformation.

Before discussing the first proof, we give a brief review of the medium range spin chain

formalism and comment on how to apply it for model Hj.

Medium range spin chain — Short summary of [162] - Difference form

This section is based on the result of the work [162]. This is a generalization of the known
Quantum Inverse Scattering Method and it is used to describe models with medium range
interactions. They use the word "medium" to indicate models where the range of interaction
is r > 3, but finite. “medium” is used to distinguish these models both from the nearest-
neighbor and the long range cases. The key idea is to enlarge the so-called “auxiliary space”
(which is typically a tensor product of copies of the elementary spaces) and to use special
Lax operators to allow for the embedding of multi-site (medium range) Hamiltonians into
this framework.

We generalize the definitions of some of the quantities given in chapter 1 for this particular
case.

For an integrable spin chain with three site interactions, the auxiliary space is a tensor product
of two copies of the fundamental vector space. Therefore, the Lax matrix is an operator
which acts on three spaces, one physical space and two auxiliary spaces. It is denoted as
Lgp, j(u), where a and b are the two auxiliary spaces, and j refers to a physical space. The

transfer matrix is defined as

t(u) - Tra,b [La,b,L(u) .. -La,b,Z(u)La,b,l (1/‘)} s (564)

where the partial trace is taken over both the auxiliary spaces.
As for the two site model, in particular see (1.18), the conserved charges are defined by
taking the logarithmic derivative of the transfer matrix. The Hamiltonian (range 3) is related

to the transfer matrix by

H3 = Q3 = d,logt () =0 =t~ (0)9ut (1) o, (5.65)
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and similarly the higher conserved charges
Qr = 9, ogt (1) u=0- (5.66)
These charges are local if the Lax operator satisfies the initial condition
Lap,j(0) = Py jPyj, (5.67)

where P stands again for the permutation operator acting respectively (as specified) on one
of the auxiliary space and the physical one. This is the equivalent of the regularity condition
for medium range chain.

We introduce the "check" operator as

lv%b’j(u) = Pb7jPa7jLa7b7j(u). (568)

and the condition (5.67) translates to

v

Lap(0) =T (5.69)

The transfer matrices form a commuting family, which is established from the fundamen-

tal intertwining relation:

Ro3 45 (w1, u2)L123 (ur ) Laas (uz) = Li23(u2) Laas (ur) Ry, 34 (w1, uz). (5.70)

Here R(u,v) is the checked version of the R-matrix which is related to the usual ones by

Rup ca(tt,v) = PucPyaRapca(u,v), (5.71)

it depends on two spectral parameters, and it acts on a four-fold tensor product space.

Consistency requires the Yang-Baxter equation for the R-matrix:

Raa s6(ur,uz)Ri2,34 (1, u3) Raa 56 (2, u3) = Rz 34 (w2, u3)Rag 56 (u1,u3)Ri2,34 (u1,u2).
(5.72)
In order to prove the integrability of a three site Hamiltonian, one needs to provide an explicit
solution of eq. (5.70); relation (5.72) follows automatically.



118 The Hubbard model and its deformation

Medium range spin chain — Application to Hj;

We obtained H3 as a bond-site transformation of Hp, so it is reasonable to assume that the
Lax matrix is given by the bond-site transformed version of the 2-site one. We follow the
steps of Section V.A of [162] summarized in the previous section, but since here the Lax
operator will also depend on two spectral parameters, we present the details of this procedure.
The starting point is the R-matrix for the 2 site model given in Appendix B, in particular we
work with

R p(u,v) = Py pRa s (ut,v). (5.73)

We first perform the rotation (5.54) followed by the transformations (5.52)-(5.53). We obtain

a range-three operator that we will identify as the "checked" Lax matrix
Rjjir(wv) = Ljjiaj(uly), (5.74)

the Lax will also depend on two parameters.

The intertwining relation takes the form

Ro3 45(u1,u2)Lios (ur|uz) Lags (ua|uz) = Lios (un|uz)Lags (ur |uz)Riz 34 (ur,u2).  (5.75)

In all of the computations of this section, the second spectral parameter of the Lax operator is
seen as an outer (spectator) parameter, for which we do not introduce intertwining relations.
This special structure for the three site Lax operator is generic for models obtained via a
bond-site transformation from a two site model.

Note that in (5.75) the Lax operators on either sides overlap only on three site. The construc-

tion of the bond-site transformation implies for example

[L123 (w1 |u3), Las (uz|u3)] = 0. (5.76)

This relation comes from the fact that for the two site model, R-matrices acting on non-
overlapping sites commute, in particular [Rys(uy,u3), R34(uz,u3)] = 0.

In order to prove that a solution exists, we take the checked version of (1.1) that is

v

Ry2 (2, u3)Ro3 (uy,u3) Ry (ur,up) = Ros(uy,un)Ryn(u1,u3)Roz (1, u3) (5.77)

and we take the bond-site transformation, that is

Lios(ua|us) Loz (uy |uz)Lios (ur|uz) = Loza(uy |ua) Ly (uy |us) Loz (uz|us). (5.78)
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Now multiplying with L3 (uz|u3) ™" from the left, and with L34 (us|u3)~! from the right we
get

Loaa(uy|us) Loz (uy |uz) Loz (un|us) ™1 = Lins (un|us) ™ Eosa(uy|uz) Lios (uy [uz). — (5.79)

This makes possible to define the four-site R matrix via two different equations

Rin3a(ur,u2) = Lios (uau3) ™ Loza (ur |ua) L123 (1 |u3) (5.80)

and

Ro3 45 (1, u2) = Lags (uy |us) Loza (uy |uz) Lags (ua|us) " (5.81)

Note that in the second case, we applied a shift to the indices. Substituting these formulas
into (5.75) we see immediately that the intertwining works as expected. It can be noticed
that formulas (5.80)-(5.81) depend on u3. Hence, to be precise, one would have to write
R(u1,uz,u3). However, if we consider the Yang-Baxter equation (5.72) and relabel the

spectral parameters to avoid potential ambiguity, we obtain

R34.56 (1, v)R12.34 (11, w)Rag 56 (v, w) = R12.34(v,w) R34 56 (u, w)R12.34 (11, v). (5.82)

By direct calculation, this equation is solved for any value of the parameter u3. The Yang-
Baxter equation will depend on the usual three spectral parameters (u#,v,w) and an additional
one u3. In models where the R-matrix is of difference form, this freedom actually drops out.
However, in our case it does not drop out, therefore the intertwining can be performed by a
one-parameter family of R-matrices.

We explicitly checked the expressions (5.78) and (5.72), so the integrability of the three site

model is also proven.

5.6.3 Why is this a new deformation?

The Hamiltonian Hj is the first integrable range 3 deformation of the Hubbard model. In this
normalization, the original Hubbard model is restored for k¥ = 0.
However, for k # 0, there are two crucial differences:

1. The interaction term spans 3 consecutive sites.
2. Particle number conservation is broken.

The terms including the 6* and 7* operators, that are linear or quadratic in the deformation

parameter k, manifestly break the u(1) symmetries of the Hubbard model; they describe
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correlated particle creation and annihilation processes. In this respect, the model is a XYZ
deformation of Hubbard.

Given the extensive research conducted on the Hubbard model and its various generalization
over the years, it is natural to question whether this model is truly new or if it has been
previously documented in the literature. To address this concern, we conducted a compre-
hensive search of existing literature, but we did not managed to find this model in any of its
formulations (see also next Sections). All the previous extensions and deformations of the
Hubbard model had in fact two common properties [150, 152]:

1. The fundamental Hamiltonian was always nearest-neighbour interacting.
2. The model had (at least) two local u(1) charges.

Although our Hamiltonian (5.60) may seem to deviate from these common properties, there
is a possibility that it can be seen as a rotated version of a linear combination of two site and
three site charges from a known model. In order to exclude this possibility we performed a

search for a generic two site charge A which would commute with our H3. Explicitly
[H3,A] = [H3,) aj1] =0. (5.83)
J

We found that, for generic coupling constants v and k, the only possibility for the operator
density a; j1 1s to be of the form a; j 1 = bj —b;;1 + a1, which (after summation over j)
lead to a trivial global charge. Thus our model does not have any conserved charges with
range less than three. This calculation allowed us to conclude that our model is not a rotated
version of a two site Hamiltonian.

Furthermore, similar to the two site model, also the R-matrix of the three site model has the
unusual functional dependence (5.43), so it cannot be expressed in terms of Jacobi elliptic

functions sn, cn and dn without introducing square roots.

5.7 Special points and strong coupling

5.7.1 Special points
Two site model

In section 5.4.2 we analysed the symmetry of the Hamiltonian (5.37) for any values of the
parameters U and 0. In this paragraph we analyse some points where there are additional
symmetries, which are 6 = 0,+7/2.
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0 =0 In this point, the interaction operator £; ;1 (5.35) is
£j7j+1 :XJX]_|_1 (584)

which is represented by an anti-diagonal matrix. This particular model is the bond-site

transformation of the Hubbard model. Accordingly, it possesses two u(1)-charges given by
M) and 0@
Qz an @2

Q" =Y ojoj, %= L5t 8
j J

which can be extended to two su(2) algebras.

The known coordinate Bethe Ansatz solution of the Hubbard model [134] can be used to
construct eigenstates of the model (5.37) with /; ;.1 given in (5.84). The approach involves
performing a bond-site transformation on the eigenstates. However, it should be noted that
this computation will only generate states that exhibit an even number of down spins for
both the o and the 7 sub-lattices. It follows from the commutation relations (5.41) that this
“parity” is indeed consistent with the Hamiltonian. At present it is not known how to treat the
odd sub-sectors. Another motivation to see this is given at the end of section 5.5.1: in the
periodic case, every state is characterized by an even number of domain walls, which implies
that it is mapped to a state with an even number of down spins. As a result, states with an

odd number of down spins do not have a corresponding representation in the original model.

6 =+n/2 For 6 = /2, we find the Hamiltonian (5.37) with the interaction matrix

1
1 +a— -t 1
Ej,j+1: ] =0; Gj+1+6j Gj+1+§(Z,-+Z,-+1). (5.86)
—1
The case with & = —x/2 is not independent from the one just shown: one can apply a unitary

off-diagonal local basis transformation and a re-definition of the coupling constant U to
relate the two models. These cases are special because they enjoy two u(1)-symmetries due
to the particle conservation: the Hamiltonian H, now commutes with N and S, given by
(5.5). More generally, it formally commutes with the all the generators (5.21) up to boundary
terms.

Interestingly, this model can be related to model B2 given in section 4.3.2, that corresponds
to a known deformation of the Hubbard model [127]. Model B2 obeys the conditions (5.29),
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consequently we can map to an Hermitian model. By fixing ¢ = 7/2 in the Hamiltonian
(4.2) and the jump operator ¢ (4.44), we obtain the % of (5.16) and

chu 0 0 0

0 1 —shu O
0 = . 5.87
Jritl 0 —shu -1 0 (5-87)

0 0 0 —chu

By rescaling the coupling constant B of model B2 to B — v/2Ue" and sending u — — oo, £
reduces to (5.86) and the two models are equivalent.

It is remarkable that two special points of the model B2 are reproduced by two very different
versions of our models: the actual Hubbard model (u = 0) is found as a special point of our
three site Hamiltonian Hz, whereas the u — — oo limit of can be found in our two site family
H,. This fact may be a hint that perhaps there is a larger family of integrable models which
contains all these special points.

Three site model

In this section, we repeat for the three site model the analysis just done for the two site
model. Inverting (5.59), we obtain Kk = tan %. The special points of the three site model
are Kk = 0,£1. We also checked that indeed these points are the only ones that admit a

commuting charge which is at most of range'” 2.

Kk =0 In this point the model becomes the Hubbard model, whose properties were already

discussed.

Kk = =*1 In this case, (5.61) becomes
lj.,j+l.,j+2 = :I:(Xj +Xj+2>Xj+1 —|—Zj+1 (H—Xij+2) . (5.88)
This model possesses exactly two u(1) charges,

&= Lo, e L T
J

17We remark that in this formalism, a density operator of range 2 can be written in term of ¢ and T matrices as

o —Y\3 ql ~92 93 94 : 0 : : 1,2,3 : .
Aiit1 = Xy a0.93.0a=0 C1a20302 i Oii1 T Tiyp» With 07 the identity operator and & the set of Pauli matrices.
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In fact, it can be shown that [@gl) JHi] = [ng) ,H3] = 0, if H3 is computed from (5.60) with
the three site interaction given by (5.88).

Furthermore, Qg” ) also commutes with Y hguj)ﬂ and ) ; l](‘j)ﬂ 420 for u = 1,2. This makes
Q» a strong symmetry of the model. We give more details about strong symmetries and their
meaning in chapter 6.

5.7.2 Large coupling limits

Here we investigate the large coupling limits of the models, by considering both the two site
and the three site versions. The idea is to take the limit U — oo of the two site Hamiltonian
(5.37) and v — o of the three site Hamiltonian (5.60). In these limits the interaction term
between the two sub-chains dominate, which is equivalent to setting the kinetic terms equal
to zero.

For a generic coupling k and 6, the non-commutativity in (5.39) and (5.63) imply that the
interaction terms generate dynamics in the system. In this way, the strong coupling limit

models are also non-trivial
o (1) 2 o __ (1) (2)
HY =Y Gjiligrs H3 =Ygl e (5.90)
J J

with £; 11 and [} ;11 ;42 given by (5.35) and (5.61), respectively.

The two models are the bond-site transformations of each other. To our best knowledge,
these models are also new.

Their integrability follows directly from the constructions of the R-matrices for the general

cases. For the two site model, the Hamiltonian [H7 is obtained via the substitutions

Z(u, 1) = R(ovu, i), (5.91)

2icos® 6 1 1
o= % =K (p) , k= icot, (5.92)

where K is the elliptic integral of the first kind'®. For the three site model, the R-matrix can
be obtained in the same way as explained above at the end of Section 5.6.2.
In the case of the Hubbard model (x = 0) and its bond-site transformed model (6 = 0), the

181n order to get this result, we used the relations of [163],

1 1 1 1
kz)’ cn(v|k2)—dn<vk k2>7 sn(v’kz)—ksn<vk

dn(v|k2) =cn (vk 2
and we chose the branch cut V'sec20cos 0 = —1.

) . (5.93)
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situation is different because the commutators (5.39) and (5.63) vanish. Both HY and HY
become a sum of commuting operators:

o0 L2 b X =X X
HY = ).0;% Hy = ) 070,117 T (5.94)
k=0 J 6—0 J

and do not generate non-trivial dynamics.
Furthermore, we noticed that in the case 6 = /2 and in the strong coupling limit, the two
site Hamiltonian is equivalent to model B1 given in section 4.2.3.

5.8 Summary of the new models

The connections among the different integrable models found is summarized with the graph
given in Fig. 5.1. Interestingly, we noticed that two special points of the model B2 are
reproduced by both the two site and the three site models. Furthermore, the range 3 model
and model B2 are also related via a non-local transformation 7'(x) which we explain in the
next chapter, after (6.39). These observations hint at the possible existence of a larger family
of integrable models that includes all these special points.

H=hW+h@+q W2 h=i(cf0; —o;c))

Range 3 model =0 Hubbard model
’€=ZZ+K(X1 +X3)_K2(X122X3) -g:Z
(“/~ G
EINCY
Bond-site ’7&,6‘\?6&
. RN 4 =0
duality NS n
K
I
Range 2 model Model B2 [Murakami ‘98]
. n=1
sin @ -
£ = i+ 27 _ = 1
g ith)t “=2 £ =5(2Zy+1*Zy) + (o7 0f +0f07)
cos B(o7 a5 + of af) + oy of + o] 07 2 -
9 = E\ ’///’ T’ =1
2 Model B1 a=o
Q=00 N L

¢ = (Z1+2;) + o7 0f +of of

Fig. 5.1 Summary of the connections between the different models we found.



Chapter 6

Hidden strong symmetries in the
Hubbard deformation

In this chapter, we investigate the symmetry of the Lindblad superoperator associated with
the range 3 deformation of the Hubbard model introduced in chapter 5. We begin with a
short introduction on the difference between conserved quantities and symmetries in non-
Hermitian models. We show that in the context of non-Hermitian systems, these two notions
become equivalent when a strong symmetry is present. The meaning of it will be discussed in
the following. Later, we analyze the range 3 model and we discover the presence of multiple
NESS. The multiplicity is related to some hidden strong symmetries in the form of quasi-local
charges. We compute the NESS exactly in the form of Matrix Product Operators with fixed
bond dimensions and we use this to compute the mean values of some local observables.
Furthermore, we prove that the dynamics leads to the emergence of the Gibbs ensemble

constructed from the hidden quasi-local charge.

6.1 Conserved quantities and symmetries

Isolated systems exhibit distinct behaviors depending on whether they are integrable or not.
In general, an isolated system tends to rapidly relax toward an equilibrium state. However,
integrable systems behave differently due to the presence of additional conserved quantities.
This was demonstrated in the pioneering work of Kinoshita, Wenger, and Weiss, a Quantum
Newton’s Cradle experiments, [164]. These experiments investigated the non-equilibrium
dynamics of Bose gases driven out of equilibrium in one, two, and three dimensions. While
the two and three-dimensional systems were observed to quickly relax towards an equilibrium

state, the behavior of the one-dimensional system was different. This difference can be



126 Hidden strong symmetries in the Hubbard deformation

attributed to the presence of approximate conservation laws, which makes the system not
ergodic, and prevent it from reaching the thermal equilibrium. Driven in part by this
motivation, the non-equilibrium dynamics of integrable quantum many-particle systems has
been the subject of intense theoretical efforts over the past 20 years, [165-167]. Ergodicity
breaking in isolated systems may be due to different mechanisms, all related with symmetries
of the system. The symmetries will constraint the dynamics of the system and the ergodicity
property is not satisfied anymore.

For open quantum systems with Markovian environment, the evolution is dictated by the
Lindblad equation. In a generic Lindblad system, there is typically a unique non equilibrium
steady state NESS: the properties of the initial states are eventually lost during time evolution.
The equivalent of ergodicity breaking for open quantum systems is the emergence of multiple
NESS. Examples of this phenomenon are known [168, 169]. In such cases, the system retains
memory of the initial state, as different initial density matrices evolve into distinct NESS in
the long time limit. This raises the important question: what are the possible mechanisms
that give rise to multiple NESS in a many-body Lindblad system? Similar to the isolated
system, non-uniqueness of the NESS is associated with the presence of extra conservation
laws. In Lindblad systems, these conserved quantities may arise when the model exhibits
what is known as strong symmetries. In fact, as we show in the following, in the context of
open quantum systems, conserved charges and symmetries are different objects. However, if
a system possesses a strong symmetry, this is also a conserved charge.

In Hermitian quantum mechanics, an explicit time-independent observable J = J' is a
conserved quantity (i.e. constant of motion) if and only if it commutes with the Hamiltonian
H of the model. The Noether’s theorem holds: to each conserved charge we can associate
a continuous symmetry by exponentiating the charge U = ¢'?’, with ¢ real. The three

statements are then equivalent
lJ,H] =0, J=0, U'HU =H. (6.1)

The situation is very different in the case of a Lindbladian, since the Lindblad superoperator
(given in (3.17)) is not Hermitian. In these systems, a symmetry operation might or might
not lead to a conserved quantity, and not all conserved quantities originate in symmetries,
[35]. To obtain the expectation value of an operator J (Tr(Jp)), one can use the cyclicity
propery of the trace and obtain the dynamics in the Heisenberg picture by using the Lindblad

equation,

J=2LT0) =ih,J)+ 0700 - %{KW,J}, (6.2)
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J is a conserved quantities if .#7(J) = 0. To analyze the symmetry, we employ the superop-
erator formalism. In this context, we introduce ¢, which is the superoperator associated
with the Hermitian operator J and satisfies ¢ = ¢ T. The continuous symmetry generated
by ZisU = e/ ¥ is the generator of the symmetry if

7, Z]=0, (6.3)

with Z the Lindblad superoperator and' I =Ix1-11J T By substituting the expression
of the superoperator . into the commutation relation (6.3), we obtain that one possible way

to realize (6.3) is
[J,h] =0, Al =al, a eR. (6.4)

In this case, J is a so-called strong symmetry and " (J) = £ (J) = 0.
These symmetries have been extensively studied in various systems [170, 35, 169, 171].
To summarize, for open quantum systems, the following implications hold

if [J,h] =0, [J,¢] =0 thenJ=_27(J) =0, (_Zis conserved), (6.5)
if [J,h]=0,[J,f]=0 then %' LU = £, (% is a symmetry). (6.6)

Consequently, for Lindbladian systems, the following outcomes can arise:

* There may exist a conserved quantity which does not commute with everything in .

but is conserved “as a whole”
» The % generated by such conserved quantities are not always symmetries of the system
* A symmetry generator J does not necessarily correspond to a conserved quantity
* Symmetry generator does not have to commute with everything in .Z.

However, if one can find a non-trivial operator that commutes with everything in .Z, then
the operator is both a symmetry and a conserved quantity of the system and we refer to it as
a strong symmetry. It is then natural to ask what conserved quantities and symmetries are
useful for. In brief, conserved quantities are associated with the NESS of the system, while
symmetries can be utilized to block diagonalize the superoperator .Z.

Of particular interest are strong symmetries that are represented by extensive operators, i.e.

I'The expression of ¥ can be understood if one consider the expression [-,A] in the superoperator space
o =A®I—1®AT. The reason of the transposition can be understood by writing in components the action of
A on the right of another operator.
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Q =Y ;q(j), where g(j) is a quasi-local operator density®. Previously, these operators were
investigated within the framework of the Generalized Gibbs Ensemble, [172, 174]. Our work
is the first one to uncover quasi-local charges in a Lindblad system with local driving in the
bulk.

6.2 A simple example to warm up: Hubbard Lindbladian

In section 5.3, we reviewed the result of [24] where they show how to find the superoperator
£ corresponding to the Hubbard model. This model has an extensive strong symmetry given
by
Q=Y 7 (6.7)
J

which is the global magnetization. In fact, this commutes with both the Hamiltonian and the
jump operators given in (5.28). Accordingly, the degeneracy of the NESS is L+ 1, with L
being the length of the spin chain. Each NESS corresponds to a distinct sector of the Hilbert
space characterized by a specific magnetization. These sectors can be identified using the
L+ 1 projectors Py, which project onto the different magnetization sectors. Alternatively, an

over-complete basis for the null-space can be chosen as

p(a) ~e* =T, acR. (6.8)
J

These density matrices are linear combinations of Py. By setting @ = 0, the NESS corre-
sponds to the infinite temperature state p o [, while for @ = £co we obtain the states with

particles of all spin up or all down.

6.3 Our model: Hubbard deformation

Now, we examine the Lindbladian counterpart of the range three integrable Hermitian model

discussed in chapter 5.

ZSuppose to have a general translational invariant operator A = Y ja(j). Ais quasi-local [172, 173] if the
following conditions hold

* The Hilbert-Schmidt norm satisfies ||A||%¢ o< L,
* For any operator b acting on k site of the spin chain, the overlap (b,A) is independent on L, for L — eo,

o If we write a = Y'£ ay ), in the thermodynamic limit ||al 2e=Yr, a1 ? is convergent and, in
particular ||a[1‘,]||%,S <Ce 57 E>0.
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Since the 4 and /-operator of the range three Hamiltonian (5.60) satisfies the condition (5.29),
we are allowed to construct the equivalent Lindbladian. Here, we provide the expressions for
completeness.
_ () 2 (2)"
Lijrr = —ihj GGt
(1) (2) Lay 0 Lor -
U (lj,j+1,j+2lj,j+1,j+2 — bl Qlj,j+1,j+zlj,j+1,j+2)’ (6.9)

where his (5.15) and [ is (5.61):

lj7j+17j+2 = Zj—H + K'(Xj +Xj+2)Xj+1 — KszZj+1Xj+2, (610)
and satisfy

l =L (U1, j+2)? =1 (6.11)

]]+1j+2 f7]+17j+27 ]>J+1,j+2 . .

In this chapter, we consider the regime 0 < k < 1. In fact, other regimes can be treated by
special similarity and duality transformations. Furthermore, for the special points k¥ = +1,
as explained in section 5.7.1, the model possesses two extra u(1)-charges, which enlarge the
null space of the Lindbladian. Those points deserve a separate study and we do not consider
them in this thesis.

6.3.1 Fermionic formulation

The model can alternatively be expressed using fermion operators, with the introduction
of Majorana operators> y» -1 = Xjlli<jZi» v2; = YjI1i<jZ;i- These operators satisfy
{Wa, W} =20,,. Consequently, the Hamiltonian is given by

h=Y Vi1V, (6.13)
k

where the summation is now extended to twice the number of sites in the original spin
model. When considering a spin chain with periodic boundary conditions on L sites, this

can be translated into the Majorana language as W x = 2 W, where 2 = (—1)F =[] iZj

3Those are related to the usual Jordan-Wigner transformation

o (2)er G-Il

k<j k<j

by yrj—1 = cj +cjand yo; 1 =i(c;— C; )-
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represents the fermion number parity. The jump operators (5.61) take the form
i
[ = T2 (W2j42 — KW2;) (V2j41 — KY2j43) - (6.14)
The jump operators break the U (1) symmetry of the original model: they induce particle
creation and annihilation, but due to conservation of 2, creation an annihilation happens in
pairs.
While the Hamiltonian (6.13) is bilinear in terms of the Majorana operators and can therefore
be diagonalized using free-fermion techniques [175], the jump operators (6.14) introduce

quartic terms in the Lindblad equation, and our model is therefore truly interacting.

6.3.2 Strong symmetry and NESS

It is worth to remember that the range 3 deformed model possesses Yang-Baxter integrability.
It is interesting to observe that in the following analysis we do not utilize this property.
However, we use the “superintegrability” property of the Hamiltonian (5.15): /4 has a non-
abelian families of conserved charges, which commute with it but not necessarily with one
another [176, 177].

Conserved charges of the Hamiltonian 7 We label the set of charges as [ab],,, where a
and b can take the label X or Y, and for m > 0,

L
[ablm =Y a; ( I1 zj+k) bjim, (6.15)
j=1

1<k<m

where X, Y; and Z; are the Pauli matrices acting on site j of the spin chain and L is the
length of the spin chain.

Considering the fermionic formulation of the model (6.13), the corresponding charges are the
set of all possible translationally invariant fermion bilinears. The presence of an extensive set
of local charges often indicates integrability. In this case, the Hamiltonian (5.15) is related
to the XX spin chain through a homogeneous twist along the chain. Notably, it exhibits a
"superintegrable" nature, where the charges [ab],, form distinct families that do not commute
with each other. For instance, the sets of charges {[XY],,} and {[YX],} commute with one
another, but only the combinations {[XY],, — [Y X],,} commute with the charges {[XX], } or
{[YY],}. We also introduce the charge

L
7 =11z, (6.16)
j=1
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which commutes with the Hamiltonian as well as with all the charges [ab],,.

Null space of the Lindladian By analyzing numerically the spectrum of the Lindblad
superoperator for different value of the length L, we find that the degeneracy* of the 0
eigenvalue is L+ 1. We motivate this multiple NESS by an unexpected strong symmetry
in the system. This symmetry and the associated conserved charge are obtained from the
original Qg of the un-deformed Hubbard model via a non-local transformation, which is
performed by a Matrix Product Operator (MPO).
More specifically, we define the transfer matrix 7'(x) corresponding to the Hamiltonian
(5.15) of our system

T(x) =Tro(AL(K)AL—1(K)...A1(K)), (6.17)

where "0" is a two-dimensional auxiliary space and A(k) takes the form

1( g +¢%Z g+Xj—ig_Yj> 6.18)

Ak =1 |
/ 2\ ¢ X;+igtY; gt —g7Z

where g* = /1 £ k. The tranfer matrix 7'(x) forms a mutually commuting family, namely
[T (x),T(x")] = 0. This property arises from the fact that the Hamiltonian corresponds to the
transfer matrix of the XX spin chain®. It can in fact be recast as a series expansion in powers
of x, whose coefficients are the mutually commuting conserved charges of H. Specifically, it

has the following series expansion around x = 0:
T (k) =% exp(¥9(x)), (6.19)

where % is the one-site discrete translation operator, and

m
G(x)=i Y ;‘—m[yx]m, (6.20)

with [YX],, given in (6.15).

The expansion (6.20) holds at all orders, even for a system with finite size L, as can be

checked by computing explicitly the successive logarithmic derivatives of 7' (k) at k = 0.

For L — oo, the series (6.20) defines a quasi-local operator for || < 1, [173]. For finite

L, it can be further rearranged using the properties: [YX|,4+1 = —Z[YX];n for m > 1, and

4We refer here to the values of k # 41. As mentioned, those two points deserve special attention due to the
enlarged symmetries.
>More specifically, to the transfer matrix based on cyclic representations of the quantum group Uy(shy) at

qg=1.
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[YX|L = —iLZ . A practical expression is

1 nm
9(x) = Slog(I+k"2)+i ¥ Ll
m>1
méeLZ

Y X], (6.21)
m

which splits between a first term which is Hermitian, and an anti-Hermitian part. From there,
we can obtain

T()T (k) =T(x)'T(k) =1+t % (6.22)
and equivalently
I-xtz .
T(x)"! = ﬁr(m' . (6.23)

Hence, in the L — oo limit they become inverse of each other. It is useful to also derive this
expression using the Matrix Product Operator (MPO) formalism. We can write T (k)T (k)"
as a MPO of bond dimension 4, with auxiliary space 0 ® 0, namely

()T (k)" = Trowo (///L(m///L_I(K) N .//zl(x)) , (6.24)
where
I[—l—\/l—K'sz \/1—K2Xj—|-in \/1—K2Xj—in H—\/I—K'2Zj
1 —KkX; KZ; KZ; KX;
//j(l() —_ J J J J
2 —KXJ' K'Zj K'Zj K'Xj
I+ —K'ZZJ' \/1—K2Xj+in \/1—K2Xj—in H—\/l—KZZj

(6.25)
The MPO is invariant under any change of basis performed in the auxiliary space. We can
chose a transformation such that the MPO takes an upper triangular form. In particular,

Y@X where X and Y are now Pauli matrices acting in each copy of the

we define V) = et
auxiliary space 0. (6.24) can therefore be recovered by replacing the matrices .#;(x) by

(Vo/// i(K)Vy 1) , which takes the form

1 V1-x2X; —iY; —V1-K%Z;
0 KZ; 0 KX

0 0 0 0

0 0 0 0

Vot i(K)Vy ' = (6.26)

From the block-diagonal form of (6.26), it is evident that when taking the trace in (6.24), only
the two diagonal terms make a contribution. These terms give rise to the two corresponding
terms in (6.22).
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Strong symmetry Next, we define the deformation of Qg as
QO =T (x)"QoT (¥), (6.27)

which in the L — oo limit corresponds to a conjugation relation. This conjugation can
be understood as a quasi-local deformation of Qg, involving the non-abelian conserved
charges of the Hamiltonian (5.15). Q remains an extensive operator, but its operator density
qx(j) = T(x)"Z;T (k) becomes quasi-local.

By using the MPO formalism, we prove that the operator Qy is a strong symmetry of the
Lindbladian: it commutes with the Hamiltonian (5.15) and also with all the jump operators
(5.61). Explicitly, we have to show that

(hiiv1,0k] =0, iis1,i+2,0x] =0, (6.28)
which is equivalent to show, by using the relation (6.22) and the fact that [Qy, 2] =0,
[T (k)i 1T (x)T,00] =0, [T(5)lii41,02T ()", Qo) = 0. (6.29)

The first commutation relation trivially holds since 7 (k)5 ;1 T(k) = h; j+1. For the second
one, we use the MPO technique. In particular, we define

T(k)B;T (k)" = Troso(AL(Y) ... M7 (K)... M (K)), (6.30)

where B € {X,Y,Z}. We find similarly®

0 K'Zj 0 K'Xj
1 VI—2X; —iv; —V/1—x2Z;
OIS R (631)
0 0 0 0
0 0 0 0
0 0 0 0
VortY (k)Vi = , 6.32
04 (k)Y WVI—K2 X, VI—KY; —iZ; 632
KY]' 0 —iK 0

SFor simplicity, we did not report the expressions of .# ]X R ///}7 and ///jz, but if needed, the readers can
recover them by undoing the rotation.



134 Hidden strong symmetries in the Hubbard deformation

0 0 0 0
_ 0 0 0 0
Vo7 (k)Vy ' = oy 0 . o |- (6.33)
j

—\/1—K2 —Xj i\/l—K2Yj Zj

For any three consecutive sites j, j+ 1, j + 2, we then have for the jump operator

T (k)1 jr1,j42T () = Trogo(AL(K) ... M} ;1 jo(K) ... M (K)), (6.34)
where
1
M i (K) = (M2l M+ K (M M\ M+ M2 M M)~
KMy M M) (6.35)

which can be brought to the following form after rotation in the auxiliary space:

Ljjt1,j+2
_ 0 K3Z'Z' 1Z' le" 1.742 0
Vol i1 jia(K)Vg ' = AR (6.36)
0 0 0
0 0 0 O
Here we have defined
- 1
iy j42 = e (Zia + K (Xj1Xjs2 + Y1 Vi) + K2 Zjs1) (6.37)

and the ... denote other combinations of the Pauli matrices which we do not need to consider.
Indeed, from the triangular structure of (6.36), we see again that only the two non-zero
diagonal entries give a non-zero contribution to the trace (6.34). As a result we find

T (k)L j1,j+2T (k)" = (T4 K- 2 i 2. (6.38)
or, equivalently,
T(K)lj,j+l,j+2T(K>7l = l~j,j+1,j+2- (6.39)

It is important to notice that the jump operator l} j+1,j+2 acts non-trivially on two site of the
spin chain and, up to normalization and identification ¥ = — coth (%), ¢ = /2, corresponds

to the jump operator of model B2 given in (4.44). This point clarifies the diagonal connection
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in the Figure 5.1, "Global transformation".

It is easy now to see that all the modified jump operators / commute with the global charge
Qo=Y;Z;.

Since we proved that Q) commutes with both 4 and /, it is a strong symmetry of the

Lindbladian. This implies that it is a conserved charge for the Lindbladian time evolution.

NESS This result also proves that all powers of Qp, or equivalently, all exponentials of the
form e*20 are conserved charges for the Lindbladian characterized by 4 and the generalized

jump operator [. In particular, since
ZL(e%0) = LT (%) =0 (6.40)

they are (un-normalized) NESS and form a basis for a L 4 1-dimensional space, including
the identity.

Equivalently, undoing the similarity transformation, we find that T'(x)~'e*QT (k) are (un-
normalized) NESS for the Lindbladian characterized by 4 and jump operator /. Furthermore,
considering (6.23) and the fact that 2° commutes with 4 and [, we can replace T (k)~! with
T (k)" and obtain

pr(0) =T (k)T (k) =T (k)7 [Heazf] T(x). (6.41)
j

The states under consideration are density matrices, specifically Hermitian and positive
definite. They are also strong symmetries. These states are the NESS of the Lindbladian
with fixed deformation parameter k and arbitrary coupling strength U. The operators px(Q),
a € R form an overcomplete basis for the null space of the Lindbladian, which has dimension
L+ 1 in a finite volume L. This fact can be demonstrated by expanding py () into a power
series in a: which yields the powers of Qy (up to corrections to the order k*). Together with
the identity operator, these powers span a space of dimension L+ 1.

Previous studies in the literature have identified steady states represented in MPO form. These
instances primarily focused on systems with boundary driving, [22, 169, 178, 179]. Our
results are unique because we treat a system locally driven in the bulk, and the bond dimension
of the MPO is a fixed small number (4 in our case). The operator space entanglement satisfies

an area law.

Frustration free property Remarkably, the p, () are related to frustration-free Hamilto-

nians. To illustrate this point, we introduce an auxiliary Hermitian superoperator that acts on
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p as follows

Mp=Y1; 140200} iy s (6.42)

P = L0+ tit2Pl i jo
J

In our case, considering / given in (5.61), the strong symmetry and the relations (6.11) imply
that p,(a) are eigenvectors of M with eigenvalue L, and that L is the maximal possible
eigenvalue of M. By definition, this means that the superoperator M is frustration-free.
A related model with the frustration free property was investigated in [180] (see also [181]).
Their Hamiltonian acts on the spin-1/2 Hilbert space and it can be written as

K=Y ljji1,+2, (6.43)
J

where [ j 11, j4+2 is (5.61). This operator has two extremal states |-+ satisfying the frustration
free condition [ j;1 j12|¥+) = £[¥+). It follows that the density matrices p+ = [W4) (¥ |
are frustration free eigenstates of M. Furthermore, they are (pure) NESS for our Lindbladian,
and they are reproduced by pi(a) in the @ — oo limit. Our procedure to obtain the
density matrices py () can be seen as a generalization of the methods of [180, 181] to the
Lindbladian setting.

Lindbladian scars The Hamiltonian Hjs discussed in the previous chapter is related to the

Lindbladian we considered here. In particular, we can equivalently write Hs as
Pp=U"'ZL+L)p=Mp+iU"[p,H]. (6.44)

Z is Hermitian” for U = iu, u € R. In such a case pi(a) are still eigenoperators of
2, they have low spatial entanglement, and they are in the middle of the spectrum for a
generic real u. For Hermitian operators, states that exhibit such properties are called quantum
many body scars, [167, 182]. We propose?® to call them Lindbladian scars for our original

superoperator .Z .

"We would like to clarify that we are referring to the Hermiticity property of the action of the superoperator
2. This is not the same as Hermiticity or anti-Hermiticity of the commutator [p,H].

8We would like to point out that we are the first to introduce the term "Lindbladian scars". We chose this
name because our model arises in the context of open quantum systems, for which the dynamics is governed by
the Lindbladian .. As discussed in section 5.3, .% can be mapped to an Hermitian operator (.£). The NESS
for . become Lindbladian scars for .. These states are characterized by low spatial entanglement and they
are in the middle of the spectrum.
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Mean values The physical properties of px(ct) can be demonstrated by computing the
mean values of local observables in these states, which can be done using standard MPO

techniques. In particular, we are interested in computing the mean value of two operators
e the magnetization operator Z;

* the operator X ;X1 —Y;Yj 1 = 2((5;r G;EH +0; Gj_+1) (a measure of the breaking of
the U (1) symmetry).

We start by computing the following objects

G (o, B) = Tr(e*T (1) POT (1)), (6.45)
G(a,B) = Tr(e®T (k) 1P LT (k). (6.46)

All the quantities of interests can be expressed in term of them.

Let us start with ¢ (., B). Using the MPO formalism above, we can rewrite:

1 (c.B)
4 (0t B) = Troso [ [ Tr; (///j : (K)) , (6.47)
j=L

J

where ///j(a,ﬁ) (k) = ///j(a)(lc)eﬁzf and %J(a) = cosh .7 + sinh (x,//ljz. After rotation

Vol ¥ (1)Vy ' =
cosh o coshav'1— k%X —icoshatY; —cosha V1 —Kk?Z;
0 Kcosha Z; 0 Kcosho X
iksinhoY; 0 K sinh o 0 ’
—sinhav1— k2 —sinha X; isinhav'1—k%Y; sinhaZ;
(6.48)
and
Tr; (Vott| P (v ) =
2cosh occosh 0 0 —2v/1—«k2cosharsinh 8
0 2Kk cosh a sinh 3 0 0
0 0 2k sinh acosh 8 0
—2v/1— Kk?%sinha cosh 3 0 0 2sinh asinh 8

(6.49)
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The computation of ¢ («, B) can be performed by diagonalizing (6.49) in the auxiliary

space, leading to:

G (a.B) = (Ai(a, B))" + (Aol B))" + (A3(e, B)" + (Aa(e, B)",  (6.50)

where
A (o, B) =cosh(a+B) + \/C0sh2(05 +B) — k2sinh(2a) sinh(23),
Jo(@,B) = cosh(a+ B) — \/cosh® (e + B) — k2 sinh(2a) sinh (2B)
A3(at, B) =2xsinhacosh B,
Ay(a,B) =2xcoshasinh 3, (6.51)

are the eigenvalues of (6.49). For later use, we evaluate the function ¢ (o, 3) and its
derivatives at particular points:

4(0,B) = 2"(cosh B* + (xsinh B)"),
%aﬂ(a,ﬁ)w_o = (1—«?) 2" tanh B cosh” B,
4G (—im/2,B) = (—2i)* (k" cosh™ B +sinh” B)
%aﬂ(a, B)lo=—inj2 = (1 — &%) (=2i)"coth B sinh” B. (6.52)

We now turn to ¢4 (e, 3). Using (6.23), we have

~ wgo I — K- Z . G (a,B)— (ix)'9(a—in/2,B)

G (a,B) :Tr<e =T () ePO T(K‘)) - ] ,
(6.53)

Zj :ie(afin/2)Zj

where in the last equality we have used the identity Z;e* . We can now use

these quantities to compute the mean values of Z; and X;X;, 1 —Y;Y;, .
Using translation invariance, we find that the mean value of the operator Z; in the state px(f3)
is

Tr(ZjT(K)TeﬁQOT(K)) %8(1%(06,[3)](1:0 (1 —«?)tanh 3

Zilp = Te(T(k)ePOT(x))  %(0,8) 1+ (ktanhf)l’ 6.54)
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In the large volume limit°, this gives

(z;), ,..= (1—«*)tanh . (6.55)

In the un-deformed model (x = 0) the mean value is tanh 3, thus the transformation (6.41)
decreases the mean value by a factor that depends only on k.

The mean value of X;X;, 1 —Y;Y;;| could be similarly obtained from suitably defined
generating functions, but we compute it directly here:

TR X1 T (1) ePOT (k) =
Tr (Trowo ("7 () ..t 5P ).t P () ..tt*P (1)) (6.56)

g j

where ///].(X’B ) — XjH J.(O’B ) — M JX ePZi. A similar formula holds with X — Y.
Using

2cosh 3 0 0 —2v1—kKZsinhf
B 0  2xsinhB 0 0
Te; (Vo “Ply -1 = , 6.57
VoV ) 0 0 0 0 (657)
0 0 0 0
0  2ksinhf 0 0
2cosh 0 0 —2v1—«Zsinh
Tr (Vo X By 1y — | 20shP Kisinhp | (6.58)
J 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
Tr; (Vo.tt VP -1y = . (659
GO0V D= T R cosh B 0 0 _isinh B (659)
0 0 —2ikcoshp 0
we find
Tr((X;Xj11 =YY )T (x) P DT (k)
XiXit1—Yi¥iii)g = 6.60
x (2 — k?) tanh xtanh B)L1
_ k(2= anhf + (ctanh f)7 1 6.61)

xLtanhl B +1

9We recall that we restricted to the case 0 < k¥ < 1.
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The infinite volume limit becomes
(XjXj11—Yi¥j1), .. = K(2— k%) tanh(p). (6.62)

Having a non-zero mean value for k # 0 is a clear sign of the breaking of the original U (1)
symmetry.

6.3.3 Dynamics and Gibbs ensemble
Now, we consider the real time evolution from selected initial states,

eﬁ QO

p(t=0)=po(B) = (2cosh B)L (6.63)

These are the (normalized) steady states (6.8) of the undeformed model (k = 0). They are
product operators in real space and in the limit 8 — +oo they also include pure states obtained
from the reference states with all spins up/down.
We have confirmed that Q acts as a strong symmetry: both as a symmetry and a conserved
charge. As a result, the system retains memory, implying that the long-term dynamics
of observables will be affected by the initial state. Additionally, since the resulting non-
equilibrium steady states (NESS) are strong symmetries of the model, they are unaffected by
the coupling parameter U. Thus, we expect that U only influences the rate at which the system
converges towards these NESS. This expectation is supported by numerical simulations of
real-time dynamics for small system sizes, as shown in Fig. 6.1.

In our Lindblad system, we have a single extensive conserved charge Q. In analogy
with thermalization in isolated systems, we postulate that in large volumes, the resulting

steady states can be characterized by a Gibbs ensemble of the following form:

pG ~ e A9 (6.64)

The conservation of Qy implies that if a Gibbs ensemble pg ~ ¢ *Zx emerges during time

evolution, then it has to satisfy

Tr(poQc)  Tr(e *2x0x)
Tr(po) Tr<efAQK) '

(6.65)
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Fig. 6.1 Time evolution of (Z;(¢)) from a selected initial density matrix po(f) (6.63) with
B = 0.5, in a finite volume L = 7. We choose two different deformation parameters k and
three coupling strengths U'. It is seen that the asymptotic values depend only on x and not on
U, which influences only the speed of convergence. The asymptotic values agree with those
predicted by the exact formula (6.67), therefore they also confirm our postulate about the
emergence of the Gibbs ensemble.

This equation can be used to fix A using knowledge of the initial state.

For the initial density matrix (6.63), this computation can be performed easily in the infinite
volume limit, yielding Tr(pgQy) = tanhA = —(1 — k2)tanh 8. This result can be used to
compute mean values of local observables in the Gibbs Ensemble. We obtain for example

the prediction
lim (Z;(r)) = Tr(pcZ;) = (1~ x*) tanh A = (1 — x°)* tanh B. (6.66)

Remarkably, we also performed an exact finite volume computation to find the asymptotic
mean values. For the observable Z; we find
(k2 —1)?tanh B(1 — 2" tanh? 2 B + 2L)

lim (2;) = TETaan . (6.67)

Due to the extensive nature of this calculation, we report the details in the Appendix D.

We also confirm these values by numerical computation for finite L. Furthermore, by
considering the large volume limit, and 0 < k¥ < 1, we recover (6.66), thus confirming our
postulate about the Gibbs Ensemble.



142 Hidden strong symmetries in the Hubbard deformation

6.4 Summary

In this chapter, we have demonstrated that a system with local jump operators can exhibit
quasi-local symmetries, which have a profound impact on the real-time dynamics. Our
discovery reveal that the NESS of our model can be derived from the NESS of the "Hubbard
Lindbladian" through a similarity transformation using a Matrix Product Operator. Notably,
this transformation is surprisingly compatible with the local jump operators. It is intriguing
to note that the integrability property of the Lindbladians was not utilized in computing the
analytical expression of the NESS. However, the superintegrability of the Hamiltonian played
a crucial role. One possible place where the role of integrability is hidden is in the derivation
of the equation (6.67) to compute the exact finite volume computation of the magnetization.



Chapter 7

Four dimensional Local Hilbert space and
su(2) ® su(2) symmetry

In this chapter, we apply the boost automorphism method to classify integrable models where
the local Hilbert space is of dimension 4. A priori, the Hamiltonian ansatz involves 256 free
functions, making it a challenging task to solve the coupled systems of differential equations
using current methods. To overcome this, we limit our focus to models with s1(2) @ su(2)
symmetry and with a non-difference form R-matrix. The reason for this ansatz is that many
interesting known physical models such as the Hubbard model (discussed in chapter 5),
exhibit this symmetry. We discover five models which, based on our current knowledge,
are new. Furthermore, we demonstrate that the Hubbard model can be classified within our

framework.

7.1 Different embedding

To start, we explain how to construct the ansatz for the Hamiltonian. In this section, we
closely follow the discussion of the paper [36]. In their work, the authors classified models
exhibiting su(2) & su(2) symmetry but characterized by R-matrix of difference form. In the
work [2], we extended it to the non-difference form case.

Our interest lies in models where the Hamiltonian exhibits a su(2) @ su(2) symmetry. Given
that our analysis is limited to a local Hilbert space with dimension four, we need to systemat-
ically classify all four-dimensional representations of this semi-simple Lie algebra.

First, we consider the first copy of s1(2). There are 5 possible four dimensional representa-
tion of su(2), thatare 1 1d1d 1,210 1,2®2,3@ 1,4. Here, the numbers indicate the

dimensions of each representation within the direct sum. As we are focusing on non-trivial



144 Four dimensional Local Hilbert space and su(2) @ su(2) symmetry

representations, we exclude | 141 1.
After having found the explicit matrix representations of the remaining four cases, we focus
on the second copy of su(2). For each of these cases, we consider three general 4 x 4
matrices and impose two conditions: firstly, that these matrices form an su(2) algebra, and
secondly, that they commute with the representation of the first su(2) factor. This is enough,
up to some trivial similarity transformations, to uniquely fix the representation of the second
su(2) factor. For this reason, it is enough to label the representation of su(2) & su(2) by the
representation of only one of the factor.
If we fix the representation 3 & 1 for the first factor, we find that the representation of the
secondoneis 1P 14 1@ 1, hence trivial. We do not consider this case.
Furthermore, due to the isomorphism so(4) ~ s1(2) & su(2), we can discard the representa-
tion 4 since it is not independent from 2 & 2. We are only left with2@®2 and 2® 1 @ 1, that
are independent and non-trivial. The Hubbard model falls into the second class. We remark
that in chapter 5, we have shown that the Hubbard model has this symmetry. In the current
context, we aim to construct the most general form of the Hamiltonian dependent on one
spectral parameter that exhibits the same symmetry.

We label tiL /R the first (L) and the second (R) set of generators in su(2) @ su(2). They
satisfy

. L/R

LIR (EIR) — ! (7.1)

11

We denote with pn(tiL / R) the n-dimensional irreducible representation of the generators

tiL /R We obtain the following representations.

2@& 141 The two dimensional representation is embedded as a direct sum, in particular

tt)y 0
o101 (1) = p2(f) B0 = ( £ zé’) 0) (7.2)
and consequently,
0 0
tfy=0 tf) = : 7.3
pZGBl@l(l) @pz(l) ( 0 Pz(t,R) ) (7.3)

This translates to

Pro1a1 (1 x tF) = pa(tf) @ pa (tF). (7.4)
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We fix our ansatz by imposing that for each &7 € su(2) @ su(2), the Hamiltonian density .72
satisfies

[, prs101(F) @1+ 1@ prsie ()] = 0. (7.5)

The Hubbard model belong to this class and the left and right factors correspond to the spin
and charge su(2) symmetries.

2@®2 In this case, the two dimensional representation is embedded diagonally

paa(1f) = 12 pa(1), (7.6)

P22 (i) = pa(t) @ 1. (7.7)

This representation is isomorphic to s0(4) via the basis transformation

-1 0 0 i
1 0 0 1
U= o (7.8)
0O i 1 O
0 1 -1 0

Since the two representations are isomorphic, we only consider 2 @ 2.

We start now to illustrate the integrable models of non-difference form type that we found
for the two cases 2 @ 2 (we refer to them as so(4) type) and 2@ 1 @ 1 (2-D representations).

7.2 so(4) type models
Fixing
(A2, P262(A) @ 1 +1® paga(A)] =0, (7.9)
the most general Hamiltonian density underlying this symmetry takes the form
H(0) =h1(0)+ha(0)P+h3(0)K +ha(0)€jiEx QEj, (7.10)

where [ is the 16 x 16 identity matrix, P is the permutation operator and K = E;; ® E;; with

(E,-j)aﬁ = Bi’aSjﬁ. Summation over repeated indices is assumed and i, j, k,[ = 1,...,4.
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Integrable Hamiltonian

Using the boost mechanism, we found only one possible integrable Hamiltonian of non-

difference form characterized by
H(0) = (0)1+hy(0)(P—K) +h4(0) & Eix ® Ejy. (7.11)

For h4(6) = 0, this is the non-difference form model corresponding to the usual so0(n) spin
chain with n = 4, but here the constant coefficients become functions of the spectral parameter.
The term proportional to s4(0) is related to the fact that for n = 4 there is an extra invariant
contraction where all indices are contracted with the Levi-Civita symbol. The difference
form model corresponding to this one is model 13 of [36]. For that model, A, hy, hy are
constants. However, we remark that if we start from a difference form integrable model
and we promote the coefficient to be functions, integrability via the boost method is not
guaranteed, see discussion in section 5.4.3.

7.2.1 R-matrix

The R-matrix corresponding to (7.11) can be found by following section 2.5 and it is given
by

H. 2 Hy(u,v)K — Hy(u,v)€inEix QF;
R:eHl(”’v)RHz(u,v)——4(u’v) )]I+P— 2, VK = Halu e O Ejt) = 7 o)

Hy(u,v)+1

where H;(u,v) = [} h;. Notice that this model is indeed manifestly of non-difference form.
Here, we did not use any of the freedom given by the identification (see section 2.6.1). One
function can be absorbed into a normalization (H), and one can be used in a reparametriza-
tion, leaving us with one additional free function. Since the dependence of the spectral
parameters always appear in the form H;(u,v) = H;(u) — H;(v), we can refer to this model as

quasi-difference form.

7.3 su(2) @ su(2) symmetry with 2-D representations

In this class of model, we consider the four-dimensional representation of su(2) & su(2) in
which both su(2)’s have two-dimensional representation. This class includes the characteris-
tic spin and charge su(2) symmetry of the Hubbard model.
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7.3.1 Ansatz for the Hamiltonian and R-matrix

It is straightforward to show that an su(2) @ su(2) invariant Hamiltonian density takes the

form
H0aPp) = 11 |Pap) + 12| PpPa) + h3€arEap | Wa VB (7.13)
H|9aWg) = haldaWp) + hs|Wpda), (7.14)
I\ Wa ) = he|WaPb) +h7|0pWa), (7.15)
H\WaWp) = hs|WaWp) +ho|Wg Wa) + h10€ap€xp| Pas), (7.16)

where a,b, o, B = 1,2; ¢ 2 and y » span the two independent su(2) fundamental represen-
tations. If we use the canonical basis e;,i = 1,...,4, with 1 in position i of the vector, and 0
otherwise, and we identify

|§1) =e1, |§2) = e4, ly1) = e3, \y2) = ez, (7.17)

the Hamiltonian is

hi+h, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 hy 0 0 Iy 0 0 0 0 0 0 0 0 0 0 0
0 0 hy O 0 0 0 0 Iy 0 0 0 0 0 0 0
0 0 0 m 0 0 —hy 0O 0 hy 0 0 h 0 0 0
0 hs 0 0 hg 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 hg+ho 0 0 0 0 0 0 0 0 0 0
0 0 0 —hy 0 0 hg 0 0 h 0 0 h 0 0 0
= 0 0 0 0 0 0 0 hg O 0 0 0 0 hs 0 0 (7 18)
0 0 hs 0 0 0 0 0 kg 0 0 0 0 0 0 0 ) .
0 0 0 h 0 0 ho 0 0 hg 0 0 -hy 0 0 0
0 0 0 0 0 0 0 0 0 0  hg+hy O 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 hg 0 0 s 0
0 0 0 h 0 0 ho 0 0  —hy 0 0 h 0 0 0
0 0 0 0 0 0 0 h 0 0 0 0 0 hy O 0
0 0 0 0 0 0 0 0 0 0 0 b0 0 hy 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 hi+h

where the h;’s are dependent on the spectral parameter 6.

Similarly, since the R-matrix carries the same symmetry of the Hamiltonian, we write

R[Gap) = 11|9aPb) + 12| PpPa) + 13€ap€0p| Wa W), (7.19)
R|9.Wg) = ra|aWp) + 15| WpPa), (7.20)
R|Wap) = 16| Wap) + 17|00 Var), (7.21)
R|WaWp) = rs|Wa W) + 19| Wp Wa) + r0€ub€ap|PaPs), (7.22)

where r; = r;(u,v). The matrix representation can be easily obtained by substituting in (7.18)
h; — ;.

We remark that in chapter 5, we wrote the Hubbard model Hamiltonian in terms of o
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and 7 matrices. The two approaches are in fact equivalent. One can explicitly write the
Hamiltonian (7.18) in terms of ¢ and 7 matrices by using (3.21) and perform a Jordan-Wigner
transformation to map to the basis of fermionic oscillators ¢, (c;?‘)T for each lattice site j
with o =7, ], satisfying the anti-commutation relations. The Jordan-Wigner transformation
implements the grading on the Hilbert space. In this basis, each 4-dimensional Hilbert space

is spanned by

[61) = 10), 192) = (DT ()T0) =12), wa) = (D) |0) = 1), [w2) = (c))|0) = |1,
(7.23)

with 0) the vacuum state satisfying c%|0) = 0. We can then identify |¢1) and [¢,) as even
basis vectors and |y;) and |y3) as odd basis. So for example, the terms A5 and /47 in the
Hamiltonian are responsible of the propagation of electrons along the chain. Working with a
graded Hilbert space, the Yang-Baxter equation and also the definition of the tensor product
and the trace should be modified accordingly to the graded structure. We do not use the
graded formalism in this chapter, but we refer to chapter 12 of [97] and Appendix A of [36]

for more details.

7.3.2 Integrable Hamiltonians

Following the step of section 2.5, we start from the ansatz for the Hamiltonian (7.18) and
we compute the corresponding density 23. We then impose the integrability constraint
[Q2,Q3] = 0 and, after solving the set of equations and eliminating the equivalent models
related by the identifications of section 2.6.1, we find a total of eight integrable models of

non-difference form. Six of them have 43 = 0 and two have h3 # 0.

Models with i3 =0 These models are listed in Table 7.1.

To our best knowledge, except from model 5, all the models are new and we discuss some
of their physical properties. Model 5 is a quadruple embedding of model 6-vertex B given in
the next chapter 8.1.1. This can be seen by applying a constant local basis transformation'
to the Hamiltonian of model 6-V B after the redefinition 5 — %h4h5, and by making the
identifications at the level of the 6-V B model

h3 — g, h4 — h, h4h5 — —f . (7.24)

!The local basis transformation is V; = X;, with X; the first Pauli matrix
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H hy hy | hs hy hs he h hs ho | hio
1 1 1l 0 £1 [o+1 0 £ fo-1| _1 -1 | .
2(62-1) 2 1-62 2\ 6-1 62—1 2V 6+1 | 2(1-6)2 2
2 f hlo|l g < —g hel —f | +n |0

2F
3 +h| 0 g e —g b h—f | 0 |0
4 [ (+2)f| 0|0 |eri(f—g) | L2 | (c1+2) (f—g) | we¥g | af | 0|0
5 f 00 0 g 0 h —f oo
6 f—=h | 00| f+h 2 h—f 2che® | h—f |£2h| 0O

Table 7.1 All non-difference models with 73 = 0. ¢,cy,c;, are constants, f,g,h,F are 6
dependent functions and F’ = f.

We notice that, except from model 1, all the others have /19 = 0, so electrons in nearbly
sites of the chain cannot merge.
Furthermore, we analysed for which choices of the free functions and constants, models
1-6 are Hermitian. We found that model 1 can only be made Hermitian if ¢ = 0 and
the dependence on the spectral parameter drops out, models 2 to 6 are Hermitian if we
impose some conditions on the functions, see Table 7.2. More generally, we analysed for
which choice of the functions and constants, the Hamiltonians and their Hermitian conjugate

2

commutes”. As expected, the conditions in this second case are more general than the

previous case and are given in Table 7.3.
Models with /3 #£ 0

Model 7 This model is the most general of non-difference form with A3 # 0. In fact,
model 8 can be obtained from this one by performing a double limit. In order to solve this
model, we fix the normalization of the Hamiltonian such that® ;g = 1. We set iy = hg =0
by using the identifications described in 2.6.1, after which we get the following set of coupled

The reason for this choice is the following. If [s#, 7] = 0, we can define an Hermitian operator
A = + 7. Although it is not guaranteed that A is integrable, since % is integrable, we can employ
one of the integrability techniques to identify a set of eigenvectors. Subsequently, we can form a linear
combination of these eigenvectors in such a way that they remain eigenvectors of A. This is only possible since
[A, ) = [A, 7] =0.

3This choice is not restrictive. The only case in which 1o cannot be normalized to 1 is when it is equal to
zero. Suppose that /119 = 0 from the beginning, we call . the integrable Hamiltonian corresponding to this
initial ansatz. J7 is equivalent to model 1 under the transformation (P H P)T. For this reason, 419 = 1 is not
restrictive.
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Model Reality conditions
1 0=0, c=0
2,3 A =, fheR
4 (e“F(r) = CIMEIQH) or ¢*F" = |C;‘2,cl(’) = —1>, ci, f,g €R
5 g=h*,feR
6 —4FY — |2, f,h e R

Table 7.2 Conditions required to make models 1-6 Hermitian. We use the superscript (r) to
indicate the real part of the functions and constants.

Model Unitarity conditions
1 8 =0, c=0
2,3 AT — \c|2
r 0?2 r (M) (e (1) :
4 | M = ‘CII(c)z|z+—1,C1(’) = _loret =4 ESP—H),CI(’) =0orc;=—1
5 Vfg&h
6 e—4F(’) _ ’0’2

Table 7.3 Conditions required to make the full Hamiltonian 7 of models 1-6 satisfy
[, 7] = 0. We use the superscripts (r) and (i) to indicate the real and the complex
part of the functions and constants.

differential equations

h1+hg:h2—|—h9:0, hg:T—hg, h3:h5/’l7—h5, (725)
9
: hs(hs + h7)? . hy(hs+hy)? ,
s :2h7h9—m, = 7(5—+7)—2h5h9, ho = h3 — h2. (7.26)
2hg 2hg

Summing the first two equations of (7.26) and taking into account the third one, substituting*

Ve ) Ja(e )
hs = g hy = g (7.27)

“4For simplicity, we omit the dependence of &, &>, Z1 and Z, on the spectral parameter.
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we find that

\/31\/ 831 +C1
V& 7

where E; = [&;, 0 = £1 and ¢ is a constant. To find &;, we made the substitution (7.27) in

ho =2E1, &b=o (7.28)

the differential equation for 47 and we get
E1(8E1 +c1) (25’1 —C1E1(8E, +c1)> = EX(168, +c1). (7.29)

For general ¢y, the equation (7.29) can be solved by performing the substitutions E; (u) —
w(u), & (u) — w(u) and & (u) — v(u) and we find that the corresponding differential
equation is solved by elliptic functions

E(u) = éc%cs(z|m)ds(z|m)ns(z|m), (7.30)

where z = fci(u+cp) and m = 8¢ ¢, 3 are constants. To summarize, we then get (7.25)
2 a0

together with
.C c )
hs—hy; =i Eclds(z|m), hs+hy = §C1HC(Z|W) (1—ns(z|m)?), (7.31)
1
hg = —chns(z|m)2. (7.32)

The Hamiltonian found does not depend on any free functions. Since we know that the
Hubbard model exhibits the same symmetry, we should prove that model 7 contains it. In
order to prove this, we compared the Hamiltonian that we found with the one derived from
requiring® centrally extended su(2|2) symmetry [59]. This spin chain have its origin in
the planar AdS/CFT correspondence, and it contains the one-dimensional Hubbard model
as a special case. After using an appropriate normalization and shift, the entries of the
Hamiltonian of AdS/CFT are

1
hy=—hg,  h=—hy,  h3=——

a27 h4 - h6 = 07 th = 17 (733)

>To be precise, we started by considering the S-matrix given in [99]. This satisfies the Yang-Baxter equation.
We constructed the Hamiltonian corresponding to it by using 72 = Pi29,,S12(4,V)|y—v, With 1, the ungraded
version of the S-matrix given in [99]. From the point of view of the YBE, all normalizations are equally valid.
In some cases, we can fix the right normalization by requiring some physical properties, for example crossing
symmetry. For this reason, when we compared the two Hamiltonians, we find the match between the matrix
part. The dressing factor (normalization) cannot be found with the boost method and the analytic expression of
it is a very active field of studies of the last decades.
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) - _
1—x xt xtx (hs+hy)? 1—xx*
YT a —xh) Vo T e 4hg 7T o —xt)’
(7.34)
+

where « is a free constant and x™ and x~ the Zhukovksy variables. x™ can be conveniently

parametrized using elliptic functions [98] as®

1 16
xi:—Zih(dn(c|k)+1)(cs(gyk)ii), k=7, (7.35)
we indeed see that the two Hamiltonian densities are the same under
, 2 i
h—ocy, o —— | C—>§cl(cz—|—u), o=1. (7.36)
c3
The other choice of 0 = —1 is not independent, in fact it can be related to the previous one

by a twist’. There is no extra freedom in our model, the constant ¢, can be reabsorbed by
shifting u. Remarkably, our method naturally leads to the elliptic parameterization of the
AdS/CFT S-matrix.

Model 8 Model 8 is not independent from model 7, but it can be obtained as a special
limit of it. However, this limit is somewhat singular, so we explicitly present this case. If we
solve (7.29) for ¢; = 0, we get &; (1) = c2¢%" and so

2 c3u 2 2 c3u
hi=hy=he=hg =0, hy=—"2 hy=—", hg="2— (1.38)
Cc3 16 C3
4 c3u
h5—h7:—0%3, hs+hy=0—2" po=1. (7.39)
c3

It is interesting to notice that the limit ¢; — O in the Hamiltonian of model 7 is not well
defined because some of the Jacobi functions are divergent in this limit. To find the correct
result, we should take the result for general ¢; and then follow the steps below

The parameter 7 here is related to the parameter g of [98] as i = %

7One can easily see that to make the changes hs — —hs and h7 — —h7 in (7.18) we can use the following
constant twist

1

, Hoo1=(VOW)Ho_(VOW) . (1.37)

S o O

- O O O
o o o =
S o = O
S = O O
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1. Use the relations that relate the Jacobi functions of modulus k& with the ones with
modulus 1 — % like: ns(ix|k) = —ivkcs <X\/];|1 — %)

2. Expand for small ¢

3. Rescale ¢35 — ¢

4. Perform a second limit for large u

5. Relabel the constants ¢; and ¢, to obtain (7.38) and (7.39).

7.3.3 Integrable R-matrices

After solving the Sutherland equations, we successfully found a unique regular R-matrix

corresponding to each integrable Hamiltonian. Most of the equations were straightforward to

solve and we do not explicitly write them here. For model 5, the second-order version of the

Riccati equation appears, similar to the 6-vertex model B discussed in section 8.1.1.

We now present the entries r; given in (7.19)-(7.22) of the R-matrices corresponding to the

different integrable Hamiltonians.

In the following c,c,c; are constants, Fr = F(u) = F(v) and similarly for G and H, r; =

ri(u,v) and o = +1. Explicitly, the entries of the R-matrices that we got are

Model 1

r = —riovV1+v ry —7r1r9
2c\/E\/l—|—u’ rg

v—1 1
re=tri\/—, rn=-—_,
v+1 s
Model 2
rn=H_ef~, rn=e", r3 =0,
H_ef+ _ _
re = , Ir1=e G*, rg==+H e F*,

<
_l’_
T‘
<
¥

= 4+ —
T4 r u—1’ rs /—1—1,{27
(7.40)
2
rg = ik , rio=c(v—u);
V—u

(7.41)

ry = cH,e*FJf, rs = eG‘, (7.42)

ro=e -, ro=0;  (7.43)
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Model 3
H_
= j:H_eF*, r = eF*7 r3 =0, ry = ¢ o r5 = eG*, (7.44)
er+
H_ef+ H_+1
re = ¢ 9 r7:e_Gia I”g:O, r9:( F+ )a rl():O; (745)
c el
Model 4
((c1 +2)e*% —c1) 7 ci(c1+2)(e26- —1)ry
rn=r3=rg=rip=0, n= 3 , T4= 2ere?F ) ;
(7.46)
2,2F; .
r =€CI(F__G_), . e 4’ 7 :e(2+61)(F_—G_), 7.47
5 —01(61 ) 7 (7.47)
ro =e 2 ry; (7.48)
Model 5
H_f(v) 1
=0 = 1 =0 = =1 7.49
r 5 r h(V) + 9 r3 5 r4 H_ H_, rs 5 ( )
H_
re=H_, r—=1, =0, ro=1-SW 6 750
h(u)

To solve this model we introduced a reparameterization of the spectral parameter, for which

“ fh—hf
— 7.51
u— x(u p f2 k)’ (7.51)
Only taking this into account, the R-matrix satisfies the YBE and the boundary conditions.
The appearance of a Riccati type equation is not a surprise, in fact this model is a quadruple

embedding of the 6-vertex B type model given in the next chapter.

Model 6
2H H_
rH=r3=ryo=0, rzzeF*JrH*(l—ZH_), ry = i , rs = e~ (7.52)
cel+
oH- oH- oH-
—2cH_ M- pp=—— rg=42H_——, ro= (7.53)
oF-

eF*;

Model 7 The R-matrix for this model is the AdS/CFT S-matrix derived in [59, 99] in
the string frame. We can recover the R-matrix for our model by the mapping (7.36).
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Model 8

o163 (utv) <c32 (e% — e%) 2 _ 16¢2e+V) sinh (%C3(u — v)))
ry = cyu cyv 5 (754)
2c32 ( El +eT>

1 1 tanh (1 ( )) r C32r10 1
= , 3= —C —c3(u—v) |, rs=r=-—=— =
>~ cosh (3c3(u—v)) T 47 47 T T 1673
(7.55)
e—%q(u—i—v) (eizu — g%) <C32 — 802e%63(u+v)>
= — 7.56
rq 20320 9 ( )
8cpedc3(uty) (e% — e%>

re = — 1y, rg = (rq4+rg) o +ry. (7.57)

0326

7.4 Comparison between difference and non-difference form

models

su(2) ®su(2) symmetry

In order to have a complete classification of the models with su(2) @ su(2) symmetry with
local Hilbert space with dimension 4, we compare the models in Table 7.1 with the ones
in Table 1 of [36], using the allowed identifications, i.e. normalization, shift, rescaling and
twists. With this, one can see which non-difference form models constructed here reduce to
the difference form given in [36]. By doing this comparison, we found the correspondence
listed in Table 7.4. We should mention that to verify that model 3 of difference form can
be obtained from model 4 of non-difference form one needs to perform a limit because the
solution is found for ¢, = 0 (pole for h5) and ¢; = —2. Furthermore, we notice that models 2,
4 and 7 of non-difference form generate more than one independent difference form models
and that models 1 and 3 do not have a difference form version. Finally, models 9, 10 and 11
of [36] cannot be obtained from any non-difference form version, so if we want a complete
classification of 16 x 16 matrices with su(2) @ su(2) symmetry we should add those three
models.



156 Four dimensional Local Hilbert space and su(2) & su(2) symmetry

Difference form | Non-difference form
1 4
2 4,5
3 4
4 3(hy=h)
5 2 (hg = h)
6 6
7 2 (hg =—h)
8 7
12 7,8

Table 7.4 Correspondence between difference form models in Table 1 of [36] and non-
difference form of Table 7.1.

50(4) type models

Similar analysis can be repeated for the models of so(4) type. We notice that model 13 of
[36] is the difference form version of model (7.11). However, model 14 (77}, = K) is very
simple and cannot be recovered as a limit of (7.11). To have a complete classification, we

should include it.

7.5 Summary

We give here the full classification of integrable models with su(2) & su(2) symmetry and
non-difference form type. To our best knowledge, five of the discovered models are new.
The Hamiltonian corresponding to them can be made Hermitian for some choices of the
parameters. Furthermore, we showed that the matrix part of the S-matrix of AdSs x s°
integrable system derived in [59, 99] requiring centrally extended su(2|2) symmetry, can also
be found within our classification. However, we remark that with the boost method, it is not
possible to reproduce the normalization of the S-matrix, known as the dressing factor®. Our
method leads to the elliptic parameterization of it. This model includes the one-dimensional

Hubbard model as a special case, as shown in [144]. To achieve a complete classification of

81n fact, as mentioned in section 2.6.1, the normalization is a transformation that preserves the Yang-Baxter
equation and consequently, for the purpose of the classifications, we considered models related by different
normalizations as the same ones.
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both difference and non-difference form integrable models with this specified symmetry, we

should add to the models that we found in this chapter, also models 9, 10, 11, and 14 from
[36].






Chapter 8

Two-dimensional local Hilbert space and
8-vertex type model

In this chapter, we apply the boost automorphism method to classify integrable models where
the local Hilbert space is C2. Our specific focus is on the ansatz that employs Hamiltonians
of 8-vertex type or lower. We start with a short introduction on vertex models and then we
list the models that we found. Among these models, two can be reduced to a difference form
type and are equivalent to the well-known XXZ and XYZ spin chains. The remaining two
are of non-difference form: the 6-vertex B can be mapped to the solution A of the paper
[37] while the 8-vertex B (to the best of our knowledge) is a new model. We do not list
integrable models of 7-vertex type, as we have proven that they are always a particular case
of the ones of 8-vertex type. Furthermore, we demonstrate that any 4x4 Hermitian integrable
Hamiltonian can be transformed, using the identification outlined in section 2.6.1, into an
8-vertex model. In the Appendix E, we show that the two models of non-difference form
type contain the AdS; and AdS3 integrable models as special case.

8.1 Few words on vertex model

There is a correspondence between statistical mechanical lattice models in D+1-dimension
and D-dimensional quantum mechanical models, [38]. In a vertex model, each vertex
represents an atom or a particle. In 2-D, every particle is connected to four others. These
connections are represented by edges, and the direction of an arrow on each bond signifies
two possible states for each connected particle. We associate a letter (a,b,c,d) to each of
the four edges of the lattice, and these letters can assume values 1 or 2. The associated

probabilities, denoted as Boltzmann weights, are expressed as R%. These weights can be
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represented as entries in a 4x4 matrix, the R-matrix. The integrability of the lattice model
is determined by whether the R-matrix satisfies the Yang-Baxter equation. The problem
of finding Yang-Baxter integrable models can be reformulated as finding which Bolzman
weight corresponds to a solvable lattice. Solving the corresponding integrable model with
one of the integrability techniques, for example the Bethe ansatz, corresponds to calculate
the partition function of the vertex model.

In higher dimensions, it is also possible to define vertex models. However, in this chapter,
our focus is specifically on cases where each edge can have only two possible configurations,
distinguished by the orientation of an arrow pointing either inward or outward from the
vertex. The number of possibilities is 2%, that corresponds to an R-matrix with 16 entries.
In this chapter, we restrict to models of 8-vertex type. In this case, there is an even number
of arrow pointing toward the vertex and outward it. The 6-vertex models are included into
the 8-vertex type and for them, the number of arrow pointing inwards and outwards of each

vertex is 2, see figure 8.1.

R S S NN SR S N
A

n [} 3 T s Ts s Tg

Fig. 8.1 Graphical representation of the vertices in a 8-Vertex model

The condition to have a model of 6-vertex type is also called ice-rule condition
R4 =0 wunless c+d=a+b. (8.1)

This condition is inspired by the hydrogen-bond configurations observed in a two-
dimensional sample of ice, which serves as a prototypical example, [183]. When water
freezes, local electrical neutrality requires that each oxygen atom is surrounded by four
hydrogen ions such that two hydrogen atoms are closer to the oxygen atom, and two are
further away. The arrows in the models identify the proximity or distance of the hydrogen
atoms.
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The matrix representation of the vertex given in Figure 8.1 is

ry 0 O rg
0 ry  re 0

R= , (8.2)
0 rs r3 0

r7 0 0 mny

where r; = ri(u,v).
We start our search of integrable models having the R-matrix of 8-vertex type and conse-

quently also the Hamiltonian, the starting point of the boost automorphism method.

8.1.1 &-and-lower-vertex models
Ansatz for 7
The initial ansatz for the Hamiltonian density is

H=h I+ m(ZR1-1RZ)+h30, @0_+hi6_ R0,
+h5(ZRN+1RZ)+heZQRZ~+h76- R 0_ +hg01 Q04 =

hy+2hs + hg 0 0 hg
(8.3)
0 hi+2hy — hg hs 0
0 hy hy —2hy — hg 0
h 0 0 hy —2hs+ hg

where h; = h;(0).

By using the boost automorphism mechanism, we found four different types of 4 x 4 Hamil-
tonians that solve the integrability constraints [Q,(6),Q3(0)] = 0. We separate these models
in two classes according to their nature: 6 or 8-vertex and we identify with A or B depending
if the model can be reduced to difference form (A) or if it is of non-difference form type
(B). Before applying the method, we are allowed to remove some of the freedom from the

Hamiltonian by using the identification'. In particular

* h; =0, corresponds to a shift in the Hamiltonian and it does not affect the commutation

relation

IThe classification remains general since those terms can be added later. However, in this way, the set of
equations coming from the integrability constraint [Q2,Q3] = 0 is simpler.
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* hy =0, it is the coefficient of a telescopic term that vanishes for closed spin chain.

We list the solutions of the integrability constraint [Q,,Q3] = 0.
6-vertex A
A potentially integrable Hamiltonian is given by
h7 =hg =0, hy = 03h6e4H5, hy = C4/’l6ei4H5, (8.4)

where c3 4 are constants and dgHs(6) = hs.
The given Hamiltonian can be transformed into the XXZ spin chain through a series of

transformations. As follows:

H = #=Htal+a(Z]1-10Z) — H# =B .#B +B B - an,

(8.5)
with
1 1 0
al :—2}15—h67 a2:h5, (X:—Z—h67 Bl = \/564145 s (86)
/2
recalling ¢ = /c3./c4, we obtain
0 00O
= 01 ¢ O
o = , (8.7)
0 c10
0 00O

which is the Hamiltonian density (2.59) of the example. The corresponding R-matrix is
(2.61).

6-vertex B

By considering

he =hy = hg =0, (8.8)
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the Hamiltonian satisfies [Q2, Q3] = 0 for any choice of hy,...,hs. Three out of these five
free functions can be absorbed in the identifications. Specifically, we can set 4; and h; to
zero as mentioned earlier. We can also redefine /5 as %h4h5 for convenience. After these
transformations, we are left with the following form of the Hamiltonian

hahs 0 O 0

0 0 hs 0 hah
H = = 222+ Z) + ot o, + o 6 (8.9)

0 h, 0 0 2

0 0 0 —hshs

We normalize the R-matrix (8.2) such that 5 = 1 and then it follows from the Sutherland
equations (2.30) that

ri=r3=0, re=1, rFy=ha(ri—hsry), 7i4=—hs(r3+hsry), rira+rr;=1,

(8.10)
while r4 satisfies the second order version of the Riccati equation
.. h4 . ; 20
r4—h—r4+h4r4 [h3 —l—h5—/’l4h5} =0. (8.11)
4

Since we have not yet utilized the freedom associated with reparameterization, we can

eliminate the linear term in r4 as follow

u; h
Mi'-))Ci:/ m (812)
4/t — 13

This reparametrization removes the explicit dependence on /3. It is then straightforward to

solve our system of differential equations to find

ri(x,y) = 14 hs(x)Hy(x,y), ra(x,y) = Ha(x,y), (8.13)
r3(x,y) = hs(x)hs(y)Ha(x,y) — hs(x) + hs(y),  ra(x,y) =1 —hs(y)Ha(x,y), (8.14)
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where again H;(x,y) = [J h;.

The R-matrix corresponding to this model can be also expressed as

hs(x) 0 0 0 10 0 0
0 1 0 0 00 1 0
R = Hy(x,y) + (8.15)
0 0 hs(x)hs(y) 0 0 1 hs(y)—hs(x) 0
0 0 0 —hs(y) 0 0 0 1

In this way, it is clear that A5 gives rise to the non-difference nature of this solution. This R-
matrix satisfies the Yang-Baxter equation with the correct boundary conditions. In particular,
when /5 is constant the R-matrix reduces to an R-matrix of XXZ type.

This R-matrix is not new because it can be mapped by a twist into the solution A of the pure
colored Yang-Baxter equation considered in [37].

8-vertex A
In the case hg #~ 0, the integrability constraint gives that

h3 = hy = c3hg, hs =0, h7 = c7hg, hg = cghe, (8.16)

where ¢; are constants. The resulting Hamiltonian, under our identifications, corresponds to

the XYZ spin chain [12, 83]. In particular, we can apply the following transformation

1 0 0 \/C7C8
~ 1 1 - 0 -1 c3 0
H — H=ARA)HARA) ' - —H# = , (8.17)

he 0 ¢ -1 0

JJereg 0000 1

where

4 C_7 0
A= \/Z . (8.18)
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In this way we obtain

1 1 1
h—éﬁf =3 (c3++/c7e8) XiXip1 + 3 (e3—+/c168) YiYit1 +ZiZis 1, (8.19)

that is the XYZ spin chain.

The R-matrix is more commonly known in the form

R(z) = , (8.20)
q4(2) q3(2)
q(z) O 0 qi(2)
with
q1(z) =sn (y+z|k*), q2(z) = ksn (y|k* ) sn (z|k* ) sn (z+7|k?), (8.21)
g3(z) = sn (z]k?), q4(z) = sn (y|k*), (8.22)

related to our model (up to a shift by the identity) by the mapping

2
4 4ksn (7|k?) 1 ) )
c3 = 3 7, VC7C8 = > 3 h6:—cn(y|k )dn(y|k )
en (y|k?)”dn (v]k?) on (y|k?)”dn (v]k?) 2
(8.23)

8-vertex B
In the case when hg = 0, we find the following differential equations

h  hy+ha hy — hy

L= 4 hs, 8.24

h;  hy+hy  hy+hy (829

hg h3 + h4 hy —hy

— = 4 hs, 8.25

hg hy+ hy h3 +hy > ( )

h hy—h; hy+hys  h3—h

_5__ 3 4 3+ 4 4 3 4h5, (826)

hs  4hs hi+hs  hy+hy
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that are solved by

1
hs = _Z(hg + hy)tanh(Hs — Hy +c5), (8.27)
h3 +hy
_ 8.28
“ cosh(H3 — Hy +c5)’ (8:28)
hs+h
3t (8.29)

- cosh(Hz — Hy +cs)’

with ¢; constant and dg H; = h;. Without loss of generalityz, we can set cs = 0.
By using the same diagonal local basis transformation (8.18), we can set cg = ¢7. We can

also reparametrize the remaining function with

s = g ese(n(6)) (2~ (6)), (8.30)
hs = g ese(n(6))(2+1(6)), 831)

where 1) is a free function. In this way

H; —Hy =log (COt (@)) . (8.32)

This further results in 47 = hg = 2¢7 := k. To summarize, we get

—cot(n(0)) 0 0 k
- 0 0 —3(11(68) —2)cse(n(6)) 0
0 2(11(8) +2)csc(n(0)) 0 0
k 0 0 cot(1(6))
—%cotn(v) (7, -i—Zz)-|—k(c71+02+—l—cl‘csz_)-|—Wcsc(n(v))cs{c§r
_ Wcso(n(v))cﬁc{. (8.33)

As mentioned in the example, we can use the expansion of R (2.32) in term of the Hamiltonian
to restrict the ansatz for the R-matrix. In particular, we set rs = rg = 1 and r; = rg for the

R-matrix. The remaining functions are determined from the Sutherland equations and we

ZFor example we can absorb it into the definition of Hj
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find
sn(u —v,k?)en(u— v, k?)
= 8.34
rs(u,v) dn(u —v,k?) ’ (8.34)
where sn,cn,dn are the usual Jacobi elliptic functions and
! _ inm. > — cosmysn (8.35)
r = si — —cosn4sn|, :
] V/sinn (u)/sinn(v) Tdn i
1 [ cn |
r cosn_sn—+sinn_— |, (8.36)
? V/sinn (u)/sinn(v) 1 1 dn |
1 [ cn |
r cosn_sn—sinn_— |, (8.37)
’ V/sinn (u)/sinn(v) L 1 1 dn |
1 sinn. < 4 cos . sn) (8.38)
v sinmy— +cosnsn|, .
! V/sinn (u)y/sinn(v) Tdn o
where N4 = w and where for simplicity we omitted the dependence on u — v of the

Jacobi functions and on the modulus k2, i.e. for all of them sn = sn(u — v,k?).

It can be checked that this solution satisfies the Yang-Baxter equation and has the correct
boundary conditions. To the best of our knowledge, this model is new for arbitrary function
N and constant k and the R-matrix is of proper non-difference form type. In the case where
7 is constant, 1)_ vanishes and the model becomes of difference form and reduces to the
well-known solution found in [184, 185, 83].

Off-diagonal model As can be seen from (8.24)-(8.26), the cases where i5 = 0 and
h3 = —h4 need special attention due to possible singularities. In this paragraph, we demon-
strate that we have not overlooked any solutions, and that model 8-vertex B includes these
two models as limiting cases.

We can set 5 = 0 from the beginning and it follows that the Hamiltonian is constant unless

h3z = —hy4. We can also see this result by considering the solution found in the general case
1
hs = —Ecot(n(e)). (8.39)

hs = 0 corresponds to take 11(6) = 7 and as mentioned in the previous case, if 1] is constant,
the Hamiltonian becomes of difference form type.
Also the case where h3 = —hy4 can be recovered from 8-v B, however the procedure is less
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trivial. By applying the method, we found that the entries of the Hamiltonian are
hy = hy = hs = he =0, h7 = cg hg, h3 = —hy, (8.40)

so the Hamiltonian for this model only has off-diagonal entries. It is possible to recover this

model from the Hamiltonian of 8-vertex B by following the steps:

1. We can apply the off-diagonal constant twist to the Hamiltonian density .73y with
entries (8.27)-(8.29),

U= (8.41)

to obtain %y — Uj %”gVBUl_l. This twist does not satisfy (2.55), so we had to make
sure that the integrability condition [Q,,Q3] = 0 continued to hold also after the twist.
This fixes one entry of the twist as a — s g—%b, with s1 = £1, +i. We selected s = i,
but we remark that to get the correct sign we could have chosen also s = —i, but not
s = %1, as will be clarified in the following. Furthermore, we also had to impose the

following relations between the entries of the Hamiltonian

8(0)

h3y+hy =
\/ 1+ sech?(G(6))

; hs —hs = g(0), (8.42)

with g(0) an arbitrary function.

2. We apply a diagonal local basis transformation V(8). In particular by using (2.44),
we first fix VV ! to eliminate the elements in the (2,2) and (3.,3) positions of the

Hamiltonian. Then by solving the differential equations, we fixed the matrix V(8).

3. We get an off-diagonal Hamiltonian density and we checked that the sum of the
elements at position 2,3 and 3,2 is zero>. Moreover the ratio between elements in 1,4
and 4,1 is constant. We can then chose a normalization for example element 3,2 equal
to 1 and then the element 1,1 and 4,4 are equal and are function of g(6). We then

choose a proper reparametrization and bring this to %3y p.

By doing so, we have recovered model (8.40) from &y p. Since the twist that we used is

non-standard, it is unclear how to easily lift it to the level of the R-matrix. Nevertheless, it is

3This is the point where the choice of s = =i was done.
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easy to solve the Sutherland equations for this model directly and we obtain

cosh H3(u,v) 0 0 sin Hy (u,v)
0 —sinh H3(u,v) cosH7(u,v 0
Roff-diag = ) (.7) . (8.43)
0 cosH7(u,v)  sinhHz(u,v) 0
sin H7 (u,v) 0 0 coshHz(u,v)

We see that it is of quasi-difference form, meaning all of the dependence on the spectral
parameters is of the form H3(u) — Hz(v) and H7(u) — H7(v).

8.1.2 Hermitian solutions

In this chapter, we gave the classification of integrable models by starting from an Hamilto-
nian of 8-vertex type. However, it is interesting to notice that the 8-vertex models analysed
include also all the possible integrable Hermitian Hamiltonians of 4x4 type.

To clarify this statement, we start from a Hamiltonian density 4x4,
A =h") +in, (8.44)

where /(") and 1) are the real and imaginary parts of the entries of the Hamiltonian. All
the functions are now real-valued and the Hamiltonian depends on 32 independent real
functions, which reduces to 16 if we require Hermiticity. We can start from this ansatz for the
Hamiltonian and require [Q,,Q3] = 0. By brute force, we can solve these equations for the
entries of (") and A\ and we can discard all solutions that have complex numbers in them.
In this way, we find all the potentially integrable Hermitian Hamiltonians of 4x4 type. At
this point, we would have to find the R-matrices corresponding to them. However, this was
not necessarily. In fact, we prove that all the solutions that we got are related to the 8-vertex
form under the identifications of section 2.6.1.

The classification of models with 8-vertex type is broader than it may initially appear because
it includes also all 4x4 Hermitian Hamiltonians. However, it is important to note that this
does not imply that the corresponding 8-vertex models themselves are Hermitian.

We can show a simple example to understand better this statement. One of the simplest
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integrable Hermitian Hamiltonian beyond 8-Vertex is

1 o+if a-+ip 0
oa—i 0 0 —o—1i
H = P P . (8.45)
a—if 0 0 —a—if
0 —o+if —a+ip 1

Applying a local basis transformation and then a twist, this Hamiltonian can be brought into

a non-Hermitian one of 6-V type.

8.2 Summary

In this chapter, we gave a classification of integrable models starting from an ansatz for
the Hamiltonian of 8-vertex type. We discovered four models: two of them were found
to be equivalent to the XXZ and XYZ spin chains, while the other two models exhibited
a non-difference form. Among them, the 6-vertex B can be mapped to the solution A of
the paper [37], whereas the 8-vertex B (to the best of our knowledge) is a new model. In
Appendix E, we show that the two models of non-difference form type contain the AdS, and
AdSs integrable models as special case. Additionally, we demonstrate that any 4x4 Hermitian
integrable Hamiltonian can be transformed into an 8-vertex model using the identification
outlined in section 2.6.1. Consequently, the classification we gave, includes all possible 4x4

Hermitian Hamiltonians.



Chapter 9
Free fermion conditions

In this chapter, we demonstrate that the integrable models discussed in chapter 8 exhibit an
interesting relation. Specifically, two of these models satisfy a Baxter relation, while the
other two satisfy a free fermion condition. The latter condition is particularly significant as it
enables us to express the transfer matrix associated with these models in a diagonal form,
simplifying the process of computing eigenvalues and eigenvectors. We explicitly show it for
model 6-Vertex B. Moreover, we find the equivalent of the free-fermion condition for some

of the models with su(2) & su(2) symmetry, discussed in chapter 7.
9.1 Free fermion conditions

The R-matrix corresponding to the models of chapter 8 is (8.2) and satisfies the condition

(rira+rars —rsre — r7rg)2
rirprira

= const. .1

In particular, models 6-V A and 8-V A are characterized by
const # (0, Baxter condition 9.2)
while 6-V B and 8-V B by
const =0, Free fermion condition. 9.3)
This last one can be expressed as

riry+rory = rsrg+ rirg. 9.4)
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One difference about those two classes of models is that: those of class A are of difference
form type while those of class B are not. Another property is that, at the level of the
Hamiltonian, class A models contain the term Z ® Z, while class B models do not.

We prove the Baxter and the free fermion conditions both directly and by using the Sutherland

equation, which enables potential generalizations of them to other model types.

9.1.1 Direct computation
Class A: Baxter condition

Up to basic identifications, models from class A correspond to the XXZ and XYZ integrable
spin chain. The R-matrix associated to the 6-V A model is (2.61) and it is easy to check that

(rira+rars —1”5r6—r7r8)2 4

=—. 9.5)
rirr3rs c
For 8-V A the R-matrix is (8.20) and we find
o o 2
(7 £ rars =56 =rms)” _ g2y 12)an (1,02). 9.6)
r1rar3rs
Therefore, we have demonstrated the validity of the Baxter condition.
Class B: Free Fermion condition
For 6-V B, the R-matrix is (8.15), and the entries obey
rira+rrn=1=rsre+ryrs. 9.7)

The entries of the R-matrix for the 8-V B model are defined in (8.34)-(8.38). As these
equations involve Jacobi elliptic functions, we provide a detailed calculation. First, we begin
by examining the right-hand side of the equation (9.4)

snZcn?

rsre+rirg = 1 + k> IR (9.8)

For the left-hand side, the term r| r4 is

. 2
sin® 1. (Ci% —cos? 1, sn?

sinn (u)sinn (v)

; 9.9)

rirqg =
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and rp r3 is
cos?n_sn® — sin’ n_sli
rry = . . = (9.10)
sinn(u)sinn(v)
This leads us to the expression
+ : (sin? sin®1)_) cn’ (cos? cos*1_) s
rrq4+nrr; = 1 — 1 -) T2 - -
1Tt sinn (u)sinn (v) T+ L dn® T 1
2
cn )
= — +sn 9.11
a2 9.11)

By using the identities 1 — k?sn?> = dn® and 1 = cn? + sn?, we can establish the equality

between the two expressions.

9.1.2 Prove using the Sutherland equation

In this section, we prove that any integrable R-matrix of 8-vertex' type satisfies the gener-
alised condition (9.1). We will prove this by using the Sutherland equations (2.30)-(2.31).
We assume that the Hamiltonian associated to the R-matrix is also general and it is given by
(8.3). In this section, the integrability property is included in the fact that the R-matrix and
the Hamiltonian corresponding to a given model obey the Sutherland equations.

We consider the R-matrix to be of non-difference form and we use the shortcuts r; = r;(u,v)
and h; = h;(u).

To prove the relation (9.1), we follow the steps
1. Substitute (8.2) and (8.3) into the Sutherland equations.

2. Solve for the derivatives 7; and rl’~ in terms of A; and r; (without actually solving the

differential equations).

3. Then, solve for some of the #;’s in terms of r;.

IBy saying 8-vertex, we refer to models which contain up to 8-vertex.
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Remarkably, by doing this, one obtains the following set of conditions on the coefficients of

the R-matrix

rir4+ryr3 —rsrg —ryrs .

f(u), 9.12)
r4
rir4a+ryr3 —rsrg —ryrg
=g(u) (9.13)
rir3
r\r4 +1rar3 —rsre —17rg
=3g(v), 9.14)
raryg
r\r4 +1rar3 —rsre —17rg
=f(v), (9.15)
rir

where f(u) and g(u) are functions of h;(u).
By multiplying (9.12) and (9.13) and then also (9.14) and (9.15), we can see that

(rirg +rary —rsrg — rorg)?
F1rar3ry

= f(u)g(u) = f(v)g(v), (9.16)

and hence proving that equation (9.1) holds. Since the Sutherland equations (2.30)-(2.31) are
obtained as a derivative of the Yang-Baxter equation, we proved that all integrable R-matrices

of the form (8.2) belong to one of the two classes A and B.

9.2 Why is the free fermion condition important?

We have proven that all the 8-V type models found in the previous section satisfy either the
Baxter condition or the free fermion condition. Specifically, the non-difference form models
satisfy the free fermion condition.

In this section, we explain the importance of this condition and why it is highly useful. It
also become evident how the name free fermion originated.

Many examples of models following the free fermion condition can be found in the literature.
For instance in [186, 187], the Hamiltonians and transfer matrices of the XY chain and of
Ising-type chain were written in a form that manifestly displays their free fermion nature. To
achieve this, a particular transformation of the canonical spin-chain operators is performed.
In this section, we follow these ideas and find the appropriate canonical transformation to

make the transfer matrices of our models explicitly of free fermion type.



9.2 Why is the free fermion condition important? 175

9.2.1 6-Vertex B

We begin with the 6-vertex B model and examine an R-matrix of the form (8.2) with

r7 =rg = 0. We choose a basis for the Hilbert space given by one boson |¢) and one fermion

),
9)=10),  |w)=ctl0),  c]0)=0, (9.17)

where we introduce canonical fermionic creation and annihilation operators ¢ and ¢, respec-

tively, such that
{e.cy=1, {c,c}={c",c"} =0, (9.18)
or whenever we work with multiple spaces
{eicl} =85, ey ={c.c]}=0. (9.19)

We have to consider the fermionic nature of this operator. There are two equivalent approaches
to do this. The first involves employing the Jordan-Wigner transformation® (5.9). The second
approach, which we adopt in this section, involves considering the graded vector space.

In vector representation, we can associate

9) = 1) = e, W) = 12) = e, (9.20)
and for the creation operator
Te = En, (9.21)

CT:Ezl, C:Elz, mECCT:En, n==c

where n is the usual number operator and E;; are matrices with only one non-zero entry 1 in
position (i, j).

The grading operates in such a way that the anticommutator relations are satisfied. In
particular, we can identify |0) = |9) ® |9)

cleb|0y = —clet|o), (9.22)
which is the equivalent to

[E21 @ 1[I @ Enil|¢) ©19) = —[1® Ex][Ex1 @ 1][9) ®[¢). (9.23)

%In this case, as we are dealing with a spin 1/2 chain, we consider the transformation of the ¢ matrices only.
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The R-matrix can be written in terms of oscillators in the following form?

R(osc)

_ .
i (u,v) = rimymj+ronim; + rymn; — rannj — rscic; +re6C; Cj, (9.24)

where we suppressed the explicit dependence of r; on (u,v) and i and j indicate the spaces in
which the operators are acting. Suppose the R-matrix is regular, i.e. R(u,u) = P, with P being
the graded permutation operator, then the Hamiltonian density is given by the logarithmic
derivative of the R-matrix

AL = PiaRG )| 9.25)

It is convenient to associate, for simplicity, #; = d,r;i|,—. In the oscillator formalism, the

Hamiltonian is*

%(ZOSC) = hy + (he — h1)ny — (h1 + hs)ny — (hy + hg — hs — he)niny +h3c;cl —I—hchCZ.
(9.26)

On the level of the Hamiltonian, the free fermion condition (9.4) imposes that?
hi+hg—hs—hg=0, (9.27)

which eliminates the nn, term.

9.2.2 Solving homogeneous spin-chains with Free Fermions

We consider the Hamiltonian (9.26) for a spin-chain of length L. We apply our non-local free
fermion transformation to diagonalize this Hamiltonian. We note that it is enough to consider
the one-particle sector since this will induce a canonical map between the oscillators ¢, ¢’
and a new set of operators. The purpose of this mapping is to recast the Hamiltonian in a
manifest free fermion form. We denote these new operators as y, ¥ " and they will still satisfy

canonical anticommutation relations. Restricted to this subsector, our Hamiltonian takes the

3Notice that this R-matrix satisfies the graded YBE. For explicit expressions, we recall Appendix A of [36].

4Notice that here we use for convenience a difference ansatz for the Hamiltonian compared to (8.3). Now,
we label the entries of the Hamiltonian exactly as the R-matrix up to identification r; — h;.

3The extra signs come from grading, since grading was not considered in (9.4).



9.2 Why is the free fermion condition important? 177

simple form

he + hs hy 0 0 0 hj
hs  he+hs  hy 0 0 0
0 hs he + hs hy 0 0
HM =] ¢ 0 hy  he+hs 0 o |- 928
0 0 0 0 ... he+hs In
Iy 0 0 0 ... hy  hg+ths

The eigenvalues and eigenvectors of H(7) can now be easily computed. By considering
spin chains of different lengths, it is easy to convince ourself that the eigenvectors 7 and

eigenvalues A are of the form
A =he+hs+hoz+h3z ", (=(,z,2%,...2"7, (9.29)

with z& = 1. This means that there are exactly L eigenvectors parameterised by the Lth roots

of unity and we can write the canonical transformation usingz=e L fork=1,...,L

L ¥ onils P L op T
cr=—=)y Ly, c,=—=Y e iy (9.30)
VL ; ! VL ; "
By considering these transformations into (9.26) and summing over all the sites of the spin
chain, we obtain the Hamiltonian®
L 2nn . 2mn "
H=mL+Y [(hz ) cos = iy — ha) sin = — hy + ha 1} 2 (9.31)

n=1

which is now manifestly diagonal. Moreover, we can show that this canonical transformation
also diagonalizes the full transfer matrix.
For a graded model, the trace should be substituted with the supertrace and the transfer matrix

18

t(90, é) = stry [R()I(Q(), 91) .. .ROL(Q(), QL)} . (9.32)

®We recall that we are working with periodic boundary conditions.
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The parameters 6; are the local inhomogeneities and 6 is the spectral parameter associated
with the auxiliary space. In case all the rapidities coincide 8; = 0, then the first logarithmic
derivative corresponds to the nearest-neighbour Hamiltonian (9.26). For generic inhomo-
geneities, all the conserved charges have interaction range L. In this paragraph, we consider
only the homogeneous case and we refer to the paper [3] for the inhomogeneous one.

We computed the expression of the transfer matrix for different values of the length of the
chain and we recognized the general structure for any L. We observe that the free fermion
condition was needed only from L = 4. By computing the transfer matrix for different values

of L, we recognize the following structure

Ll 2mik 2mik
IL=— H (ri—rse L )Mpy1+(ra+rae L )Ny |, (9.33)
k=0
where
Ni=x 1, M; = xix!. (9.34)

This transfer matrix is now manifestly diagonal in the new operators y and y and takes
a factorised form, which reminds us of separation of variables. Because of this factorised

form, we can exponentiate it and read off the conserved charges
f = —exp [i v+ Ziwka] , (9.35)
k

where

27ik
Qii:ﬂ 936)

2mik

iy =log(r —1%), im=b4
rp—e L r3

Since all the number operators commute, the exponent is well-defined. By using the free
fermion transformation, we saw that the expression of the transfer matrix is very compact
and elegant. Furthermore, it is very intuitive to solve the eigenvalue problem.

We show this with an example. For simplicity, we consider the case of L = 2. Even if the
AdS/CFT models are not the primary focus of this thesis, in Appendix E we show that 6-V B
model is related to AdS3. For the case of pure Ramond-Ramond massless AdSs,

) =T, w =0, (9.37)
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and we obtain

(ia)l)”
n!

1y = —e' V20N — oiV2 [1 + N Z ] ='W [1 + Ny (e — 1)} = W2 [1 — 2N1} ,
n=1

(9.38)

by using the standard property Nf = N;. For AdS3, ¢'¥? = cosh %.

This makes the eigenvalue problem very easy since it is a matter of adding free fermion
energy. The additive structure of the transfer matrix is now manifest, while it was previously
hidden in the standard formalism. Note that we could have added the piece "ON," inside the
square bracket to show that the transformation we have introduced completely diagonalises
the transfer matrix on the two physical spaces.

Furthermore, also the eigenvector problem has an intuitive solution. In fact, from (9.30)

1 1
X = E(‘Cl +c2), X2 = E(Cl +c2), (9.39)

it is clear that both 1, and 7, still annihilate the state |0) = |¢) ® |@). This state is an
eigenstate of the transfer matrix #, with eigenvalue e/¥2.

The other eigenstates are

1 . i
%1 10) = Ew) @ y) +|y) @(9)), cigenvalue, —e'¥? (9.40)
1 , ,.
%3 10) = E(“P) 2|y) —|y)®19)), eigenvalue ¢'¥?, (9.41)
212610)=v)®|y), eigenvalue — V2. (9.42)

Generalize this results for any L is straightforward.
In the paper [3], we comment on the application of the free fermion technique to the 8-Vertex
B model. However,we did not find a closed expression for the transfer matrix that works for
any length L, so we will not report this result here.

9.3 Free fermion condition for AdS5 sector

In this section, we apply the approach discussed in Section 9.2 to obtain a free fermion
condition for the case of a 4-dimensional Hilbert space. We focus on the class of model
whose Hamiltonian and R-matrix exhibit s1(2) & su(2) symmetry [36, 2], in particular where
both s1(2) have a two dimensional representation. We discussed these models in chapter 7.

This class of models is particularly important because it contains some non-difference form
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model like the AdSs x S° superstring sigma model’, the one-dimensional Hubbard model
and some difference form one like the su(4) spin chain.

To achieve this, we follow the procedure outlined in Section 9.1.2. We use the ansatz (7.18)
for the Hamiltonian density, and similarly for the R-matrix we replace the hs with rs. We first
substitute them in the Sutherland equations (2.30)-(2.31) and we solve for the derivatives 7;
and r; without explicitly solving the differential equations. By carefully choosing the order
of solutions, we ensure that divergences are properly handled. To accomplish this, we used
the list of models in [2] as test. In particular, if those models did not exhibit a singular point
for the specific variable considered, we consider that variable always different from zero.
In this way, we can keep the divergences under control and choose the correct branch of

solutions®. Specifically, we obtain the following simple conditions

h3(v)riors = hio(v)rary, (9.43)
hs(u)rior7 = hio(u)rsrs. (9.44)

Now, we can proceed by considering the two cases r3 # 0 and r3 = 0. These two cases

correspond to the analyses conducted in chapter 7, with 43 # 0 and hz = 0.

9.3.1 Caser;#0

This class of models includes the one-dimensional Hubbard model and the S-matrix derived
from requiring centrally extended su(2|2) symmetry of the AdSs x S° superstring sigma
model [59, 98, 99]. We find

rﬁ—rl(r1+r2) _ hz(v) (9.45)
r3ry h3(v)’ '
r%—rg(rg+r9) :hg(v) (9.46)
ryry h3(v)7 '
r%—rl(rl +r)  hy(u)
rars = s (W)’ (9.47)
”42;—”8(”84"’9) :h9(”) (9.48)
r3rs h3(u) '

We remark that since r3 # 0, h3 is also non-zero, which avoids the problem of divergences.

Furthermore, in all the models from [2] that fall into this category, rs and r; are non-zero.

"This statement is clarified in the footnote 5 of section 7.3.2.

8Some equations in fact can be factorised in the form fg = 0, with f and g functions of the r;s. We used the
test model of [2] to select whether the solution was f = 0 or g = 0. By choosing different classes of models,
some choices would probably have been different.
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After solving some of the equation obtained from the first Sutherland equation (2.30) for the

hs and plugging the solutions into the others, we are left with four conditions

r4re + 1118 = 13110, (9.49)
rsr; —rarg = (r1+nr) (rs+r9), (9.50)
r3rio+ rsry = raro, (9.51)
(ri+78) (ri+r2+rg+7r9) = (r4 —16)*. (9.52)

It can be shown that these four conditions could have been similarly derived from the second
Sutherland equations. We notice that (9.49)-(9.51) were obtained also in [188]. However,
we find the additional condition (9.52).

By using the regularity condition R(u,u) = P and from the definition of the Hamiltonian, we

can derive that (9.49)-(9.52) impose some very simple constraints on the Hamiltonian

hi + hg = hyq + hg, (9.53)
hy, = —hy, (9.54)
hsh7 + hyhg = hshy. (9.55)

Specifically, (9.53) and (9.54) were derived by differentiating (9.51) and (9.52), (9.55) by
differentiating (9.49) twice. Furthermore, differentiating two times and combining (9.49)-

(9.52), in order to get rid of the second derivatives, we also got

(hs+h7)? = (ho — ho) (h1 +hy — hg — ho) .

93.2 Caser;=0

One can check that the case r3 = 0 and rj( # 0 satisfies (9.49)-(9.52) as well. Hence, we can
restrict to the case where rjg = 0. Analyzing this case leads to a set of factorised equations

ri h(v) rs _ ho(v) rirsr;  ha(v)

— = , = , = ) 9.56
re h7 (v) ry4 h5 (v) I’%m /’l5 (v) ( )
n_ () rs _ ho(u) nrs () g 5
ra  hs(u) re  hy(u) rsre  hy(u)

Plugging the solutions for the &s into the Sutherland equations, we should consider four
possible subcases separately: r; £ 0rg #0, r; #0rg =0, r; =0rg #0 and r{ = 0rg = 0.
We observe that the subcase r; = 0rg # 0 can be recovered from r; # 0rg = 0 by performing
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an off-diagonal basis transformation” on the R-matrix and on the Hamiltonian.

The subcases to be considered are then

Subcase r; # 0,rg #0

We obtain
rsr7 = Iry, (9.58)
rargry = r2r§, (9.59)
s =rr3. (9.60)

These imply (9.53) on the entries of the Hamiltonian, along with the additional conditions
h3 = h3, hih3 = hj.

Subcase r; #0,r3 =0

In this case, the entries of the R-matrix satisfy

r§r4r6 = r%r5r7, (9.61)
r4qrsrelry — (r5r7—r2r9)2. (962)
On the Hamiltonian
hshy = h3, (9.63)
hshy = (hy —hy — he + hg) > (9.64)
Subcase r; =0,rg =0
There are two possibilities. If
hs(v)rerg = hy(v)rary and h7(u)rarg = hs(u)rarg (9.65)

there are no additional conditions on the entries of the R-matrix. If (9.65) are not verified,

we obtain the condition

rarg — sty +1rarg =0 (9.66)

9The action of this off-diagonal basis transformation is to swap g| <+ g3, 83 <> £10,82 < 89,84 <> 86,85 <
g7, where g is either & or r.
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that implies on the Hamiltonian (9.53).
In the following section, we show how to rewrite the Hamiltonian to make the free fermion

nature explicit.

9.3.3 Towards a free fermion Hamiltonian

Here we mainly follow section 9.2 and [186, 187]. As for the chapter 7, the Hilbert space
is four dimensional and is spanned by two bosons |¢; ») and two fermions |y »). Like in
(7.23), we introduce two sets of canonical fermionic creation and annihilation operators
ij, jCaj where o =1, is the spin and j is the site of the chain (running from 1 to the chain
length L). If we denote the vacuum by |0) such that ¢4, ;|0) = 0, then our local Hilbert space
is spanned by

¢1) = |0), ¢2) = C;7jci7j|0>, 1) = C;,j|0>= v2) = CI,]'|0>~ (9.67)

These oscillators satisfy the usual anti-commutation relations
{eaicp it =0updys  Heancpt =0,  {eguep,b=0 (0.68)

where & and 3 can be either 1 and |. The R-matrix (7.19)-(7.22) can be written completely
in term of oscillators

R(IZSC) = Z [(c27lca72+ca71c272)(C1 +Ca(ng —nﬁg)z)—i—
{Ohﬁ}fT{N},

)

1

1
(CL,IC(x,Z - Ca,ICL72)<C3 (nﬁJ — E) +C4(”B,2 _ E))]

+(c]yef jeracpateriennc] e[ )Cs + (] yepae] yera+e] jerael he12)Co
1 1 1

1
+Cr(n1 = 35)(n1 = 5) +Cs(npa = 5) (2= 3)

+Co(npy —ny1)*(nyo—ny2)*+

+(Cs —Cg)(npany 1 +nrong 2 —1)(ny g —np2)(np 1 —ny o)

1
+ ECS((nTJ — n¢72)2 + (nu — n¢72)2) + Co, (9.69)
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where ng ; = cfx wCak Co,-..,Co are functions dependent on the parameters (u,v) and

related to the r; in the following way

1 1 1
Co= 5((r4+re)52+r2),C1 = §(r7—r5)>C2 = E(Fs—r7—S1(r3+r10)),
1 1
G =5 (s1(rs—ri0) +rs+r7), G =5 (rs+r7 =s1(r3 =110)), C5 = =12, C6 = =1,
C7 = —2reso+2r1 +12,Cy = —2r4s52 +2r1 +712,Co = —(r4 +16)s2 + 11+ 12— 18 — 19,
(9.70)

s1 and s, are arbitrary signs'?.
By taking the logarithmic derivative of the R-matrix, we get the following expression for the

Hamiltonian

A = (hathe) | Y naona — (nnyFap)npang s — (npaFuy o) ngng+
a={1,1}

2n) yny1nyony ]| + (hy —ha — he + hg) [ (ntp+n2) (ny1+n1)—

1
2(nya+npr)npang =2 (ma+npo)ny g+ 4n¢,1”¢71"¢,znm] + 657+

f%pl(zzm - [(hs+h7)S2+(h1o—h3)sl]%”1(23pt), 9.71)

where we explicitly separate %”ékp ") as subsectors with k-particles. This is possible since

[nTOT,%”l(;SC)] =0, nror = Z Ne,1 +Ng 2, (9.72)
a={1,1}

so the total number of particles is conserved. The k-particle subsectors are represented by

L%ﬂ](zlpt) - <<c¥1c¢72 + cllcm) hs + (c%zcm + CI,ZC\LJ) h7> s2+ hg (”TJ + ’%.,1)
+hy (2 +ny2) — (hi +h2) (=1 +nror),

A = )+ 1) = (e 4l evaera e sl eriern ) b
+ny onp 2(2hy +hy — 2hs) +n) 10y 1 (20 + ho — 2hg),

(9.73)

3
A5 = ni s (CL] cL2— Clz%l) +nino (C% cr2— C;,z%l) ;

10Tnterestingly, using oscillators, the arbitrariness of s; and s, naturally emerges. s; and s, can be understood
as a local basis transformation (s;) and a twist (s7).
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with f defined

fle,B) = (hios1 — h552)na,lcg7lcﬁ72 — (h3s +h552)nﬁ,262716a72 — (h10s1 4 h7s2) na,zCEng,]
+ (h3s) — h752)’lﬁ716’z¢720a,1 +h9c;71cg7zca72c[3,l +hang ong 1.
(9.74)
We focus on the case where r3 7 0 (section 9.3.1) since it contains the one-dimensional
Hubbard model and the S-matrix of AdSs X S5. By using (9.53) and (9.54), we should

diagonalise
A = A0 4 A — ((hs+ h7)sy + (hio — ha)sy ) A5 9.75)
Similarly to (9.30), we can write the canonical transformation

kgn

L xa n (9.76)

kon

1
T
L , C,,p=—=) ¢€

27i %= —2mi~%=

)
Cak=—F7=2_€
\/Z n=1
This is again the natural map since for periodic chains the one-particle eigenstates are simple

. . k pt
plane waves. Then, considering HkP) = %’j (l +pl), we arrive at

L
HUP) = (hy +hy) L+L Y (hs+he —2 (hy +h2)) Ny
n=1 (9.77)

2 2
+S2LZ ( hs + h7) cos( Zn) (h5—h7)s1n( Zn>)Nn,

where N,, = Za:{m} Non, Non = xg,nx“,n and

L
HC = ) (2h2 cos <w> +(2(2h) + o) —2(h4+h6))> Ny 2Nt m

nm=1

L
n(n—m
+ Z 4hy cos? <¥> (NLnNTJn +NT7nN\LJH)

n,m=1

- i 2 (Sz (hs+h7)cos (2”7"1) +isin (MTm) ((h3 —hi10) 51+ (hs —h7>52>>

nm=1

(NNt +Np Ny ) - 0
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We are left with finding HOGP) | After applying the canonical transformation (9.76), we were

able to get a closed expression for L = 4,5 and we generalized it for arbitrary L,

L

j - . (2m
mGr) — Z [ Z No nsin (Tn) } [II/Z (Agfll,iuq,iﬂ +A§£)2,i+L71,i+1,i>
{aﬁ{};{}ML n=1 P

L L
+ (51 ) NpiNp i1 +52 ZNB,z‘Nﬁ,iH) ] :
i=1 i=1

(9.79)
where A((fb),c,d = xgﬂ x};b XB.c Xp.a» Y- S1 and S, are constants dependent on L. We can see
that HG”) is not diagonal. The coefficient of ,%”1(23”) in (9.71) is —((hs + h7)s2 + (h1o —
h3)sy). Since HGP) is not diagonal, if this coefficient is zero, our Hamiltonian will be
explicitly of free fermion type. We evaluated it for the various models of [2], in particular
for model 7 (AdSs5 x S°) and model 8 (which can be obtained from model 7 by taking a
double limit). We found that for model 7, ((hs + h7)s2 + (h1o — h3)s1) is not 0. For model 8,
it can be easily shown that ((hs + h7)sy + (hio — h3)s1) = k, where k is a constant. With a
constant diagonal local basis transformation on the Hamiltonian, we can send hjg — {hjg
and h3 — %3, with § constant, so the coefficient of the term HOGP) can be put to zero. In this
case the Hamiltonian is diagonal and we obtained that a double limit of the Hamiltonian'!
AdSs x S° is manifestly free fermion type.

Furthermore, we can notice that also the Hamiltonians of model 8 and 12 of the difference
form classification [36] verify the conditions!'? (9.53) and (9.54) and with a diagonal local
basis transformation the coefficient of H(”") can be set to zero. In these two cases the
Hamiltonians are also of free fermion type. For model 12 this is not surprising since it
corresponds to the free Hubbard model (i.e. with only the kinetic term) [97]. However,
model 8 is a new model of difference form type in which electrons can only propagate when
they are in pair. We believe that the free fermion nature of this model may help to analyze

the spectrum and we reserve this analysis for future studies.

9.4 Summary

In this chapter, we have established that the models 6-V A and 8-V A, discussed in chapter
8, satisfy the Baxter relation. On the other hand, models 6-V B and 8-V B exhibit a free

fermion condition. The difference between those two classes of model is that class A are of

'We refer to the footnote 5 of section 7.3.2 for the meaning of the Hamiltonian of AdSs x S°.
12We mention that (9.53) and (9.54) together with ((hs -+ h7)s2 + (h1o — h3)s1) = 0 are the only conditions
used to make the Hamiltonian (9.71) free fermion type.
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difference form and their Hamiltonian has the term Z ® Z, while models of class B are of
non difference form. We have demonstrated that the free fermion condition enables us to
express the transfer matrix associated with the 6-V B model in a diagonal form, simplifying
the computation of eigenvalues and eigenvectors. This was previously hidden in the standard
formalism. We have explicitly shown this for the case of AdS; massless sector of the
pure Ramond-Ramond flux. Furthermore, we have identified the equivalent free fermion
conditions for certain models with su(2) @ su(2) symmetry discussed in chapter 7. We
obtained that the Hamiltonian of model 8 (corresponding to a limit of the ones obtained by
requiring centrally extended s1(2|2) symmetry, [98, 99]) exhibits a free fermion nature and
can be made explicitly diagonal. Additionally, we have discovered that a new integrable
model of difference form type presented in [36] (model 8), also possesses this property. We
believe that these findings may provide an intuitive approach to performing the nesting Bethe

ansatz, although we reserve these considerations for future studies.






Conclusions and open questions

In this thesis, we used the boost operator to establish a systematic methodology for classifying
quantum integrable spin chains characterized by a regular R-matrix of non-difference form.
As mentioned, traditional approaches to classifying integrable models focus on the search
of the R-matrix, which is a solution to the Yang-Baxter equation, and utilize it to construct
the transfer matrix. The transfer matrix generates all the conserved charges of the integrable
model. However, our approach differs in that we start with an ansatz for the Hamiltonian Q;
and impose constraints to ensure its compatibility with an integrable model. The crucial step,
as explained in chapter 2, consists in using the boost operator to construct (93, which depends
on Q,. The integrability constraints impose that [Q;, Q3] = 0. We impose the results of this
constraint on Q; and subsequently use it to derive the corresponding R-matrix. In this way,
the integrability of the models found is guaranteed.

The primary strength of this method lies in its versatility and wide-ranging applicability
across various contexts. The selection of the ansatz depends on several factors, such as the

focus on Hamiltonians with specific symmetries or particular properties.

In chapter 3, we present one of the main result of this thesis: the application of the boost
automorphism method to classify integrable open quantum systems. These correspond to
physical systems in contact with Markovian environments. The dynamic of the system is
described via the Lindblad Master equation. This evolution may be realized by the action
of a Lindblad superoperator on the states of the system. Specifically, our focus is on the
finding of integrable Lindblad superoperator. Consequently, our ansatz begins by selecting
the Hamiltonian (%) of the system and the jump operator (¢) that characterizes the effects
that the environment has on the system. We establish the first systematic classification of
integrable Lindblad superoperator.

Through the application of our method, we have discovered interesting new integrable
models. Specifically, in chapter 4, by imposing the 6-V type conditions on both 4 and
¢, we have identified two integrable models that do not require fine-tuning of the system-

environment interaction. We call them model B3 and B2. For model B3, we have examined
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the physical properties. For a choice of the parameters, the Non Equilibrium Steady States
(NESS) are pure spin helix states. Furthermore, our analysis reveals that this is an integrable
example of the pumping effect: there is a finite particle current flowing through the system
even when the coupling constant with the environment is really small. Additionally, we have
established the equivalence of model B3 to the generalized Toda system associated with the
non-exceptional affine Lie algebra Agz). Moreover, we provide a 4-D interpretation of this
model as two coupled spin-1/2 XXZ chains. To solve this model, we employ the nested

algebraic Bethe ansatz.

By recalling some known results, in chapter 5, we demonstrate that the Hubbard model
can be expressed in a superoperator form by complexifying the spectral parameter. Specifi-
cally, it can be represented as an XX spin chain with dephasing noise. In this thesis, we have
expanded upon this existing understanding by identifying all the potential scenarios where
the mapping between Hermitian models and Lindblad superoperators is applicable.

In our classification, we encounter the Hubbard model itself, along with an integrable defor-
mation (model B2) of it that was previously discovered.

Starting from a more general ansatz, in particular imposing the 8-V conditions for both
h and ¢, we have derived a novel elliptic model that can be attributed to a new integrable
deformation of the Hubbard model. To the best of our knowledge, this deformation is new
because the entries of the R-matrix depend on the square root of the Jacobi function. We
believe that this functional dependence has not been encountered previously. Additionally,
we are not aware of any integrable deformation of the Hubbard model that span three site of

the spin chain.

In chapter 6, we analyzed this deformation from the point of view of open quantum
systems. We calculated the NESS of the model and we discovered that there exists L + 1
NESS. This implies that the system retains memory of its initial state. Different initial
density matrices evolve into distinct NESS in the long-time limit. Investigating the origin
of this multiplicity, we discover the presence of hidden strong symmetries in the form of
quasi-local charges. We compute the NESS exactly as a Matrix Product Operator with fixed
bond dimensions. Furthermore, we established that the system’s dynamics give rise to the

emergence of the Gibbs ensemble through the influence of these hidden quasi-local charges.

An intriguing avenue for further investigation involves applying integrability techniques
to analyze the range 3 model. However, the fact that the number of particles is not conserved
makes the application of the standard nested Bethe ansatz technique ineffective. We expect
that some combination of the nested Bethe Ansatz with methods used to solve the XYZ spin

chain needs to be used. A perhaps more promising approach consists in finding the nested
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Bethe ansatz solution associated to a model connected to it by a global transformation and
characterized by & to be the XX spin chain and / given in (6.37). For this model, the u(1)
symmetry is preserved and therefore the standard nested Bethe ansatz can be applied.
Another important aspect is that, while the integrability property of the superoperator . did
not directly influence the analytical computation of the NESS, the superintegrability property
of the Hamiltonian / describing the system played a crucial role. Understanding the potential
role of other conserved charges in the dynamical evolution of the model would be significant.
Since we were able to precisely compute the magnetization for a finite volume chain, we
believe that integrability played a role in this computation, even if not explicitly manifested.
Furthermore, in table 5.1 we have summarized the diverse connections between the obtained
models, in particular between the range 3 model and three NN-type models. This observation
suggests the possible existence of a broader family of integrable models that encompass these
distinctive points. Investigating this proposition further and employing the boost operator to
identify the models that encompass all these limits holds particular interest.

Another significant aspect to consider is that, in some of the models, the diagonal subsector
of the superoperator is preserved and it is the generator of a classical Markovian process.
Interestingly, we have demonstrated that multiple models can possess the same diagonal
subsector, such as those generated by the ASEP model. It would be interesting to explore
whether models sharing the same diagonal subsector exhibit common characteristics, for
example in the spectrum of their eigenvalues.

As for the application of the boost operator in the context of open quantum systems, an
ongoing work focuses on classifying models characterized by an 8-vertex type Hamiltonian,
denoted as i and /. We hope that this search gives rise to other new interesting integrable
models.

An interesting observation emerges from our findings: in all the integrable models we have
discovered, the Hamiltonian of the system is always of XY-type. However, a formal proof of

this statement is currently unavailable.

Moreover, in chapter 7, we applied our method to classify models with a local Hilbert
space of dimension 4, focusing specifically on models with su(2) @ su(2) symmetry. Within
this class, we recovered the matrix part of the S-matrix of AdSsx S, derived by imposing
centrally extended su(2|2) symmetry using the elliptic parametrization. This model includes
the Hubbard model as a special case. To the best of our knowledge, five of the new models
that we obtained are new. The properties of these models are worth exploring in future
research.

One possible direction to explore is to generalize the ansatz for the density Hamiltonian by
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relaxing the requirement of having su(2) @ su(2) symmetry. This approach may lead to new
deformations of the Hubbard model.

In addition, in chapter 8 we investigated the cases where the local Hilbert space is CZ and
the Hamiltonian is of 8-vertex type. In fact, we demonstrated that all Hermitian integrable
Hamiltonians can be classified within this class. We discovered four models, two of which
are of difference form and are equivalent to the XYZ and XXZ spin chains. The other two
models are of non-difference form, namely 6-vertex B and 8-vertex B. While 6-vertex B is
already known and corresponds to the solution A of [37], 8-vertex B is a newly discovered
model. Interestingly, we showed that those two models are integrable deformation of the
blocks with the same chirality of the matrix part of the S-matrix of AdS, and AdS3 integrable
models.

Furthermore, in chapter 9, we established that the two non-difference form 8-vertex
models satisfy the free-fermion condition. This condition allowed us to express the transfer
matrix associated with the 6-vertex B model in a diagonal form, simplifying the calculation
of its eigenvalues and eigenvectors. We explicitly demonstrated this for the case of the pure
Ramon-Ramon AdS3; massless sector.

Moreover, we derived an equivalent free-fermion condition for certain models with su(2) &
su(2) symmetry. For some of these models, similar to the 6-vertex B, we found that their
transfer matrix can also be explicitly diagonalized. An intriguing question arises regarding
whether these free-fermion conditions for higher-dimensional Hilbert spaces can provide an

intuitive approach to performing the nested Bethe ansatz.

Another interesting feature shared by all the ansatz is the fact that constructing integrable
models only required imposing the constraint [(Q,,Q3] = 0. Based on this constraint alone,
we were consistently able to find the corresponding R-matrix that ensures the integrability of
the model. This observation relates to an old conjecture [95] and to the best of our knowledge,

it remains unproven.
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Appendix A

Nested Algebraic Bethe ansatz for model
B3

In this appendix, we apply the Nested Algebraic Bethe ansatz method to model B3 given in
section 4.3.1. As discussed in chapter 1, the aim of the Algebraic Bethe ansatz is to find the
eigenvalues of the transfer matrix [44]. From this, in a systematic way, one can construct the
eigenvalues of the tower of the conserved charges characterizing the integrable model.
Similar to section 1.3, here we define the monodromy, the transfer matrix and the reference
state specifically for model B3. By using the RTT relation, we give the commutation relations
between the entries of the monodromy matrix and their interpretation. Then, we explicitly
compute the eigenvalues of the transfer matrix and the Bethe equations, used to determine
the momenta of the particles involved in the theory. We do it explicitly for a state of one and
two magnons and explain how to generalize the result to an arbitrary number of particles.
Since the Hilbert space dimension is bigger than the ones used in chapter 1, we emphasize
the main difference between the Nested Algebraic Bethe ansatz and the standard one.

A.1 Diagonalization of the transfer matrix

Monodromy and transfer matrix. Definitions

To define the monodromy matrix T, (u) for a spin chain of length L, we need to introduce an
auxiliary Hilbert space V,

To(u) = [ [Rai(ui —u—0), Ty(u) V@V ®---QV, (A.1)

L—times
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u; 1s the set of inhomogeneities of the chain and b is a constant. The constant is added in a
way that makes the resulting expression simpler!. The transfer matrix is defined as the partial

trace (Tr,) over the auxiliary space of the monodromy matrix,
t(u) =Tr,Ty(u), t(u) eVR---QV. (A.2)
L—times

This matrix generates all the conserved charges characterizing the integrable models, in
particular the charge Q, = . which will be identified as the first logarithmic derivative of
the transfer matrix, see (1.26).

Monodromy and transfer matrix. Constructions

The monodromy matrix (A.1) in the auxiliary space takes the form of a 4 x 4 matrix

Ioo By By Bj

Ci Thw T, Ti3
Ty(u) = : (A.3)
G T Tn T

G Tz T3 T3

where the entries of this matrix are operators acting on the physical space V&®---® V. For
—_——

L—times
simplicity, we omitted the (u) dependence from all the entries. We notice that since the

auxiliary Hilbert space is now bigger than the ones we considered in section (1.3), the
corresponding monodromy matrix is also bigger. In fact, in (1.42), we wrote the monodromy
matrix as a 2 X 2 matrix.

The transfer matrix (A.2) is then

t(u) = Y Tii(u)- (A4)

The monodromy matrix and the R-matrix satisfy the fundamental commutation relations,
also known as the RTT-relations,

Raypy(v—u)T,(u)Ty(v) = Tp(v) Ty ()R (v — u4). (A.5)

'We mention that this constant was also added in the section 1.3, where we fixed b = i /2
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The space where this matrix actsis V, ® V, @ V®---®V, with V,, and V), auxiliary spaces.
~—_———

Ltimes
By plugging the expression of the R-matrix and the monodromy matrices given respectively

in section 4.3.1 and (A.3), it follows that
[Bi(u),Bi(v)] =0, i=1,2,3, (A.6)

which gives the immediate interpretation: B and B> (and also B3) are the creation operators

for our theory.

A.1.1 The reference states and the action of the transfer matrix

Since model B3 commutes with the spin operator S;, a good choice for the reference state is

10)

&

i=1

(A.7)

o o O

The action of the elements of the transfer matrix on the reference state |0), by fixing the

constant b = Y is

T()()(u>|0> = |0>7 (A.8)

L sinh(u—u;+ )
T 0) = . 0 A9
Il(u)| > giew+l¢ COSh(l/l—Lll‘)| >’ ( )

L isinh (u—u; + y)
T 0) = . 0 A.10
2(u)|0) l.IJle‘V—”f’ cosh(u—ui)’ ) (A.10)

L sinh (u —u; + )
T3 (u)|0) = [Te ¥ ‘ tanh (u — u;) |0 A1l
33(u)|0) ge cosh (4 —ui— y) anh (u —u;) |0), (A.11)
and the following annihilation identities hold

C1|0> =C2|0> =C3|0> 20, Tab|0> =0 (a #bz 1,2). (A.12)

{u;}, already introduced in (A.1), are the set of inhomogeneities? of the spin chain. From

now on, we refer to it as main spin chain, for a reason that will be clear in the following.

2We remark that for simplicity in the section 1.3, we fixed all the inhomogeneities of the chain to be zero.
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The action of the transfer matrix on the vacuum is

L anh (u — u; eV sin
t(u)]O):H ez"’sinh(u—uﬁ—l//)( tanh ) 27 ¢))+1]|0>.

P cosh(u—u;—y)  cosh (u—u
(A.13)

Due to the commutation relations (A.6), an excited state can be constructed by acting with
the operators By, B, and B3 on the vacuum. As an example, a state of two particles with
rapidities3 v1 and v; 1S

B1(v1)B2(v2)|0). (A.14)

In what follows, we explicitly construct states of one and two magnons in order to be
eigenstates of the transfer matrix.

To understand if a state is an eigenstate of the transfer matrix, we need to find the commutation
relations between Tj;(u) and the Bs operators and then act with them on the vacuum via
(A.8)-(A.11). The commutation relations can be found from the RTT (A.5) and we explicitly
give them in what follows. Furthermore, the condition that a state is an eigenstate (Bethe

vector) fix a constraint on the rapidities v; of the particles, the Bethe equations.

A.1.2 Commutation relations: here comes the nesting

Before giving the commutation relations between 7;;(u) and the Bs, we focus on the meaning
of the operator B3.

Commutation relation between Bs

We now write the RTT-relations (A.5) in components, it follows that
)
Ba(u)Bﬁ (V) = 35 (v)By(u)rZCB (v — Lt) — eaﬁn (Lt — v) (B3 (V)T()o(u) — B3 (M)T()()(V)) R (A.15)
where o, = 1,2 and

n(u) = ieszOSh l[/CSCh(u — l//), €= (811,812,821,822) = (0,€7i¢, —eiq),()). (A.16)

3We clarify the notation used in this appendix with the one used in section 1.3. Here, {u;} are the
inhomogeneities of the main spin chain, u is the spectral parameter of the R-matrix and {v;} are the rapidities
of the particles. In the section 1.3, we set all the inhomogeneities to 0, A is the spectral parameter and {4;} are
the rapidities of the particles.
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The elements rlﬁ; (u) can be written in matrix form,

r(u) = rg%( u)ey ®e§, r(u) = , (A.17)

sinh(2y) _ sinh(2u)
sinh(2(u+vy)) and b(u) — sinh(2(uty)) "

It is easy to show that r(u) satisfies the YBE (1.1) for a spin-1/2 chain. We can consider it as

where a(u) =

an R-matrix of twisted 6-vertex type.

This is the first insight of why the Bethe ansatz is called nested: in the commutation relations
involving different type of particles, the r-matrix of a lower dimensional spin chain appears.
The same r also appears from the RTT relations involving 7" and B operators.

The commutation relation (A.6) between the B operators can also be written in components
as (A.15) with a = . In this way, we can give an interpretation for By, B, and Bs. The
commutation relations between two fields of type B and B; generate the operator B3. One
can consider the operators B; and B; as creation of a particle of spin up and down respectively,
while Bj3 is responsible for the creation of a pair.

The r-matrix (A.17) is a twisted version of the ones that appear in the nesting of the Hubbard
model and in AdSs x S°, [123—125].

Commutation relations between 7;; and Bs
As mentioned, we need to solve the eigenvalue problem

3

w)|M{v}) = Z w)|M{v}) = Ay (u)|M{v}), (A.18)

where [M{v}) is a generic state of M excitations with rapidities {v}. In what follows, for
simplicity, we sometimes refer to it as |M). First, we need to find the commutation relations
between T;;s and Bs.

From the RTT relation, by a brute force calculation, one gets 256 relations, but not all of
them are already in a usable form. In particular, we want the right hand side to be normal
ordered and have annihilation and diagonal operators on the right most side. In this way, we

can apply the same logic as in section 1.3 and remove the unwanted terms. In other words,
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we want that the commutation relations are of the form
Tii(u)By(v) = a1Bq(v)T;i(u) + apBo (u) Tii(v) + . . ., (A.19)

the dots (”...”) contains terms that either annihilate the reference state (for example in the
right there is ;) or acts diagonally on it.

We can realize this structure by considering linear combinations of some of the 256 relations
that we obtained.

Instead of trying the most general linear combination, we first impose that the structure of
our commutator relations is the same as the ones in [123—-125]. This drastically simplifies
the problem and we find

Too(u)Bg(v) = 6gBg(v)Too(u) —}—paBa(u)Too( ) (A.20)
Too (0)Bg(v) = 0taBy(v)Tae(u)relg (v —ut) — WaBeo (1) Top (v)

(VT3 (u)Too(v) + BaB3(u)Co (v) + YaB3(v)C (”))805’[3 (A.21)

T53(u)Ba(v) = Ci.aBa(v)T33(u) + G2B3(v) Taa(u) + E3B3 (1) T30 (v) + Néyn Tys (1) Ty (v),

(A22)

for simplicity we omitted the spectral dependence of the coefficients 8y, pqa, Oa, Vars - - -
which is (z —v) for all of them.

Remarkably, in (A.21) we again notice the r-matrix of twisted 6-vertex type given in (A.17).
This is another strong insight of why the Bethe ansatz is called nested and the role played by
this matrix will be clear in the next paragraph. In fact, in order to solve the Bethe ansatz for
model B3, we first need to solve the Bethe ansatz for the integrable model characterized by

the r-matrix of twisted 6-vertex type.

The coefficients in the commutation relations* are
ie¥ 19 cosh(u+ ) icosh ye¥+i¢ Y :
0, = — =27 9 =—-e"0 S— L

1 sinhu » o P1 snhy U e, p1 e " p2,
(A.23)

o = ie¥ ¢ coshy (cothu —tanhy),  y; = ie¥ " cosh yeschu,

v = ie*¥ cosh wesch(u — y), Bi = —e*¥ cosh? yeschucsch(u — y),

1 = ¥ cosh yeschu coth(u — y) (A.24)

“We mention that the commutation relations found here are independent on the choice of the constant b in
(A.1). This choice will be manifest when we act with the transfer matrix on the reference state.
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o = -y, yi = —e* 0y, B = —e*B,, 7 =—ep (A.25)

_ie¥"? cosh(u—2y) eV cosh ycosh(u — 2y)

i1 = sinh(u—wy) b= sinhusinh(u—y)
ut2y  Coshy cosh(u —2y) 200
G=—e sinh(u — ) sinha ) Gii=—e"1p, (A.26)

where the dependence on the spectral parameter is @ = @(u). We notice that ) and € in
(A.22) are the same as the ones in (A.16).

A.1.3 One particle state

This section and the next one will help to understand the general derivation for arbitrary
number of particles.
One magnon can be created either by B or B;, so the one particle state is a linear combination
of these two with weight F¢

1{v}) = F9B,(v)]0), (A27)

where we sum over the repeated index (¢ = 1,2), and {v} = v; = v is the rapidity of the
magnon.

By using (A.20)-(A.22) and (A.8)-(A.11), the action of the transfer matrix on one-particle
state 1s

Too(u)|1{v}) = 6,(u—Vv)FB,(v)Too(u)|0) + - - = O,(u — v)F'B,(v)[0) +..., (A.28)

and similarly for T33(u)

L .
oy SINN (1 — u; +
Eltv)) = Gau— [ Te 2y Yt 1) F B, (1) 0) .
(A.29)
The terms 771 and 7>, require particular analysis. First, it is convenient to write the relations

(A.9) and (A.10) in the form

L

Tore (14)[0) = Soce [ T (=€*) % f (u, {ui})[0), (A.30)

i=1
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h(u—ui+
where f(u,{u;}) = l;ﬁ:«pléosi(uw,)l 3

The action of 771 + T2 is

Too(u)|1) =F“Toe(u)Ba(v)|0) = F 0t (u— V)By(v)r(%(v —u) Tz (u)]0) +

F“az(u—v)( 21¢ 2 LB Hf {ul 62i¢>a(L )raa(v_u)’(»

(A.31)

where in the last line we used o = (—e?'?)?> ¥, from (A.25).
By neglecting the ... terms for the moment, we see that |1) is an eigenstate of the transfer

matrix if
2

F* Y (=) EDrgh (v —u) ~ F7 (A.32)
and expanding the sum we get
io\L—1/.1 io\L—1 .2
F“(—e2’¢)L 1(r13:+ (—e2’¢)L 1r22;) ~F7, (A.33)

so F“ needs to be an eigenvector of the combination of r given in (A.33). This will be
more clear in the case of M particles, but the contractions of the indices in the r define the
transfer matrix of the 6-vertex model for a spin chain of length 1. To summarize, if F is an
eigenstate of this transfer matrix, Ty acts diagonally on |1). The initial problem of finding
the eigenvalues of the transfer matrix built from the R-matrix of our model, reduces to the
auxiliary problem to diagonalize the transfer matrix of 6-vertex type and here comes the
nesting. The Bethe ansatz for this spin chain is known (for example see Appendix B of
[125]), however we repeat the analysis with our notation and twist in section A.3.

During all the discussion, we ignored the terms ... in (A.31). We now understood that those
terms can be removed by imposing some relations for the rapidity v. This condition is called
Bethe equation. For the case of one and two particles, this calculation is still doable’, but
becomes very tedious for the states of more magnons. We followed here the standard shortcut
of the residue that gives the same Bethe equations as the explicit calculation. The eigenvalue
of the transfer matrix obtained by summing (A.28), (A.29) and (A.30) is

t(u)Ba|0> = Al,a(”)Ba|0>a (A.34)

>In section 1.3, to take confidence with the methods, we explicitly did for the state of one and two magnons
and compare with the results obtained by using the shortcut of imposing that the residue at the pole of the
eigenvalue is zero.
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where N = 1 if the particle is created by B, and N = 0 otherwise,

Arq(u) icosh(u—v+y) icosh(u—v—2l]/)Iéltanh(u—u,-)sinh(u—ui—i—l[/)

ce¥+io9 —  sinh(v—u) sinh(u—v—y) i eV cosh (u—u; — y)
(A.35)
) o \N—L+1 cosh (u—v—w) L sinh(—u-+u+lﬁ)
200 J A.36
: < ¢ > sinh (1 —v) Aoy (1) jITl ieV+i9 cosh (u—u;)’ (A.36)

where c =1fora=1(N=0)andoc=—-1fora=2 (N =1).
The expression of Agy (u) is given by (A.112) in section A.3, for completeness we will also
write here the one for one particle

Agv (1) _ i\ L (sinh(2(u—w—y)) N sinh (2 (v —u))
(_ezmyw_<_e2¢> ( sinh (2 (w—u)) ) sinh(2(u_v_w))+ (A.37)

sinh (2(w—u—wy))\"
( sinh (2 (u—w)) > ' (A-38)

As we mentioned, we use the shortcut to remove the unwanted terms. The eigenvalue
should be regular, the residue at the pole should vanish. In this case, the eigenvalue (A.35) of
the transfer matrix has two poles, for u — v and u — v+ y. In what follows we require the
cancellation of the residue at u — v, but it can be proved that analysing the residue around
the second pole give a set of equation that can be mapped to the ones we are giving.

This leads to the following results. The rapidities should satisfy the following condition

sinh (2w —v—y))\¥ by _sinh (v—u;+y)
( Sinh(Z(V—w)) ) Hiei¢+'4’cosh(v—uj)_1 (A39)

j=1
and
(—eZi‘P)L sinh (2 (v—w))

sinh (2 (w—v—w)) =1 (A-40)

Let us clarify the meaning of all the parameters appearing in the expressions. The u; are the
set of inhomogeneities of the main chain. v is the rapidity of the one magnon state we are
considering and satisfies the Bethe equation (A.39). v is also the inhomogeneity in the nested
chain. If the magnon is created by B>, N = 1, there is also the parameter w. This latter is
the rapidity of the particle in the nested chain and can be calculated via the auxiliary Bethe
equation (A.40).

The block structures of the eigenvalue and the Bethe equations suggest a way to generalize
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this result to M magnons. Furthermore, one can get the explicit expression of the eigenstate
recursively by following the derivation given in [124].

To understand how this result can be generalized for the M magnons state and where the
difficulties emerge, we first explicitly derive the expression for 2 magnons.

A.1.4 Two particle state

The explicitly computation for the state of two magnons is particularly relevant to understand
the generalization for the M magnons case. In fact, the general steps here are slightly different

than the one for the one-particle state. The state of two-magnons is composed by two parts
2{v}) = Ba, (v1)Ba, (v2) F*'*[0) 4+ B3(v1)g(v1,v2)€a,a, F "' * To0(v2)0)), (A.41)

the first one takes into account that the two particles are created by the operators B; and
B;. In a state of two particles there may also be a pair, created by Bsz. The fermionic
nature of the particle is manifest in the € which accounts the Pauli exclusion principle. The
operator Tpo(v7) in the second part is put for dimensionality, in fact the monodromy matrix
is normalized such that the action of it on the vacuum is 1, as we see in (A.8).

We now derive the expression of g(u) and we interpret F“1%2 as the eigenvector on the transfer

matrix in the nested chain.

Action of Ty

In order to evaluate the action of Ty on |2{v}) we need an additional commutation relation.

In particular

T()()(M)B3 (V) =q1B3 (v) T()()(l/t) +g>B3 (M)T()()(v) + q3B; (u)Bz (v) + q4Bz(u)Bl (V), (A.42)

where we omitted the dependence @ = @(u — v) on the coefficients.

q1(u) = %ezl”cschu (cosh(2u+3y) +cosh(y))csch(u+ y), (A.43)
g2 (u) = —e"* ¥ cosh ywesch(u+ y) (csch ucosh(u+2y) — 1), (A.44)

q3(u) = ie' cosh wesch(u+ ), qa(u) = —ie " cosh yesch(u+ ). (A.45)
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By using this relation and (A.20), we imposed that

Too(u)[2{v}) = Ao (u)|2{v}), (A.46)
and uniquely fix the form of g(vy,v;). We got

_ 00 (4 —v1)Pa, (. —v2)n (u—v1)
e ) R

(A47)

where 1 (u) was defined in (A.16). g(vi,v2) does not depend on u, in fact plugging all the
expressions we got

g(vi,v2) = ie*¥ coshyesch (vi — vy — W) = (v —vy). (A.48)
This fix the expression of the ansatz for the 2 magnons state. The eigenvalue is
Ao(u) = 014, (u—v1)01 4, (u—v2). (A.49)

This eigenvalue factorizes as a product of one particle eigenvalue. This gives a strong hint on

how to generalize the calculation to the case of M magnons.

Action of Tx3

Similarly, to confirm our result, we can act with 733 on |2{v}). In this case, the commutation
relations that we need are

T33(u)B3(v) = mB3(v) T33(u) + MaB3(u) T33(v) + 3713 (u) a3 (v) + NaToz (u) T13(v),

(A.50)
where we omitted the dependence @ = @(u —v) and
1
M (u) = Eezwcsch ucsch(u — y)(cosh(2u — 3y) + cosh y), (A.51)
N2 (u) = "2¥ cosh yesch(u — w) (1 — csch ucosh(u —2y)), (A.52)

n3(u) = icosh ye?¥ =P csch(u— y), Na(u) = —**n3(u) (A.53)



216 Nested Algebraic Bethe ansatz for model B3

and

T3a(u)Bp(v) = T1apBa(v) T3p () +Toap By (v) T3a (1) + T3€40(B3(v)C3 (1) — Too (v) T33 (u)),

(A.54)
2T 14 () cosh(2u —3y) +coshy, if a=b=1,2
e*Veschuesch(u—y) | cosh v +cosh(3y), if a# b=1,2
0, if a=b=1,2
Togp(u) = { Y29 ifa=1,b=2
V29 if a=2, b=1
['3(u) = ie?¥ coshyesch(u— y). (A.55)

By using (A.50) and (A.54) and the fact that C3(u)|0) = T3¢(«)|0) = 0, imposing that
T33(u)[2) = A3(u)[2), (A.56)

uniquely fix the form of g(vy,v;). We got

—G(u—vi)T3(u—n)
u—vi)8ia(u—v2) —ni(u—vy)’

gvi,m) = Lo (A.57)

where 71 (u) was defined in (A.16). Also in this case, g(vq,v2) is independent on u and
coincides with (A.48).
The eigenvalue of T33(u) is

oy sinh (u—u; +y)
cosh (u—u; — y)

L
A3(u) = 1 g (u—vl)Cl,az(u—vz)He tanh (u —u;). (A.58)

i=1
We can notice that also in this case the eigenvalue factorizes as a product of one particle
eigenvalue.
Action of 771 + 15>

This calculation is really important because it makes clear the appearance of the twisted

transfer matrix.
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The additional commutation relations that we need are
Co(u)Bg(v) = KaﬁeszB (V)Ca (1) + 210 To0(v) Tep () + 220 Too (1) Top (v), (A.59)
where the dependence of the zs on the spectral parameter is z = z(u — v) and
K =™ =155, Kip=—1=—ky, (A.60)
iz11(u) _ i i0 iz21(u) csch u
N - = A.61
el? z1a(u)e” = izn(u)e el? tanhy — 1 (A.61)
and
Toa(u)B3(v) =sB3(v)T11 (1) 4 52 (B3 (u) Tha(v) — B3(v) Tha(u)) + (A.62)
53,.aBa()Ta3(v) + 54,4 Ta3 () Ba(v) + 55B3(v) Taa (1), (A.63)
where s; = s;(u —v) and
—(tanh(y) —1)72, s2(u) = csch® u, s5 = tanh? y (A.64)
s3a(u)  san(u)  s3o(u)  sao(u)
=L == —(tanhy—1 h u. A.
) = ) i (tanhy — 1) csch u (A.65)
As in the previous cases, we can identify the nested problem
2
Z Too(1)|2{V}) = A2 (w)[2{v}). (A.66)

After a very long calculation, one can separate the terms with two Bs operators and the part

with B3. From the second part, one can derive the expressions of g(vy,v;) already derived in

the previous two cases.

From the first part, we get

Y

Ot (10— V1) Ol (1t = v2) i, (V1 — )Pl (va — 1) By (v1) Bie(v2) Taey () F120)

~ A2 () FYBy(v1)Bi(v2)[0),

(A.67)
(A.68)
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which can be simplified by considering that o = (—e*¥)>*a; and
Ton (u)|0) = San H )% f(u)0), (A.69)

_ sinh(u—u;+vy)
and f(u) = 7% cosniu—ar)

0 (u—v1) (1t —v2) (—€* )20 gl (v — u)r% (v —u)By(v1)Bi(v2) (A.70)
L
H ) f () F12|0) ~ Ay (u) FY*By(v1) By (v2)[0), (A.71)

similarly to the case for one particle, we found that the vector F*’ should be an eigenvector
of

(_eznp)z( )raﬁl (v — u)rg‘fz (va —u) (A.72)

which is the twisted transfer matrix of a chain of length 2. If this happens, the action of
Y2 _, Toq on [2{v}) is diagonal. From this result, it is now straightforward to generalize it
for the case of M magnons, as done in expression® (A.98).

We found that the eigenvalue of Ty (u) + Tr(u) is

B L sinh(u—u;
MZ(M):<_62[¢>4 Lo‘z(u—w)az(u—vz)%v(u)n sinh (1 ~u; + )

1 ieVtio cosh (u — uj) '

(A.73)

Eigenvalue of the transfer matrix

By summing the results (A.49), (A.58), (A.73), we got the eigenvalue of the transfer matrix
for the two magnon state and it is

Ao (u) =64, (u—v1)04, (u—v2)+

Cl ,a1 ( Cl az

ﬁ sinh (4 — u; + y) tanh(u—u,)+

cosh(u—u;j—y) eV

=

- L inh (u—u;
<—62i¢> aZ(u_vl)az(u_VZ))%VW)H S h( J"’II/)

i ie¥Ti9 cosh (u — uj) )

(A.74)

The structure of this eigenvalue appears in the form of factorized products of single-

excitations terms. In section A.1.5, we will start from it to find the general expression

®For the expression in matrix form, see (A.99).
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for the eigenvalue of the M particle state and, by using the shortcut of the residue, we will

find the Bethe equations.

A.1.5 M-particles state

As already stressed, the eigenvalue of the transfer matrix for the M particle states can be
derived by generalizing the expressions for one and 2 magnons respectively in sections A.1.3
and A.1.4. The expression of the eigenstate for the M particle will involve a combinatorial
expression due to the fact that By and B, generate particles, but B3 generates a pair.
However, we now show that to find the expression of the eigenvalues and the Bethe equations
we do not need to know the M particle state explicitly.

Let us consider more closely the eigenvalue (A.74) for the case of two particles. The meaning

of this eigenvalue is clear:

o the terms with 8, { are the coefficients in the commutation relations T and 733 with

each B,
e the terms a and Ag, are in the commutator 771 + 7>, with the B,

* the terms with the product H - ; comes from the action of T; on the vacuum.

The eigenvalues appears as factorized products of single-excitations terms, so this strongly
suggest that, even if the exact eigenstate of two particle state is (A.41), the eigenvalues can
be obtained very naively just considering

12{v}) ~ F®B,(v{)B,(v2)|0). (A.75)

With this in mind, we generalize the result to arbitrary number M of magnons. To do this, we

act with the transfer matrix on the state
|M{v}) ~ F"l"2"'“"4Bal (vi).. By, (var)|0), (A.76)

where N magnons are generated by B, and we get the following eigenvalue

Am(u) :IA—/IIcosh u—vl—l—l//)
A 1 sinh(v; —u)

M cosh (u—v;—y) & sinh (u—u;+ y)
(— 21¢ L M NI;I sinh ( u—v,) jl:lliei¢+‘l’cosh(u—uj)

_|_

I’-”Ico —2vy) Htanh(u—ui)sinh(u—ui—k V)

A.T7
sin u—v,—l//) t1 eVcosh(u—uj—y) ' (AT7)

i=1
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where A = iM (—€2i¢)M_N (—e"’*m’)M and Agy (u) is the eigenvalue of the auxiliary prob-
lem given in (A.112). For completeness we will also report it here

Asv (1) _111[ sinh (2 (u—w; +y))

(—e2i0)E~M L 1 €29 sinh (2 (u—w;))

(—eZi‘f’)LM I]_VI sinh (2 (u— I"_/II ¢*?sinh (2 (u—v;))

:leZitl)sinh( u—wj ]:lsmh u—vj w)) (A.78)

To find the Bethe equation, we use the same shortcut of the one particle case. We impose
that the eigenvalue of the transfer matrix is regular, so that the spurious pole cancels. We
derived the Bethe equation by requiring that the residue at the pole u = v cancels. Another
set of Bethe equations can be derived from u = v+ y, but those are not independent to the
ones found here, but can be mapped to them.

We found that the rapidities {v} of the main chain should satisfy the constraint

M cosh(vi—vi+y) & sinh(v;j—ui+y) Losinh(2(wi—vj—y))
A.
l_l;ll#j cosh( —vi— V) H ieV+i cosh (v; — u;) H smh (vj —wj)) (A.79)
for j=1,...,M, while the w’s satisfy the auxiliary Bethe equations (A.114),
II_VI sinh (2 (w; —wi+V)) _ <—€2i¢>Lﬁ | sinh (2 (w; —v)) | (A80)
i #]smh ( —Ww; — l//)) =1 smh(Z(vk—wj—l—l//))
for j=1,...,N.

A.2 General result

The Bethe equations that we found before take a bit of a unusual form due to the presence of
both cosh and sinh. However, we can rewrite both the Bethe equations and the eigenvalue by
considering a shift in u;, v; and v,

in 174

¥
yo P+ i — i+ vioviea. (A8

2’ 2’
We remark, as mentioned in section 4.3.1, that the coupling constant of the theory is y =
tanh y while under this shift Y — coth'¥. This means that under this map the strong and
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weak coupling regimes are interchanged. The eigenvalue of the transfer matrix now becomes

Ay (I/t 3‘1’)

smh u—vl—l—T

M
H +

v
smh u—v,+ 2)

Aev (1) M smh(u—v,-—%) IEI sinh(u—uj—f—l,t/) N
(—e2i0) - M=N L sinh (u—vi+ 5 ) =} ie¥ 0 sinh (u—u;)
ﬁCOSh u—v;— %)Hcoth( — ;) sinh (4 —u; +¥) (A.82)
it cosh(u—v;— %) 27 ecosh(u—w—¥) ' '

with A4 = (—€2i¢)M_N (—e‘{’*’.q’)M and for the nested chain

lﬁv( ) sinh (2 (u —w; +¥))
(— 21¢)L -M H e2i¢ smh(2(u—w,~))+

l:

o\ LM L sinh (2 (4 —w; — P))
<_82 ¢> [1- €21 sinh (2 (u—w;))

%% sinh (2u — 2v; +P)
sinh (2u — 2v; — ¥)

e B

(A.83)
Under the same shift, the Bethe equations become
ﬁ sinh (v; — v; —P) ﬁ 1 sinh(u— )II_VIsi (2v; —2w;i + %)
i Héjsmh( —VJ+‘P) jet+io sinh (w; —v; + )l sinh (2v; — 2w; — )
(A.84)
for j =1,...,M and for the nested chain
I]_VI sinh (2 (wj —w;—¥)) _ < M,)Ll]‘fl sinh (2v; —2w; —P) (A8S)
i Héjsmh ( wj+‘P)) ;-7 sin 2vl—2wj—|—‘P)
for j=1,...,N.
Let us introduce the standard Baxter Q-functions
L _ L
0 (x) = [T sinh[x — u; — a¥], ) = [T coshlx — v —a¥], (A.86)
i=1 i=1
~ M
Q[ al Hsmh x—v;—a¥, & (x) = Hcosh[x —v;—a¥, (A.87)

i=1 i=1

b (x Hsmhx wi—a¥), o (x Hcoshx wi—a¥].  (A88)
i=1 i=1
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The eigenvalue is

- ~ . _wp_io\L _
Au() 0,3 g 08 o o 1 (—ie¥-i0)E g, 112 g -1

PTG g Gl T Caie) AN o FIA o B

L Qw ~B] Q[*I/Z] ~‘[’*1/2]

v

Q&)} ~£9] [1/2] 5l1/2]

v

P2ON QH} 1] o
_ w w o l¢
Aoy (1) (_eZiq))L*M o Q&ﬂ ~£9] + ( ¢ >

where for simplicity we used Q,[a] (u) = Q,M.

The Bethe equations for the main chain are

0,1 - Lo =120, -1/ QLV—l/Z}
B ev+io ) o 012 o 112 a2

w

j=1,....,M and for the nested chain

0,1 o L 012G
angl ~ ) g

where Qt[a](wj) = an} and j=1,...,N.

A.3 Bethe Ansatz for the nested chain

(A.90)

(A.91)

(A.92)

In the previous sections, we showed how to diagonalize the transfer matrix via the nested

Algebraic Bethe ansatz approach. In this model, the nesting is manifest from the appearance

of the transfer matrix for the twisted 6-vertex model. While the 6-vertex model also appears
in the Hubbard model [123, 124] and in the AdS5 X S5 S-matrix for bound states [125],
model B3 is different. In fact, the r-matrix (A.17) is a twisted version of the standard one

and the transfer matrix is also twisted as will be explained in the following.

In principle, we can solve the nested problem as an independent one, for a spin chain of

a given length and with arbitrary number of excitations. What we actually have to use is

that the length of the chain is equal to M (total number of magnons) and that the number of

excitations of the nested chain is equal to N, number of excitation of type B,. The rapidities

of the particles of the main chain are the inhomogeneities of the nested chain.
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To summarize
M = #B| +#B) = Lyegted, N =#B, = #B, (A.93)

where B will be defined in the following as the creator operator of the nested chain.
The r-matrix of (A.17) is

1 0 0 0
0 b(u)e % 0

W =riwesed, =] T O o
0 a(u) b(u)e*® 0

- inh(2y) __ sinh(2u)
where a(u) = m, b(u) = SlIlEl(Z(—u—i-l[/)) and (P e R.

¢ is the twisting and if ¢*® = 1, one finds the standard 6-vertex r-matrix’ .

To construct the transfer matrix, we recall the results for one, two and 3 magnons

one magnon: (=X)L Y () (A.95)
two magnons: (—e20)e L= 27 (v —u)re P (v — u) (A.96)
3 magnons: (=X)L 00 () — )22 (vy — ) r B (v — u) (A.97)

which can be easily generalized to the case of M magnons
(=) (L=M) rad (v —u)rg 2 (va—u)...rg ™ o, (Vi — u) (A.98)

and in matrix form

M
T (u) = trgG [ [ raius — u), (A.99)
i=1

(A.100)

L-M
2

0 (—)

T (1) is the twisted transfer matrix and G, is a su(2) element. An example of twisted
transfer matrix can be found in [189]. It is easy to check that the RTT is satisfied also with
this new definition of transfer matrix.

7See for example Appendix B of [125]
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We use the notation (I to identify objects in the nested chain. Since the model preserves
spin, as for the XXX spin chain analyzed in section 1.3, the reference state is defined as a

state with all spin up

M M 1
0V =R =& . (A.101)
i=1 i=1 0
The monodromy matrix is
M A(u) B
V() = Gu[ Jrai(vi—u) = () Blu) : (A.102)
i=1 C(u) D(u)
A(u)0)D) = (—e2i¢)L_Myo>(1>, (A.103)
Cw)|0)) =0, (A.104)
D(w)|o)™ =( 2’¢) He2’¢b i —u) |0y (A.105)

It is easy to check that the reference state (A.101) is an eigenstate of the transfer matrix with

eigenvalue

NL-M NL-M M
(—e“’) [1+(—ez¢) gez¢b(vi—u). (A.106)

From the RTT relations®

[B(u), B(v)] =0, (A.107)
e 20 _oipa(v —u)

A(v)B(u) = v M)B(M) (v) mB(V)A(u), (A.108)
e 0 —2ipa(u—v)

D(v)B(u) = bl —) (u)D(v) mB(V)D(u). (A.109)

The eigenstate of N particles is given by

IN{wH D =B (wy)...B(wy) |0)V. (A.110)

8We can notice that the following commutation relations are very similar to the ones obtained in section
(1.3). However, here we used a different normalization. The mapa — 1, b — be*9 . ¢ — a will allow to find
(A.108) from (1.44)-(1.45).
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By applying the transfer matrix to a state of N particles we found the following eigenvalue:
~2i¢

CAev(w) L e < 2'¢>LM X 2if
I I —e”! I I I I ! b A.111
(— e2l¢ 1 b (u—w;) ¢ ¢ u ( )

= 1

and considering the expression for a(u) and b(u)

Aov (1) sinh (2 (u — wi+ y))
(_eZL)L M H €219 sinh (2 (u—w;))

o\ LM N sinh (2 (u—w; — y)) & €??sinh (2 (u—v;))
<_ez ¢> IJ €29 sinh (2 (u—w;)) jI:[l sinh(2(u—vi—vy)) @.112)

This eigenvalue has a simple pole if # = w;. We can require that the residue at the single pole
vanishes and we get the set of Bethe equations for the rapidities w

g AL 2ig\FM T 2o ,
blw —w) —w; =1,... All
. H b<Wj—Wi) < e ) kI_Ile b(vk W])7 Jj ,...,N ( 3)

or explicitly

N sinh (2 (w; —wi+y)) s\t sinh (2(w;—wy))
=(—e” : 114
i_Il:.[¢jsinh(2(wj—wi—y/)) ( ¢ > kI:Ilsinh(Z(vk—wj—i—l//)) @119






Appendix B

The R-matrix for the site two model
related to Hubbard

The R-matrix corresponding to the model given in (5.33) is

Rii+1 :%(F8+F2—|—r3+r10) (1+Gl-ZGiZ ’L'Tl+1>+é(r8—r2—r3+r10)< o7 +TT l+1>+
%(rg—r2+r3—r10)( O/ T{  + 05T, ,>+%(r8+r2—r3—r10)(627 +07 ,+1>+
r4—6< T — 0 0F T — G,+1T,T,+1>+%5<Gizc T+ O Giz+1_fz'z'+1>+
i(r1+r4)< ol T'T + 00 l+lr,yrly+1>+%(r4—r1)<a O\ T T, + 00 TT, )+
i(r9+r12)< Of 1T Ty = O O T 4 0, 07 Ty — O Tx+1)+
%(”9—”12) <Gl+1TXT+1+G Oy 1T — 0] O}y Tf ‘7ZTysz+1>+
%(’7+r11)<ffff+1+0 Gl 1+0; 0}, T Ty + OF z+1T}le—|—l>+
%(m—rn)( 7o)+ T T + 070l 1T, + 0707 T l+1> (B.1)

where

2ikgy.y
rn=—/— r4 = fu, r7=1
dnu _'_dnva fu Vy 9
. cn, —cn, . dn, —dn, ri2  cn,—cn,
irg=— ikrij=— =

sn, +sn,’ sn, +sn, k  dn,+dn,’
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rs+r6 = —2igu.y, k(rs —re) = (dn, —dny) fu.,
4ik(cn, —cny)
(dny, +dny)(sn, +sny)

r3+rio+rg—r2=2fuy, r3+rig+r—rg=

rio(dn, +ikcnysny) + rg(dn, — ikcen,sny,) _ snbzt(dnv —dn)+ 2d2nu 2k*sn,(cn, — cnu)gw7
Ty fu7v (dnu ‘l’dnv)fu,v

r3(dn, +ikcn,sn,) + rp(dn, — ikcen,sny,)

r4
4dn,, Suv&uy 2k*sn’ 2
M o, (dny—d ) ’ ( 4 _dn,d d),
2 < (sn, + snv)fuz,v +sny (dn, —dny) ) + k uz,v ity i
we defined the shorthand notations for the Jacobi functions:
cn, =cn (u|k2) , sn, = sn (u|k2) , Am, = am (u|k2) , (B.2)
dn, = dn (ulk?), (B.3)
and we defined for simplicity
. (1 1
8u,y = sin E(Am" —Am,) |, fuy =sec E(Am" —Am,) |. (B.4)
These two functions are related by the following expression
Suv8uy =csc [Amu — Amv] —cot [Amu — Amv} =
cny,en, + sngsn, — 1 (B.5)

cn,sn, — cn,sny,

however keeping both the f and g, the expressions for the entries of the R-matrix become

more concise.
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The actual matrix form reads

rg 0O 0 O 0O —-r2 0 0 O 0O —-r2 0 0 O 0
0 r 0 0 0 0O 0 O 0 0O ry1 0 O 0
0 0 re O 0 0 0 rm1 r 0 0 0 0 O 0
0 0 0 rn O O —-ro 0 O —-ro O 0 rn O 0
O rn O O —-rs O 0O 0 O 0 0 0 0 0 m
—r2 0 0 O 0O r O O O 0 r 0O 0 O 0
0 0 0 —ro O 0 3 0 0 ny 0 0 o O 0
R 0 0 rp O 0 0 0 rs O 0 0 0 0 r 0
- 0 0 r» O 0 0 0 0 —-rs O 0 0O 0 rm O
0 0 0 —-ro O 0 rs. 0 0 n3 0 0 o O 0
—-rp 0 0 O 0 r 0O 0 O 0O ro O O O 0
0O rr 0 O 0 0 0O 0 O 0 0O r 0 0 ry
0 0 0 mn O 0 ro 0 0 1 0 0 n O 0
0 0O 0 O 0 0 0O r rm O 0 0 0 —rs O
0 0O 0 0 m 0 0O 0 O 0 0 rn 0 0 -—rg
r 0O 0 O 0O rm O O O 0O rm2 0 O O 0

where we suppressed the dependence on two spectral parameters, i.e. r; = r;(u,v).

This matrix is written in the standard basis e; where {e},ez,e3,ea} = {|0),|1),]}),]])}, see
also (5.4).

The R-matrix given in this appendix satisfies the Yang-Baxter equation. By using version
12.3 of Mathematica the check is straightforward. However, when using version 12.0, special
attention should be given to the choice of the sign of the branch-cut.

To the best of our knowledge, this R-matrix is new and we have not encountered before a
model with this functional dependence. In fact, the entries can only be expressed in terms of

the Jacobi functions sn, cn and dn by introducing square roots.

2

o o o O

rg







Appendix C

Bond-site transformation

In this appendix, we show that the action of the bond site transformation can be obtained by
acting with a unitary transformation on the Pauli matrices. We consider the transformation
on the spin 1/2 chain, keeping in mind that the Hilbert space we are considering is H @ H*.
We apply the transformation separately to o and 7 as in (3.21).

As before, we use the notation: X,Y,Z, to identify the Pauli matrices.

We take the bond-site transformation (5.52)-(5.53) and we shift by half integer the right hand

side:
Xj-)Xij+1, Zij+1_>Zj+l- (C.1H)

We can check explicitly what is the action of this transformation when it acts on a basis

of Pauli Matrices. In particular, we start from a spin chain of L = 2. We obtain:

L=2
The Hilbert space is C2 ® C2. We seach for the expression of a 4x4 matrix U}, such that
U12X1U151 = X1X>, (C.2)

UnZ\Up,' =7, (C.3)
UnZUp,' =712,. (C.4)
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Bond-site transformation

Additionally, we require that U, XoU 1_21 = X». This last choice is motivated by the fact that

we are restricting to the case of L = 2. By explicit computation we find

L=3

Upp =

—
o o O
)

o O O
-}

For L = 3, we can repeat the argument and we have now

and similarly to before,

The matrix U};3 is now

10

. 0 1
with Ujp =

00

00

0
0
0
1

0
1
0

U123X) Ufzé = X1 X2,
Ui3XaUp s = Xo X,
UinnZiUpyy = Zi,
U12322U1}§ =712,
Ui Z3U 3 = Z1 2275,

U123X3U1_2§ = X3.

Uiz = U12Us3,
1 0
0 1
KITand Uy =1®
00
0 0

We did a similar calculation for L = 4 and we obtain

Ui234 = U12Ux3U34,

o o O

(C.5)

(C.6)
(C.7)
(C.8)
(C.9)
(C.10)

(C.11)

(C.12)

(C.13)
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1 000
0100
where U;; are constructed from the operator , acting in the sites i, j of the
0001
0010
chain.
We can generalize this result for arbitrary L, in particular
Up... =UpUx3...UL1 L. (C.14)

Our model

For the model we analyzed in chapter 5, we applied the bond site transformation to the
densities operator i1, and ¢1; of the spin 1/2 chain given in (5.15) and (5.35). We applied
the bond-site transformation to the densities and then we checked that the new operator
Hs remains integrable. In this way, we did not have to specify the action of the bond-site
transformation at the boundary of the spin chain.
In particular

U12U23(€12®H)U{31Uﬁl = 1173, (C.15)

and for the Hamiltonian part
UnUn (Y1X2 — X1 Y2) Uy U = (X3 — X1 12). (C.16)

The Hamiltonian part 4 is self dual after the transformation, so we continue to refer to it is

hi. The ¢ operator becomes of range 3 and we refer to it as /153.






Appendix D

Exact computation of late time

expectation values

In this section, we detail the computation of the late-time expectation values of local observ-

ables following from the state

eBQo
P(IZO):PO(ﬁ)EW- (D.1)

In particular we focus on the local observable (Z;). Let us start by recalling that an over-
complete basis of the L+ 1-dimensional space of NESS can be generated by the pi(a) =
T(k) 'e*T (k). Since Qy =Y ;Z; has L+ 1 distinct eigenvalues of the form 2n — L
with n =0,...,L, we can alternatively define a basis of the space of NESS in terms of the
projectors P, = T(k)~'P,T(x), where

2nk L+Qo

P, L—i—lZeHl Ol (D.2)

is the projector onto the subspace where Qg has eigenvalue 2n — L.

As a consequence, any density matrix in the space of NESS can be decomposed as :

L Tr(pnessPr) ~
PNESS = ) ———=——P). (D.3)
,ZZE) Tr(P,)

Starting from an arbitrary p (¢t = 0), we therefore have at late times

L _
lime?'p(r=0)=Y Tr(p(r iO)P”)ﬁn (D.4)

t—o0
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and therefore, for any observable &,

lim(0) =Y

T Pﬁ D.5
lim(0) = 3, =S S THEO), (D.5)

All the traces involved in (D.5) can be computed using the matrix product operator techniques.

Focusing on the observable Z; we need to compute :

L _
lim (2;) = ZO Ir (pT(i(Pn()))P ) Bz, D.6)

The first trace Tr(ﬁn) = Tr(P,) can easily be computed without resorting to MPO techniques,
as it corresponds to the dimension of the eigenspace of P, with eigenvalue 2L — n, however
as a warm-up we present its computation using the previously computed function 9| (a,B).
Using the decomposition (D.2) of the projector P,, we have

Tr(P,) L—i—lZeLH —n) <T(K) eL+1Q°T( ))

27rk ~ ik 2L L 2wk (L
L+1ZeL+1 L—l—l):L—i—lZ’eHl(

- (L> . (D.7)
n

The second trace can be similarly evaluated as :

2k (L_p) ikm
2

k
Tr i
(P.z L+1 Ze ' “g( L+1)|°‘ °
1-x2 1 & ome k7w krm k7w
_ AL i2mk(L_py, . L—1 | (:\L . L1
=2y L sin o (eos ) ) eos e (sin )
1 — 2 L—-2n/L—-1
= —-—-——— 1— —1 L_nKL . D'
1—K2L( (=1) ) n (n—l) (D)

We now move to the third trace, Tr(p(t = 0)P,). Taking the normalized density matrix
p(t=0)=e*/(2cosha)t,

~ 1 1 & omr ~ ikm
T —0)P) = 2 itr(3—n)
tplt=0)F) (2coshoc)LL+1k:0(’)L+1 i g(a,L+1)
1 1 1

= Geosho)L L1 11w (Fn(®) - (iK)-Fu(a—in/2)) (D.9)
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where in the last line we have used the expression (6.53) of ¢ in terms of ¢ , and introduced

the functions

Lo oo ~ ikm
Fa(0) = izyr(3—n) a,
=Y (@, 1%)
Lo oL ikm ikm ik ikm
_ i#5 (5 —n) L AL AL L
k:OeL+l 2 (Al(a7L+1) +12(a7L+1) +}L3(OC7L+1) +A4(a7L+1) )
= 7V () + 22 () + 7 () + 7 (). (D.10)

Using the expressions (6.51) of the eigenvalues A;, the contributions .# (3) and .Z®) are

easily evaluated. We find :

1 1 1 (3) 1 (ktanha)l [ L
I (@) = Sp 5 D.11
(2cosha)L L+11—x2L7" () L ] _ k2L . ) ( )
1 1 1 (4) 1« I L
T (0) = g (=17 D.12
(2cosha)L L+11—x2L7" (@) L] _ K2L( ) i (D.12)
We now move to the contribution .# (1) .7 (2)_ Using the expression (6.51),
Mo, B)F + 2o (e, B) =
L
L , .
2 Y, ( ) (cosh(a + B))=/ (cosh*(a + ) — k*sinh(2a) sinh(Zﬁ))j/2 . (D.13)
=0 \J
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L L it e L—j ik ik /2
Iy (L,>e oo P (14 e1 ) ’((1+eﬁ1e2“)2— (1—eii1)(1—e4“))’/

oL L L/2L-21 L\ /L—2] / 2i(atby +2by —n)kn
—L == = 2ax 200\b;
RE=PIIPND) QJ( )QMM4MM% e

=0/=0 a=0 by,b,>0 a
b1+by<I
(e (1 -k +xD)  L412 LZ/Z y L1 (1 — K2(1 — e4@))l=bigh
(1= k2(1—et@))bribal = oo L & £ (21)1(n— by —2by) (L — 21 —n+ by +2by)!

b1+by<I
! 1 — K2(1—e~4a)\»2
bl,bz,l—bl—bz 1—K‘2(1—€4a) )

We further expand this expression to write it as a polynomial in K (the deformation
parameter) and we obtain (after proper re-arranging the sum)

(D.14)

(L+1)L!e**n
2L—1,0aL
1121703 (¢4 —1)" (eH — 1) o
L 011 (b 01— b =01 —ba +-bs— 1) (n—2ba b D)1y —bs — [+ L—m)1*
(D.15)

where we used the shortcut
L/2L/2 | by by
Z%ZZZ ZZ (D.16)

=0l=fb3=fby=0t=

We used the software Mathematica 12.3 to further simplify this expression and we obtained

L/2 (4o 1\ 2f (1 _ £11
(1) @), (e 1) k2 (L—f)!
Fn ((X) + T (OC) =K Z f!n!ea(L—Zn) 2L—n

2 2 2 ’ 2 ' eta
(D.17)

~(_ l-n n L—n—=2f+1 L-—n—-2f+2 1)
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where k = (L+ 1)+/7tL and 3£ is the hypergeometric function regularized.
Reporting the results (D.11), (D.12) and (D.17) into (D.9) (where the terms %, (o — i /2)
can just be obtained by shifting the argument), we get :

_1\n-L
Te(p(t = 0)B,) :2%% (I’;) ((—xtanh(e))* — (—1)"tanh*(ct) 4 (—1)"&" — (—=1)%) +

1 1
(2cosho )L 1 — k2L

L/2 \/EL(l _e4a)fKZf(_l)f+n2n—L(L_f)!e—a(L—zn) ((—I)L'HKL—l— (_1)11)

)}

frt fin!

7 7 l-n n L-—n-2f+1 L-—n-2f+2 1
W\ Th Ty 2 ’ 2 Pt )

(D.18)

The three factors (D.7), (D.8) and (D.18) can now be gathered in the initial expression
(D.6) for lim(Z;). Performing the sum over n, we find that the contributions coming from
ﬁ,@ and ﬂ’n@) vanish. It remains to compute

VA (1— k%) ek

lim (Z;) =
tgg< ) 2L(1<2L—1)2(sinh(2a)csch(a))L
L L2 5n (et — 1)fK2f(2n_L)eZan(L_f)! (G (—K)L)2
Ly 7+ D)+ 1);
} - —n—2 —n—2f+2 1
3F2(—f, 2n)_g;L n2f+17L nzf+ ;64_(1). (D.19)

This expression looks complicated at first sight, but we will now see that it is equivalent to

the expression (6.67) in the main text. Both expressions contain a prefactor > which

1—x2
(1—x2L)
we therefore omit in the following, and compare the remaining polynomials in x order by
order. Starting from (6.67), the remaining polynomial takes the form

(1—x?) tanh(ar) (1+ x** — 2k tanh" 2 1), (D.20)

in particular the exponents of x that gives a contribution different from 0 are 0,2, L,2L, L+
2,2L + 2. We shall now demonstrate that all other powers indeed vanish in the polynomial
associated with expression (D.19). In (D.19), the coefficients are 2f,2f + L,2f 4 2L, so the
only non-zero contribution should come from f =0, 1,L/2, the last one only for L even.

By direct computation, we found that to obtain (D.20) it is enough to sum the contribution of

f=0and f = 1. Let us show that the other terms vanish. First, we consider the contribution
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of f =L/2 in (D.19). This is proportional to

L (L—2n)e2 ((—1)" — (—K)X)*sin(7n) L n. n 1
Z 2F —57—?1—5;@ . (D.21)
= n e
Since the function ,F) ( > %;1 — %;6*4“) is finite for n odd, (D.21) vanishes due to
sin(nm), while for n even:
L n n L2 (—1)kn(L/2)xk
Fl-=-=:1—=:x] = ~ L kT D.22
21( 272 2x> k_g n—2k 0-22)
and if we substitute this into (D.21), we get
L2 L (_1k(L—2n)sin(wn 7 e2a(n=2k) L L
Y Z( Al Jsin(m) () =Y i"(L-2n)( %) =0, (D.23)
n—2k 2
k=0n=0 n=0 2

where since sin(n7) is zero, we need to only keep the singular term.

It remains to show that all the terms with f > 1 do not contribute. Removing the irrelevant

o

terms and considering e~ % = z, we should prove that the following term vanishes

L (L—2n)zt=2" l-n n L-n—2f+1 L—n—-2f+2 ,
Z )‘3 2 fa y TS 3 Z .

= (n+1)(1-2f+L— 2’ 2 ’ 2
(D.24)
Expanding as a series in z and re-shifting the sum over n we obtain
i Lim (=1 (L)(L—4m—2n)zt=2 i i —1)" (/) (L —dm—2n)Z-~2
==, (D =2f+L—n)! = n+1 (1=2f+L—n)!
(D.25)
We can now sum over m and we are left with
L
Y (L—2n)1Fo(—fi;1)+4f 1F(1—f331). (D.26)
n=0

Considering that

1Fo(a;;x) = (1—x)7¢, (D.27)
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each terms of (6.67) are zero for f > 1 as stated at the beginning.
To summarize, we proved that (D.6) is equivalent to the expression (6.67) given in the main

text.






Appendix E

Integrable deformations of AdS

In this appendix, we show that the models 6-vertex B and 8-vertex B obtained in chapter 8
(by starting from an ansatz of 8-Vertex type) correspond to integrable deformations of the
AdS; and AdS3; models.

The S-matrices of AdS; and AdS3 integrable models contain separate same chirality 4 x 4
blocks that satisfy the Yang-Baxter equation by themselves. We proved that the matrix part
of these blocks fit into our classification. Rather than compare R-matrices, we will compare
the Hamiltonians. The dependence on the spectral parameter u (rapidity) of the AdS/CFT
Hamiltonians is in the Zhukovski variable x* defined by

1 _

| | .
u:—[x++—+x T Yo, (E.1)
2 xt X X

AdS;

For AdSs, the Hamiltonian of particles with the same chirality [190, 60] can be embedded into
both the 6-vertex B and 8-vertex B models. For the spin chain frame [191], the Hamiltonian
can be found substituting in the general ansatz (8.3)

hy=hg=h7=hg =0, (E.2)
-« — .+
X X
hr = hy = ——— E.3
3 x__x+7 4 x__x+7 ( )
1 1
hy = —§(h3 +ha), hs = Z(h3 +hy), (E4)

and we take the positive sign in the square root in /3, hy.
We now see that there are two possible types of deformation. First, we can match this model

with our 6-vertex B type, which leaves us with a continuous family of deformations since we
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can add arbitrary functions of the spectral parameter to all of the components. An interesting
fact is that we can deform independently the blocks with the same chirality. Second, we can
also embed the AdS; Hamiltonian in our 8-vertex B model (8.33). This gives a one-parameter
elliptic deformation of the AdS3 model. The embedding is given, for the spin chain frame, by

cotn = < k=0. (E.5)

This is a novel elliptic deformation.

AdS, The massive sector of the AdS, x §2 x T° string sigma model [64, 192] is of 8-
vertex B type. To make this explicitly, we should use a local basis transformation to make

hg = —h7 = k, and the non-zero components of the Hamiltonian are parametrized as
k -i 1\ 1+e%
cotn = e 2 (xt— — _ (E.6)
2 X )1 _e%

We conclude that this integrable model only admits a one-parameter deformation by taking k
to be non-zero.
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