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Zusammenfassung

Thema dieser Arbeit sind integrable Spinketten mit allgemeinen Randbedin-
gungen. Im Rahmen der Quanten inversen Streumethode hat Skylanin gezeigt,
wie eine Familie kommutierender Operatoren (Transfermatrizen) zu konstruie-
ren ist, die den Hamiltonoperator der XXX oder XXZ Spinkette mit allgemeinen
Randbedingungen enthélt. Der Schliissel hierzu ist die zugrundeliegende alge-
braische Struktur, die eine Kombination aus der Yang-Baxter Algebra mit den
bekannten Darstellungen der R-Matrizen und einer sogenannten Reflektionsal-
gebra ist. Letztere Algebra beinhaltet Felder beliebiger Stdrke und Orientierung,
die auf den ersten und den letzten Platz der Kette wirken.

Diese Situation kann unter Zuhilfenahme des algebraischen Bethe Ansatzes
gelost werden, wenn die Randfelder diagonal sind, d.h. die Felder parallel zu-
einander orientiert sind und im Falle der XXZ Kette ebenfalls parallel zu der
ausgezeichneten Raumrichtung. Kitanine et al. konnten fiir halb-unendliche Ket-
tenldngen lokale Operatoren durch die nicht-lokalen Elemente der zugrundelie-
genden algebraischen Struktur ausdriicken und erdffneten somit eine mégliche
Herangehensweise um Erwartungswerte physikalischer Observablen auszuwer-
ten. In dieser Arbeit werden diese Resultate aufgegriffen und auf Spinketten von
beliebiger, inklusive endlicher, Ldnge mittels nicht-linearen Integralgleichungen
fiir den jeweils energetisch niedrigsten Zustand mit verschwindender Magneti-
sierung verallgemeinert.

Im Falle von nicht-diagonalen Randfeldern verhindert das Fehlen eines ge-
eigneten Referenzzustands (Pseudovakuum) die Losung durch den algebraischen
Bethe Ansatz. Die von Sklyanin aufgestellte Methode der Separation der Va-
riablen besitzt diese Einschrankung nicht und wird auf die vorliegende Situa-
tion angewendet. Bei diesem Losungsweg fiir die XXX Spinkette werden keiner-
lei Beschrdnkungen fiir die Randparameter benétigt. Das Ergebnis ist eine TQ-
Gleichung auf einem endlichen diskreten Gitter und die Eigenwerte der Trans-
fermatrix konnen {iber diese endliche Differenzengleichung bestimmt werden.

Da die zugrundeliegende algebraische Struktur unabhingig von der Darstel-
lung ist, konnen die Untersuchungen der XXX Spinkette auf das Spin-Boson Mo-
del iibertragen werden. Unter Verwendung einer bekannten Darstellung der Al-
gebra fiir einen bosonischen Freiheitsgrad wird erneut eine TQ-Gleichung erhal-
ten, die aber nun auf einer unendlichen diskreten Menge von Punkten definiert
ist.

SchlieBlich wird mittels nicht-linearer Integralgleichungen eine weitere Me-
thode auf den Fall von nicht-diagonalen Randbedingungen angewandt. Durch
die Konstruktion von héherdimensionalen Darstellungen der Yang-Baxter Alge-
bra ist eine Hierarchie von Transfermatrizen definiert. Hierbei werden zwei R-
Matrizen fusioniert, weshalb dies Hierarchie auch als Fusionshierarchie bezeich-
net wird. Aus solchen Hierarchien ist es moglich mit Hilfe geeigneter Fourier-
transformationen nicht-lineare Integralgleichungen fiir einen bestimmten Eigen-
wert der Transfermatrix herzuleiten. Diese Gleichungen sind dann fiir einen Be-
reich der Randparameter unabhéngig von der Systemgrofde giiltig. Sorgfaltige
Untersuchungen der Nullstellen- und Polstellenverteilung erméglicht es Infor-
mationen iiber den Eigenwert fiir einen bestimmten Zustand zu erhalten.

Schlagworte: integrable Modelle, Randbedingungen, funktionale Methoden

iii






Abstract

Subject of this work are integrable spin chains with general boundary con-
ditions. In the framework of the Quantum Inverse Scattering Method Sklyanin
has shown how to construct a family of commuting operators (transfer matrix)
containing the hamiltonian of the XXX or XXZ spin chain with general boundary
fields. Key ingredient is the underlying algebraic structure which is a combina-
tion of the Yang-Baxter algebra, using the known R-matrix representations, and
a so-called Reflection algebra. The latter includes fields of arbitrary strength and
direction acting on the first and last position of the chain.

This setup is solvable via algebraic Bethe ansatz in the case of diagonal
boundaries, i.e. the fields are parallel to each other and in the case of the XXZ
model parallel to the distinguished direction. Kitanine et al. have managed to
express local operators in terms of the non-local elements of the underlying al-
gebraic structure in the case of half-infinite chain length hence establishing a
possible approach to evaluate expectation values of physical observables. Their
results will be picked up in this work and generalized to spin chains of arbitrary
(including finite) lengths using non-linear integral equations for the lowest lying
state with zero magnetization.

In the case of non-diagonal boundary fields the lack of a reference state or
pseudo vacuum prohibits the solution by algebraic Bethe ansatz. The method
of separation of variables proposed by Sklyanin is not constrained in that sense
and will be applied to this situation. In this approach for the XXX spin chain no
restrictions to the boundary parameters are needed. The result is a TQ-equation
on a finite discrete set of points and the eigenvalues of the transfer matrix are
obtainable from this finite difference equation.

As the underlying algebraic structure is independent of the representation,
the analysis for the XXX spin chain can be extended to a spin-boson model. Using
a known representation of the algebra for the bosonic degree of freedom again a
TQ-equation is obtained but in this case being defined on an infinite discrete set
of points.

Finally a different approach to the case of non-diagonal boundary conditions
using non-linear integral equations is studied. By construction of higher dimen-
sional representations of the Yang Baxter algebra a hierarchy of transfer matrices
is obtained. In this construction two R-matrices are fused together yielding the
name of fusion hierarchy. From such hierarchies it is possible to derive non-linear
integral equations for a certain eigenvalue of the transfer matrix using Fourier
transform techniques. The equations are valid for arbitrary system sizes and a
range of boundary parameters. By careful analysis of the zero and pole structure
it is possible to extract information about the eigenvalue of a specific state.

Keywords: integrable models, boundary conditions, functional methods
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Chapter 1

Introduction

1.1 Motivation

Integrable spin chains, just as all exactly solvable models, provide one of the very
few possibilities to study many body physical systems as a whole, i.e. without ap-
proximations or the need to apply perturbation theory. The methods in this field are
developed quite far and current research is concerned with the calculation of phys-
ical observables from correlation functions and the determination of the spectrum
for chains with non-trivial boundary conditions. All known exactly solvable inte-
grable models, including the spin chains, are one-dimensional restricting their direct
applicability to experimental situations. However they always serve as a starting
and reference point for treating strong correlated systems with quantum fluctua-
tions. Furthermore the possibility remains to draw conclusions from the low dimen-
sional studies to situations of higher dimensional models e.g. by coupling several
one-dimensional systems. In the course of time the progress in material science led
to the discovery and realization of more and more quasi one-dimensional systems in
solid state physics. Nowadays excellent realisations of spin chains are known to be
KCuFs, Sr,Cu0O3, Cs,CuCl, and CuPzN [29]. On the other hand the experimental
techniques are advancing in a rapid pace and signatures of one-dimensional physics
can be directly observed (e.g. [20,37,50,92]). Another, at first sight, purely theo-
retical application of exact solutions is that results provide excellent benchmarks for
numerical approaches like the density matrix renormalization group, see e.g. [16]
where transport phenomena for a lattice model are studied using DMRG and the
boundary sine-Gordon model as the continuum limit of the original model. These
numerical approaches may then be applicable to more realistic models and higher
dimensions.

However the impact is not only restricted to the realm of solid state physics. In
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the field of quantum optics the advances in producing optical lattices provide the set-
ting and tools to experimentally construct low dimensional systems. In this context
the thermal energies reachable by cooling are still above the magnitude of the energy
of spin-spin interactions and hence a realisation of spin systems in optical lattices is
subject of future experiments [48]. A different application is to use spin chains as
a channel for short distance quantum communications which was proposed in [15]
and attracted considerable interest in the community of quantum information. Fur-
thermore, string theorist were able to relate anomalous scaling dimensions to the
spectrum of integrable spin chains in the context of AdS/CFT correspondence thus
opening up a new realm of mathematical applications [81].

In the next section we will summarize the historic developments of integrable
models with emphasis on spin chains and the present situation which in turn will
lead to an outline of this thesis.

1.2 Brief Historic Overview and Outline

In the 1920’s Werner Heisenberg [39] and Paul Dirac [25] worked on the question
of how to describe ferromagnetism as a phenomenon of spin interactions. The estab-
lished Weiss’ theory was only formally satisfactory as it was based on the assumption
that an aligning force on an atom arises from all other atoms in the crystal but the
origin of this force was unknown. Heisenberg’s fundamental idea was to combine the
Coulomb interaction, which alone is non-magnetic, with Pauli’s exclusion principle.
The combination turned out to be sufficient to reproduce the results of Weiss’ theory
of magnetism [42,79]. To prove this he used the Coulomb exchange interaction in-
troduced by himself earlier [40] which led to an interaction energy between pairs of
electrons given by the so-called exchange integral. In 1929 Dirac derived an explicit
expression for a hamiltonian and Heisenberg was able to derive Weiss’ equations un-
der the assumptions that only nearest neighbor interactions are relevant, that the
exchange integrals are the same for all electron pairs and that the exchange energies
exhibit a Gaussian distribution [42,79]. These investigations led to the model now
known as the Heisenberg model where relevant contributions arise only from nearest
neighboring spins and the exchange energy J is the same for all pairs of spins

%Heisenberg =-2J Z S;- Sj .

neighbors

This model laid the ground for a broad field in solid state and mathematical physics
and models descending from this very basic idea are still in consideration of ongoing
work.

The Heisenberg model itself is formulated in three space dimensions but the
vastest development over the years since introduction was made for the simplest
case of one-dimensional chains. As worked out several years later the reason for
the success of exact analytical methods in one dimension is the underlying algebraic
structure assuring integrability of certain models.

2



Brief Historic Overview and Outline

Even the most simple case of the Heisenberg model where the anisotropy of the
crystal structure permits the spins only to be orientated along the z-direction is not
solved on a three-dimensional lattice. However aligning the spins on a chain allows
for an exact solution of the partition function and further physical properties [9].
The case just described is the Ising model already introduced in 1925 [44].

The Heisenberg model in one dimension was first solved by Hans Bethe [13] us-
ing a method now known as the coordinate Bethe ansatz. Although in his paper from
1931 he was confident to extent his method to lattices of higher spacial dimension®,
this generalization was not possible. Nevertheless his work is still one of the most
cited in this field and his results could be included in a more general framework for
one-dimensional models around 1978-79. Today this framework utilizing the Yang-
Baxter algebra is summarized by the names of Quantum Inverse Scattering Method
and the algebraic Bethe ansatz (if applicable). The pioneers of this machinery, the
Leningrad group around Faddeev [30], were influenced by or found striking simi-
larity to the so-called transfer matrix method of Baxter on two-dimensional lattice
models of classical statistical mechanics [9]. In both methods the hamiltonian is gen-
erated from a member of a commuting family of operators called transfer matrices
yielding other integrals of motion as well. Furthermore an unexpected connection
to the factorized scattering method in quantum N-body systems of one-dimensional
particles developed by C.N. Yang [98], McGuire [67], Berezin et al. [12] and Brezin
and Zinn-Justin [17] leads to a nice graphical interpretation of the formalism. Later
on an abstract algebraic point of view was constructed by Drinfeld [26] introduc-
ing quantum groups as deformations of universal enveloping algebras of semi-simple
classical Lie algebras and interpreting them as a special class of Hopf algebras. The
studies in this thesis rely on the Quantum Inverse Scattering Method and its algebraic
background concerning the Yang-Baxter algebra and its mathematical details will be
reviewed in chapter 2. The power of this method was expressed by the number of
models being embedded into its realm e.g. quantum nonlinear Schrédinger equation,
Toda lattice, sine-Gordon model [32], one-dimensional Hubbard model and partic-
ularly its limits to various spin chains [28]. Although not all of them can be solved
using the standard Bethe ansatz procedures, the algebraic background provides the
starting point for the analysis of the system.

Today interesting models include, among others, spin chains with non-trivial
boundary conditions, i.e. boundary fields at each end of the chain. Physically these
systems describe open spin chains present in certain transitional metal compounds
like Sr,CuO5 [4]. A one-dimensional chain inside a macroscopic material can be
achieved by anisotropic coupling of atoms such that interactions in some spatial di-
mensions are irrelevant compared to the distinguished direction forming the chain.
These chains are then broken apart by impurities present in the material which may
also give rise to an effective boundary fields on the ends. The inclusion of boundary
conditions in the Quantum Inverse Scattering Method was achieved by Sklyanin in

1 “Ip einer folgenden Arbeit soll die Methode auf raumliche Gitter ausgedehnt und die physikalischen
Konsequenzen beziiglich Kohésion, Ferromagnetismus und Leitfahigkeit gezogen werden.” H. Bethe,
1931, [13]
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1987-88 [83] and opened up new possibilities of studies.
In this thesis we will consider the spin-% XXZ spin chain with open boundary
conditions

Hog = [O';‘G;‘H+cr}voj.'+1+chncr§0j+l] + Lchn

2K
2 — X - s Y - (1.1)
+ [01 cothg™ + e (o} ch®~ +ioy sh6 )} shn

2k™

sh&*

+|:O'iCOth€++ (o7 ch9++io{sh9+)] shn

and its limit to the spin-% XXX chain via ) — €ic fore = 0

— X X Yy Y Z 2
Fbxx = |:O'j Oyt 0 O'j+1+ajaj+1] +L

. dick-
+[0§€1—C_+1€C—f(a’l‘ch9_+io{sh9—)] (1.2)

ic  2icx™
+[oi€—++ = (afch@*—i—io{sh@*)}.

The parameter 1) describes the anisotropy of the model. In the latter case the param-
eter ¢, introduced for the limit, only appears as a scale for the diagonal boundary
field £*. Note that for hermitian hamiltonians we need 6+ to be imaginary while the
domain of £* depends on the value of the crossing parameter. For the XXX model
and the massless case of the XXZ model, i.e. ) € iR, we need £* to be purely imag-
inary. In the massive region of € R hermiticity demands £* to be real valued.
These models, apart from being the simplest starting points for studies of boundary
effects in a correlated system, allow to investigate the approach to a stationary state
in one-dimensional diffusion problems for hard-core particles [22,23] and transport
through one-dimensional quantum systems [19].

In [83] Skylanin himself solved the spectral problem for the XXZ model with
diagonal boundary fields via the algebraic Bethe ansatz reproducing coordinate Bethe
ansatz results by Alcaraz, Barber and Batchelor [3]. However the step to correlation
functions without perturbational approaches was laid ground for only recently by
Kitanine et al. [54] who solved the inverse problem, i.e. expressing local operators in
terms of non-local elements of the algebra. In chapter 3 we will derive a non-linear
integral equation for an auxiliary function describing the lowest lying state of zero
magnetization and combine it with the known determinant formula of norms and
scalar products [82]. In doing so, we extend the results of Kitanine from half infinite
systems to arbitrary, including finite, system sizes.

The progress for the general case of (1.1) and (1.2) was hindered by the fact that
the algebraic Bethe ansatz is not directly applicable due to the lack of a mandatory
simple pseudo vacuum and alternative methods for the spectral problem must be
developed. This task was approached in numerous ways.

4
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First it is interesting to note that a suitable pseudo vacuum can be found by
imposing certain constraints to be obeyed by the left and right boundary fields. With
these constraints the eigenvalues of the spin-2 XXZ chain and of the isotropic spin-S
model can be obtained by means of the algebraic Bethe ansatz [18, 68].

In a series of papers, Nepomechie et al. have worked out an approach that fi-
nally resulted in unconstrained boundary parameters but a restricted anisotropy of
the XXZ model. They have been able to derive Bethe type equations whose roots
parametrize the eigenvalues of the Hamiltonian for special values of the anisotropy
n =1in/(p + 1) with p a positive integer and where the transfer matrix obeys func-
tional equations of finite order [72]. The approach relies on the periodicity of the
underlying trigonometric R-matrix of the model which is missing in the rational limit
1 — 0 of the isotropic XXX chain. For generic values of the anisotropy the spectral
problem has been formulated as a functional equation assuming that a certain limit
of the transfer matrices exists [99].

No constraints at all are needed in the derivation of a different set of recursion
relations for the diagonalization of (1.1) based on the representation theory of the
g-Onsager algebra [7]. Their equations reduce the complexity of the system but do
not resemble Bethe equations and the thermodynamic limit is still out of reach [6].

The putatively best method without any need to restrict the parameters was re-
cently introduced by Galleas [35]. His functional approach uses the Yang-Baxter
algebra in a completely different way than other methods. Taking certain matrix
elements of the transfer matrix involving the ferromagnetic pseudo vacuum and the
unknown eigenstates he derives equations vaguely reminiscent of nested Bethe equa-
tions as the eigenvalue is parametrized by two sets of dependent parameters. Un-
fortunately for this solution no numerical schemes, like iteration schemes for Bethe
equations, have been worked out and numerical studies are limited to small system
sizes. In addition no information on the eigenstates can be elaborated, therefore
further studies of correlation functions are so far out of reach.

In this work we approach the problem by means of different methods which
circumvent the difficulties of the algebraic Bethe ansatz in the absence of a reference
state. In chapter 4 we apply Sklyanin’s functional Bethe ansatz (or separation of
variables method) [84] to the eigenvalue problem and in doing so we formulate it
using a suitably chosen representation of the underlying Yang-Baxter algebra on a
space of certain functions [34]. Unfortunately we need to restrict ourselves to the
XXX hamiltonian (1.2) to leave the boundary parameters general. As the algebraic
concept is independent from its representations, it is possible to treat models arising
from different representations analogously. Hence we apply the results to the spin-
boson model, i.e. a two site model coupling a spin and a single bosonic degree of
freedom to each other.

In chapter 5 we compare the method of separation of variables to Nepomechie’s
method for roots of unity within the simpler setting of the twisted periodic XXZ
model as both methods are applicable [78].

Finally using a different approach we derive integral equations for the rational
case from fusion hierarchies for the eigenvalue of the transfer matrix describing the
lowest lying state with vanishing magnetization of the chain.






Chapter 2

Algebraic Principles

In this chapter we will introduce the underlying theoretical concepts of this work.
First we show how the hamiltonians arise within the Quantum Inverse Scattering
Method and discuss the algebraic Bethe ansatz as one of the standard approaches
to solve of the eigenvalue problem. Second we will introduce the concept of fusion
and see that the transfer matrix eigenvalue is part of an infinite hierarchical set of
non-linear equations.

2.1 Quantum Inverse Scattering Method

In order to put the XXZ model (1.1) and the XXX model (1.2) on a sound algebraic
footing we construct a commuting family of observables containing the hamiltonian
using the Quantum Inverse Scattering Method (QISM) [62].

Generally speaking the QISM provides a scheme for the construction of integrable
quantum models and their integrals of motion starting from the Yang-Baxter algebra
(YBA)

Rip(A = w)Ty(A)To(u) = To(u) T3 (A)R12(A — ). 2.1

Here the T;(A) are matrices on the linear auxiliary space V; with entries being the
generators of the quadratic algebra of operators on a quantum space. The ‘structure’
constants of the algebra are arranged in a quantum R-matrix, R, (1) € End(V; ® V).
This R-matrix determines the class of the generated integrable quantum model but
to do so R itself has to be a solution of the Yang-Baxter equation

R15(A1=2A3)Ry3(A1—A3) Ry3(Aa—2A3) = Ryg(Ao—A3) Ri3(A —A3) Rin(A—A5) . (2.2)

The Yang-Baxter equation arose also as a relation for the two-body scattering matrix
and is in this sense visualized in figure 2.1 [30]. Within this picture the integrability

7
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1 1
2 2
3 3

Figure 2.1: Graphical interpretation of the Yang-Baxter equation (2.2). Three parti-
cle scattering is broken up into two particle scattering — the order of processes being
not important.

of the model is assured through the fact that the full dynamics is described by non-
diffractive two particle scattering. Note that the sequence of vertices in these kind of
pictures is always determined from left to right, top to bottom.

For the models under consideration here we use the well-known trigonometric
and rational solutions for two-dimensional spaces V; corresponding to the 6-vertex
model of classical statistical mechanics

a(A,u) 0 0 0
N I I @)
0 0 0 a(A,u)
with
a(A,pu)=sh(A—u+mn), bA,u)=sh(A—p), c(A,u)=shn 2.4
for the XXZ model and
a(A,uw)=A—u+ic, bA,uw)=A—-u, cAu)=ic (2.5)

for the XXX model. Note that the parameter ¢ does not have a physical meaning as
it enters the hamiltonian (1.2) only as a scale for the boundary diagonal fields.

Besides the Yang-Baxter equation this R-matrix satisfies several other conditions
such as symmetry with respect to the permutation operator P on V®V (Px®y =
y®x),

R(A) = PR(A)P, (2.6)
unitarity involving some complex function p(A),

R(AR(-2) = p(1) 2.7)
and crossing unitarity for another complex function p(A),

RU(MRU (=2 -2m)=p(A). (2.8
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Note that all functions for the XXX model can be obtained from those in the
XXZ case in the rational limit, i.e. scaling the relevant parameters by a small € and
expanding around it

A—€eA, m=e¢ic, €—0. (2.9)

This limit can be carried out at any point in the calculation of XXZ model to obtain
the respective equations for the XXX model hence we will focus on the XXZ model
to remain general when possible. Further note that (2.1) and (2.2) are independent
of the normalization of the R-matrix. The complex functions in (2.7) and (2.8) are
for the chosen normalization

p(A)=sh(A+n)sh(—A+n) , P(A)=sh(—A) sh(X+2n) (2.10)

and respectively their rational limit.
Considering the trigonometric R-matrix (2.3) with (2.4) a representation of the
Yang-Baxter algebra is the Lax operator

sh(2)S° + ch(1)s* S )

2= ( s+ sh(A)S° — ch(1)S* 211

which describes a single quantum spin. For a spin-% the elements of ¢ are operators
on a two-dimensional quantum space of states, a convenient representation via Pauli
matrices is S = ch(n/2)1, &% = sh(n/2)o% and S$* = sh(n/2)ch(n/2)o*. The
rational limit of (2.11) gives the representation for the rational £-operator.

Another representation can be found by noticing that (2.1) turns into (2.2) for
T;(2) =Rj3(A). For this reason the representation

L) =¢(A,wR(A, 1) . (2.12)

of (2.1) is called ‘fundamental’ representation of the Yang-Baxter algebra. Clearly
this representation can only be found if the auxiliary and quantum space are of same
dimension. With a two-dimensional auxiliary space the fundamental representation
describes spin-% only. The normalization ¢ (A, u) is chosen such that £ turns into
a permutation operator P for A = u. This special value of the spectral parameter is
called shift point and the existence of it guarantees the interactions in the hamilto-
nian to include only next-neighbouring spins.

There exists an algebra homomorphism for the Yang-Baxter algebra called co-
multiplication by which products of representations of (2.1) are again representa-
tions of the algebra. Hence it is easily possible to describe multiple spins in different
quantum spaces, e.g. different lattice sites or impurities. For L spins (2.11) yields

TA) =2 (AL(A)--- () (2.13)

where the index of the Lax operators refers to the quantum space the spin oper-
ators in (2.11) act on non-trivially. In the case of the fundamental representation
embedding the R-matrix in the entire quantum space gives

T(A) =Ry (MRo—1y(A) - R (1) (2.14)

9



2. ALGEBRAIC PRINCIPLES

with the index 0 denoting the auxiliary space. To clarify the notation

Ry;(A) =R(A) @154V (2.15)
ROj()L) = plij()L)Plj (2.16)

where Py; is the permutation operator of the first and jth quantum space.

At this point we can already define a commuting family of operators which con-
tains a physical interesting spin chain hamiltonian — however the boundary condi-
tions are periodic. Upon tracing out the auxiliary space we arrive at an operator
called transfer matrix acting on the combined quantum spaces

tperiodic(l) =trT(A), (2.17)

with [,eriodic(A); tperiogic(4)] = 0. The hamiltonian is obtained as the logarithmic
derivative of the transfer matrix at the shift point and its properties can be studied
by using the entries of the monodromy matrix, i.e. the generators of the Yang-Baxter
algebra

AR) B(A)) . (2.18)

= (cm (%)

The commutations relations of the entries are given by (2.1) and are called funda-
mental commutation relations.

Another key element of the algebra is its central element or casimir [62]. It
will not only be needed in the construction of open boundaries but it is a central
ingredient for the methods based on the fusion hierarchy (see section 2.3). The
composition of the casimir has a striking similarity to the 2 x 2 determinant of the
monodromy matrix and hence is usually called quantum determinant (d, T)(u). With
the one-dimensional projector P, onto the antisymmetric (singlet) state in the tensor
product V ® V of auxiliary spaces the definition reads

(dgT)A) = tryp{P, T (A — g)Tz(k + g)}

=AA+ DDA -1 —-BA+DNCA-1). (2.19)
Here, the trace tr;, is to be taken in both auxiliary spaces 1 and 2 of the tensor
product V®V. It is easy to show that the quantum determinant commutes with all
generators as the R-matrix becomes a one-dimensional projector for u = A — 1 and
hence the commutation relations from (2.1) are significantly simplified [62]. Thus
the quantum determinant is a complex valued function times the identity operator
in the quantum space. A different way to express the definition (2.19) is

T(A+Do? T (A - Do? =(d, 7)) 1 (2.20)

and directly the inversion formula for the monodromy matrix

T\ = o’ T (A —n)o”, (2.21)

_
(d, T2~ 2

10
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and the factorization of the quantum determinant follow
L
d, 1) =] [d ). (2.22)
j=1

The latter allows to simply calculate its value from a single Lax operator. In the
fundamental representation it is

(d,T)A) =a(A+ g)Lb(A - g)L . (2.23)

Example. Consider the inhomogeneous periodic XXZ chain with inhomogeneities s; €
C at each lattice site j = 1...L. Then the quantum determinant of a fundamental Lax
operator .Zj(k - sj) (2.12) takes the scalar value

(dy£))(A) = sh(A —s; + Z)sh(A —s; — 1) (2.24)

yielding (d,T)(A — g) = [l_[le sh(A —s; +n)sh(A —s; — n)} for a chain of L local

.1
spins 5.

2.1.1 Open boundary conditions within QISM

The extension to an algebraic background for open spin chains was developed by
Sklyanin [83]. It is based on the representations of two algebras ) and 7
defined by the relations

Ryy(A—) 7 QR4 ) 7, (1) = 2, (R (A4 )7, (AR 12(A—p) (2.25)

Rip(=2+ w7 MRyp(=2 = p = 2m 7, () =
= 7 (WRp(-A - p = 2T OIRp(-A+ ) . (2:26)
The superscripts t; and t, denote transpositions with respect to the auxiliary spaces

1 and 2. We shall call 7" and 7 right and left reflection algebras respectively.
The transfer matrix in this case is defined by

t(A) =770 (2.27)

as a trace in auxiliary space. Again it generates with [t(A), t(u)] = 0 a commuting
family of operators and hence is the central object under consideration.

The explicit construction of integrable open boundary conditions for models aris-
ing from the Yang-Baxter algebra (2.1) starts with the 2 x 2 matrix

1 sh(2 +£%)  w*e” sh(2)
)= —r—— :
K(A,+£) shetcha (Kj:e—G sh(2A) —sh(A —&%) (2.28)
.o, e sha L atesha
=1,+tanhA cothE™ o* + sh& o+ sh&* 7

11



2. ALGEBRAIC PRINCIPLES

N

Figure 2.2: Visualization of the left reflection algebra (2.25) as inter-particle and
wall scattering.

originally found by de Vega et al. [24]. A sometimes more suitable parametrization
is obtained via [76]
sh& ché

shach[o’zg, chash[o’zﬁ (2.29)

and turns (2.28) into

KA, +t)=—————
A= S apEama
sha*chB*chA+cha®*shfB*sha e® shaich
e shacha sha*chfB*chA—cha*shB*shi )’

(2.30)

Each constitutes the known c-number representations K(F(1) = %K (A+mn,+) and
K)(A) = K(A, —) of the reflection algebras with the obvious properties

rK(A,+£)=2, KOW0)=1, owk®0)=1. (2.31)

Note that applying the rational limit (2.9) to the boundary matrices the diagonal
boundary parameters £* and a* need to be rescaled as well whereas especially f*
remains unscaled. This immediately follows from (2.29).

These special representations of the reflection algebras allow for a graphical in-
terpretation which legitimates the name of the algebra. Viewing the K-matrix as a
boundary and the R-matrices as two particles the order of reflection at the boundary
and the inter-particle scattering is irrelevant. A visualization for the left reflection
algebra is given in figure 2.2.

Operator valued representations of the reflection algebras can be constructed
by again considering local .%-matrices building up two representations TV (1) =
Ly(A) - Ly (M) and TO(L) = £5,(A) -+ - £ () of the Yang-Baxter algebra (2.1).
Then by construction

9(7)(1) — T(,)(A)K(,)(A)T(,),l (=2)

2.32
T = TEODKRD ) (TH ) (-1) @32

12



Quantum Inverse Scattering Method

are representations of the reflection algebras such that the normalized transfer ma-
trix

t(A) = KPWTWKOWTH(-1) , t(0)=1 (2.33)

is independent of the factorization of T(A) = T (A)T)(A). Thus we are free to
choose to have the operator content in the left reflection algebra

THON)=kPN) , g0 =TWKDNT(-1). (2.34)

The inversion in the representation of the reflection algebra can be avoided by
the inversion formula (2.21) including the quantum determinant of the Yang-Baxter
algebra. In order to gain more symmetric arguments and to avoid inconvenient
scalar functions after applying the inversion formula (2.21) it is instructive to define
the new object U(A + 2) = Z(A) (d,T)(—A — 1) consisting of

U =T - DKOA =D’ T (=2 - Do . (2.35)

It is still a representation of the left reflection algebra with a 2 x 2 matrix in auxiliary
space

_ () B)
UA) = (‘5(70 a(1) | - (2.36)
Using this representation we define a more suitable transfer matrix
T(A) = (dg T)(—A)t(A — g) =trK*(A+ g)U(A) . (2.37)

With the operators ., 8,6 and 2 the hamiltonian (1.1) can be studied as it
is connected to the first derivative of t(A) by looking at the expansion t(1) = 1+
Aﬁﬁxxz + ... around the point A = 0 or to the logarithmic derivative of T(A) at

— 1.
A=1:

Hoez = shn ¢/(0) = shn (8, Int(A) - 3, 1n(qu)(—x))1 ;
=3 (2.38)
=shn allm(g) )

It is also possible to define quantum determinants for the reflection algebra as
in the case of the Yang-Baxter algebras. We will concentrate on the left reflection
algebra first. Its quantum determinant is defined by

(AU)(A) = try, PL UL (A — g)Rlz(zx —nUy(A+ g) ) (2.39)

To express (A,U)(A) in terms of the generators .«/(1), %8(4), €(A) and 2(A) it is
instructive to use the combinations

P(A) =sh(20)2(A) —shn.#(A), €(A)=sh(2A+n1)E(A) (2.40)

13



2. ALGEBRAIC PRINCIPLES

borrowed from the algebraic Bethe ansatz [83]. Then the suggestive form of the
quantum determinant reads

AU =dA+DIA-DH-BA+DEA-D). (2.41)

In case of the c-number representation K(A — g, —) for U(A) connected to the left
reflection algebra the relation

_ sh(2A —2n)ch A

(B0 = 3, )= ==

detK(A,—) (2.42)

holds. Note that this relation is only valid for the shifted argument A — g because
the arising expressions are no longer of difference form. For the boundary matrix
chosen as in (2.30) the determinant detK(A, —) factorizes and its quantum version
decomposes to product form
(AK)(A - g, —)=—sh(2A — 2n)
sh(A—a )ch(A—B7)sh(A+a )ch(A+57) (2.43)
X .
sha=chf~ch(A —1n) sha=chf~chA

It is obvious that in this parametrization (2.29) the model is invariant under the
simultaneous transformations @ — —a and § — i — (3.

As the quantum determinant respects co-multiplication, applying it to the full
representation (2.35) of the left reflection algebra with monodromy matrices T yields

(A0 = (d,TIA — DY (AK) A~ L, =) ([d,TI~A~ D). (2.44)

As mentioned above the factorization of T(A) = TH(A)T~(A) is arbitrary and
hence it is equivalently possible to shift all operator content to the right reflection
algebra yielding instead of (2.34)

FON) =T VKD TR , 700 =KkD0). (2.45)

In this case the object for consideration is U(”t(l + g) =750 (dgT)(—2A — g
explicitly given by

UD'W) =T - HKOQ - Do T (-1 — D)o . (2.46)

U™ can also be written as a 2 x 2 matrix in auxiliary space

praseles BH()
UMW) = (%(”(()L)) @(”((A))) . (2.47)

The transfer matrix 7(A) under consideration is in this representation

(W) = cUPVK~ (A — 1 (2.48)

14
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and the Quantum Determinant of the right reflection algebra is defined by
(ATUM)) = try, Py U (- DRyp(—22 — MU (A + 1 (2.49)
=9PA-DFPA-D+ B8P0+ DEP0-1) (2.50)
with

A () =sh(—22).7 P (L) —shn 2P A), €D (A) =sh(—2A+n)€ P (1) .
(2.51)

The case of a c-number representation simplifies to

(AFK)(A+ 2,+) = —2sh(A +n)chAdetK(2,+) . (2.52)

2.2 Algebraic Bethe Ansatz

The standard choice to study a model generated by QISM is the algebraic Bethe
ansatz. This method starts with a particular reference state or pseudo vacuum |0)
obeying with scalar functions a(A) and d(A)

C(MI0) =0, AM)I0) =a(2)]0), D(A)|0)=d(2)[0), (2.53)

here as an example for the monodromy matrix (2.18) of the Yang-Baxter algebra. Es-
pecially this means that |0) is an eigenstate of the corresponding transfer matrix and
hence of the hamiltonian. In the case of the periodic XXZ model a simple reference
state is the ferromagnetic state with all spins aligned with respect to the z-direction.
Further eigenstates are then found by application of the other off-diagonal operator
on the pseudo vacuum

M
) =] [BG)I0) . 2.54)
j=1

The integer M is found to count the number of turned spins with respect to the
reference state. The ordering of operators B is irrelevant as [B(4;), B(4;)] = 0 from
(2.1) but the choice of the spectral parameters is restricted. In order for (2.54) to be
an eigenstate, terms containing a B(u) after commuting A and D to the right in

t(up (A1) =AW)B(A41) ... B(Ay)|0) + D(u)B(A4) ... B(A4)|0) (2.55)
have to vanish. These conditions are called Bethe ansatz equations

sh(2; — )™ [ 2 sh(A; — A, — 1)
Lh(lﬁ%)} - [Qm} ' (2:56)

1#]
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2. ALGEBRAIC PRINCIPLES

The corresponding eigenvalue of the transfer matrix tp,eroqic (2.17) can then be read
off (2.55)

M M
_alpqanm sh(A — A, —n) Lep_1 sh(A = A + 1)
Aperiodgic(4) = sh™(A+3) [g shG—ap | A2 ﬂ sh(A—2) |~

(2.57)

In the case of open boundary conditions this procedure is also applicable for
diagonal boundary fields, i.e. k* = 0 in (2.28) or 8% — 00 in (2.30) respectively.
The reference state is again a ferromagnetically aligned state but it is convenient to
use 9(1) and ./H(A) from (2.40) and (2.51) to express the transfer matrix (1)
from (2.37) and (2.48) respectively as then the commutation relations with % or
B significantly simplify [83]. An eigenstate is characterized by Bethe numbers
{4 };‘/’: , fulfilling the Bethe ansatz equations

sh(2; — &%+ 1)sh(A; — £+ 1) [sh(a;— 1™
sh(A; +&F = D)sh(A; +&~ =) | sh(A; + 1)

2
_ ﬁsh(lj—le —n)sh(A; + A, —n)
N sh(A; — Ag+m)sh(A; + A +n) |

(2.58)

(=1
I#j

Within this framework the state itself is then constructed using off-diagonal operators
of either choices of representations as the generated states are proportional to each
other [54]

A =] J20010 ~ [ [2D00). 2.59)
j=1 =1

J

The eigenvalue to the state (2.59) is then given by

(~1)*sh*(A+1) sh(2a+n)sh(A+a™ =D sh(A+a” = 1) g(A—n)

AR = 2¢h(A+2)ch(A —3) sh(22) sha* sha~ q(A)
. (=DFsh®* (A —2) sh(2A—n)sh(A—a* +2)sh(A—a” + D) q(A+1n)
2¢ch(A + g)ch(k — g sh(22) shat sha~ q(A)
(2.60)

where q(4) = [ [T, sh(2 — 2:)sh(2 = 2)]

For open boundary conditions there is no easy pseudo vacuum known as the
number of turned spins is not a good quantum number of the hamiltonian (1.1) and
hence the completely ferromagnetic state is not an eigenstate of the transfer matrix.
There have been attempts to construct different pseudo vacua (e.g. [18,68]) but the
solutions obtained are only valid for constricted boundary parameters.
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Fusion in Auxiliary Space
1 2 1 2

Figure 2.3: Visualization of (2.61). Two YBE serve as a basis to fuse spaces 1 and 2.

Some other approaches to the eigenvalue problem are based on functional rela-
tions of the eigenvalue as a function of the spectral parameter. These include the
functional Bethe ansatz and all approaches using so-called fusion hierarchies. Hence
we will discuss the concept of fusion in the next section.

2.3 Fusion in Auxiliary Space

The so-called fusion procedure grants the possibility to easily obtain R-matrices and
boundary matrices of higher dimension obeying a Yang-Baxter equation or a reflec-
tion equation respectively. It is called fusion as e.g. two objects with spin—% auxiliary
spaces are combined to one object with spin-1 auxiliary space. In case of the R-
matrix this procedure is applicable to the auxiliary, the quantum space, and even
both. Furthermore the associated transfer matrices are not independent from each
other but satisfy functional relations called fusion hierarchies. From these hierarchies
the ultimate goal is to obtain the desired eigenvalue of the respective spin chains.

Besides an explicit derivation of the first levels of the following fusion equations
one can apply the powerful graphical scheme to interpret, read and proof the equa-
tions. Basics parts of this scheme have been introduced in figures 2.1 and 2.2 for
the Yang-Baxter equation and reflection equation respectively. The graphical method
often provides motivation and hints regarding calculations in almost all aspects of
integrable models (see e.g. [47,58]).

Since this work concerns quantum spins-% the fusion in auxiliary spaces is fo-
cussed. The fusion of R-matrices was developed by Kulish, Reshetikhin and Sklyanin
[64,65]. The procedure for fusion in one space starts with the equation

(R13R23)(R14R24)R34 = R34(R14R24)(R13R23) (2.61)

depicted in figure 2.3. We used the abbreviation R;; = R;;(4; — A;) and its validity is
clear from Yang-Baxter equations for the appropriate spaces and spectral parameters.
The figure already suggests that spaces 1 and 2 will be fused to give a spin-1 auxiliary
space. Another key element is the so-called triangularity condition

P,R13(T —m)Rys(T)P;, =0. (2.62)
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Figure 2.4: The YBA involves two auxiliary spaces. This figure represents it for fused
auxiliary spaces 1 and 2, and 3 and 4.

It arises from the Yang-Baxter equation (2.2) by setting A; — A, = —n so that
R1,(—n) = Py, is the projector on the singlet and multiplication from the right with
the projector on the triplet P;;. Arranging the arguments in equation (2.61) properly
to use the triangularity condition and defining the fused R-matrix as

Ri12)3(A — 1) = P}LR13(A — m)Ry3(A)P), (2.63)
equation (2.61) becomes a Yang-Baxter equation for the fused R-matrix

R(12)3(A)R (12)4(A + R34 (1) = R34 (WR(12y4(A + WR(12)3(A) . (2.64)

To see that this R-matrix is a representation of a Yang-Baxter algebra we consider
figure 2.4 which represents the equation

(R14R13R24R53)(R15R55)(R3sR4s) = (R3sRy4s)(R1sRos)(R14R13R24R 23) (2.65)

again with the abbreviation R;; = R;;(A; — 4;). Fixing the arguments to use the
triangularity (2.62) again and introducing the definition of the R-matrix fused in
both spaces

R12)34)(A) = P5P5R14(A — m)Ry4(A)Rp3(A + 1)P}, Py, (2.66)

we find the desired Yang-Baxter equation that reveals (2.63) as a representation of a
Yang-Baxter algebra with ‘structure’ constants R ;)34

R12) 34y (A — WR12)5(A)IR 345(1) = R(34y5 (IR (12)5 (AR 1234y (A — 1) . (2.67)

The associated transfer matrix analogously constructed to the periodic chain is then
t3PA(A) = trpg RugyRazi-1---Raz1- As mentioned in the beginning the fusion
process is also applicable to the second space of the R-matrix resulting in

Ry(23y(A) = Pj;Ry3(A — TI)st(A)PZo, (2.68)

from which one can not only built spin chains with higher quantum spin [51,53] but
it will also be needed for the fusion of representations of the reflection algebras.
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The scheme showed here for two two-dimensional spaces can be carried further
fusing up to an arbitrary high dimensional auxiliary space. The emerging representa-
tion for a spin-k auxiliary space and spin-% quantum space denoted by { is [64,65,75]

Ri1sye(A) = P Ryg(ARy (A 4+ 1)+ Ry (A + (k = 1)m)P}! , . (2.69)

The appearing projector P* is defined by

1

P/ = — 2P (2.70)

o

where the sum is over all permutations o = (0'1,09,...,0,) of (1,2,...,n) and P, is
the permutation operator in the space C3". For instance,

P, = 3(1+Ppy)

X 1 2.71)
Ply3 = ¢(1 4 Py3Piy + PyPys + Piy + Py3 + Pr3) .
The associated transfer matrix is a trace over the complete auxiliary space
fZBA = tr<1.‘.k> R(1~--k)L .. 'R(1-~-k)1 . (2.72)

For these transfer matrices the following fusion hierarchy with k = 1,2,3,... holds
[52,53,65,75]

EBAA) = £ PR+ k) — (d, TI + (k — DA (2.73)

where tYP4(A) = tperioaic(A) and tP4(1) = 1.

In the open boundary case the procedure needs to be extended to the reflection
algebras [69]. Again we will start with scattering processes as graphical interpre-
tations of equations. Adding K; = K;(;) to the abbreviations we have for the left
reflection algebra from figure 2.5

R35R31K3R31R3:K 1 R19Ky = K1 R91 KyR31R39K5R30R3, - (2.74)

By setting A—u = —n in (2.25) we find a triangularity condition for the left reflection
algebra

PLK (M)R5(2A + mKy(A +1)P, =0. (2.75)
Defining the fused boundary matrix as
Kng(A) = szIG(K)Ru(% + MKy (A + n)sz (2.76)

and using triangularity condition for the YBA (2.62) and the definition of the fused
R-matrix (2.63) we find a left reflection equation for the fused boundary matrices

R332y (0 — VK3 (WR (12y3( + A)K 12y (A) = K15(A)R12)3 (0 + A)K3(U)R3 12 (U —A) .
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12 12

w

Figure 2.5: Graphical interpretation of the starting equation (2.74) for fusion of the
left reflection algebra.

2.77)

Analogously for the right algebra we have (an index at transposition denotes the
space where it is performed)

R i (=t 4+ KSR, (—p — A = 20)K (15, (2)

) , . (2.78)
= K{19)(ARy 7y (= A = 2K (IR Y5, (—p+ A) .

by using the definition

<12 () = PLKE (AR 5(—24 — 3K (A +1)P . (2.79)

To construct the transfer matrix with a spin-1 auxiliary space we need an operator
valued representation of at least one of the reflection algebras. As in (2.34) we
choose to put the operator content in the left algebra. Utilizing the co-multiplication
property we have

T3 = P R (2A+ 7 (A + )P, (2.80)

yielding the transfer matrix with a spin-1 auxiliary space t;5) = tr 5 K 12>:7 )

With this definitions Mezincescu and Nepomechie [69] showed the fus1on formula
for the transfer matrix of the open boundary model

taz(A=n) = —sh(2A —n) sh(2A+n)t(A—1)t(A) = Z(ATK)A+ (AT ()
(2.81)

depending on the quantum determinants of both reflection algebras and the original
transfer matrix from (2.27). Changing this result to the representation U of the left
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reflection algebra and getting rid of the scalar factor by definition of 7,y we find
Tay(W)=1A - DT+ ) - 56(A) (2.82)

with the scalar function & on the right hand side

_ sh(A+mn)sh(A—n) g .y
o(%) ~ sh(A — 2n)sh(24 + n) ch? x(qu)(k T2 =5
y sh(A —at)ch(A — ) sh(A +a™)ch(A + BT)

(2.83)
shatchf* shatchf*
sh(A — a~)ch(X — B~) sh(A +a~)ch(A + )
X T sha-chp- sha-chp-

Defining t;(A) = 7(A+ g) and t,(A) = 712 (A —n) leaves us with the more favorable
form of

to(A—=n) = t;(A = n)t; (1) = 6() (2.84)

for extending this procedure to higher dimensional auxiliary spaces [76,102]. The
arising transfer matrices t; for integer k are finally related to each other through the
fusion hierarchy

60— (k= 1) = t_, O — (k= D)t (W) = 8ty oA — (k= 1)) . (2.85)

2.3.1 Asymptotic of transfer matrices

The asymptotic behaviour of the eigenvalue of the spin-% and the fused transfer

matrices is easy to obtain in the rational limit but it is an important information for
the approaches presented.

() } ch(qb)/lﬂ+2 _ (=1)*shp*shp~ +ch(6* — @)
t; (1)

22L+2 (2.86)

—_—
A—too ata” ata” chftchf~

Observing the proportionality t, (1) ~ a; AX?L+2) we can calculate the coefficients by
solving the recursion relation

ch¢ 1 ch¢
U e T et e 0T T gig 287
and obtain
1 sh((k+1
o (( )P) (2.88)

- (2ata~)k sh¢
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Chapter 3

Scalar Products for the Diagonal XXZ7
Spin Chain

In this chapter we study the XXZ model (1.1) with diagonal boundaries, i.e. x* =0
or 8% — oo respectively with the goal to calculate expectation values for finite chain
lengths.

The model is well studied and can in addition to the algebraic Bethe ansatz (see
section 2.2) even be solved by means of the coordinate Bethe ansatz [1]. The
distribution of Bethe roots in the ground state depends on the boundary fields.
Anisotropies |A| < 1 for example allow for at most two purely imaginary Bethe num-
bers besides real roots [85]. From the coordinate Bethe ansatz such states containing
imaginary rapidities are usually termed boundary bound states. This terminology is
related to the exponential decay of phase factors. The ground state for anisotropies
A > 1 can be found in [49].

To calculate the e.g. S*-magnetization in the ground state as an expectation
value in the framework of the algebraic Bethe ansatz (see section 2.2) one could
make use of the inverse problem Wang [95] solved in terms of a mixture of the
reflection and the Yang-Baxter algebra. However, this method makes use of the
translation operator of the periodic spin chain for which the Bethe states are no
longer eigenstates. Kitanine et al. overcame this difficulty by reducing the problem
to the algebra of the periodic chain only where the inverse problem [56] is only
expressed in terms of its algebra. So they determined the action of local operators
on Bethe vectors in the representation of the reflection algebra and thus were able to
apply the trigonometric generalization [54] of the rational determinant formula [96]
for scalar products. Additionally they succeeded in simplifying the combinatorial
part of the local S*-magnetization by introducing a generating function [55]. The
result was a multiple integral representation for its state average value. The integral
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representation is linked to expressions from the vertex operator approach [46] and
was derived for the ground state of (1.1) described by Bethe root densities which are
valid in the thermodynamic limit L. — oo of the half infinite chain.

In order to study finite chains we will first need to introduce a non-linear inte-
gral equation (NLIE) for an auxiliary function accounting for the lowest lying state
of the hamiltonian (1.1) with zero magnetization. Then we will extensively built on
the above mentioned results of Kitanine et al. [54] and combine their determinant
formula with the auxiliary function to represent normalized scalar products in terms
of multiple integrals. This result can then be applied as an example to the generat-
ing function of the S*-magnetization to obtain the expectation value for finite chain
lengths.

3.1 Auxiliary Function

For the calculations in this chapter we will consider the inhomogeneous model as in
Example containing eq. (2.24), thus comparisons have to be made in the homoge-
neous limit s i — 0. The Bethe Ansatz equations (2.58) for M < L/2 Bethe numbers
and the corresponding eigenvalue (2.60) of the transfer matrix (2.37) are modified
as well resulting in

sh(A; —&F+ )sh(d; — &~ + ) ﬁ sh(A; — 2 +s¢)sh(A; — 7 —s,)
sh(A; +&+ — Dsh(d; +& — 7 sh(2; + 2 +s)sh(A; + 2 —s,)

(=1
- “M[sh(xj—xé —n)sh(xjmg—n)} G.1
o1 Sh(Aj = A¢ +m)sh(A; + 2 +n) ’
L#]

_ (D" oz + 2)
"~ 2c¢h(z + 2)ch(z - 1)
sh(2z +n) sh(z + &+ = D) sh(z+ & = D gz —n)
sh(2z) sh&+ sh&~ q(z)
-1z D)
+
2¢h(z + 7)ch(z — )
sh(2z —n) sh(z —&* + D) sh(z =&~ + D q(z +n)
sh(2z) sh&t sh&~ q(z)

A(2)

3.2)

Although remembering q(z) = [l_[y:l sh(z — A;)sh(z + A,)] the eigenvalue is ana-
lytic at the Bethe roots A; due to the Bethe Ansatz equation (3.1). The shorthand

o(z) = [l_[ﬁzl sh(z —s;)sh(z +s,)] accounts for the pairwise distinct lattice inho-
mogeneities s; regularizing combinatorial expressions in the forthcoming sections.
Let us restrict the anisotropy chn of the zz-interaction to the massless case, 1 =
iy, and choose 0 < y < 7t/2 for the region next to the isotropic point. By selecting
the lowest lying state of zero magnetization, not necessarily the ground state, from
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Figure 3.1: Solution of 1 + a(z) = 0 in the rational limit for the ground state of
L = 4 lattice sites: A typical distribution of (two) Bethe roots e and (five) hole-
type solutions 4 for positive boundary fields £t = 1.1i, £~ = .9i (left panel) and a
negative boundary field £~ = —.3i along with £ = 4i (right panel) in the sector of
M =2.

Bethe vectors B(A;)... B(Ay)|0) with M = L/2 some simplifications occur for the
auxiliary function defined by

_ sh(z — "+ 2) sh(z — £~ + L) sh(2z — iy)
Z)= . n
sh(z+ & — L) sh(z + £~ — T)sh(2z +iy)

% [ﬁSh(Z_ % +s¢)sh(z — % —Se)] q(z +iy)
¢(—1sh(z + T +s)sh(z + T —s,) q(z —iy)

(3.3)

associated with the unique solution {A, }ji 21 = {1}, 1+a(A;) = 0. Obviously L has to
be even and eigenvalue as well as auxiliary function are periodic in ir. Because of
this periodicity the boundary parameters £* can be restricted to the complex inter-
val (—im/2,im/2] for an hermitian Hamiltonian (1.1). Once a set of Bethe numbers
{A} = {)Lg}ﬁfl is fixed satisfying 1 +a(A;) = 0 for all j = 1,...,L/2 there are addi-
tional hole-type solutions {y} = {y;};*] to the same equation, 1+ a(y;) = 0. These
are also zeros of the eigenvalue (3.2),

AC )_(—1)L¢(Z+§)q(z—n) sh(2z +1)
2= 2ch(z+g)ch(z— g) sh(2z)
sh(z + & — g) sh(z+¢&™ — g) 1+a(z)
sh&* sh&™ q(z)

3.4)

X
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Table 3.1: Ten possible combinations of the boundary fields £*.

The number of holes follows from the transformation w = e?* of 1 + a(z) into a ra-
tional function of w where the nominator is a polynomial of degree 3L + 4: Due to
the symmetry a(—z) = 1/a(z) all zeros A; and y; appear twice with different signs
and thus they are symmetrically distributed with respect to the origin as shown in
figure 3.1. Additionally the equation 1 + a(z) = 0 has two trivial solutions z = 0 and
% = im/2 fixing the number of hole-type solutions to be L + 1.

Compared to the case of the half infinite chain where the problem can be treated
by root densities in the thermodynamic limit we want to pursue another way [21,
57, 58] valid for a finite number of lattice sites. It turns out that the meromorphic
function a(z) is sufficiently well determined by the gross properties of {A} and {y}
depending on the value of both boundary fields. As (3.3) is symmetric in the pa-
rameters £%, one has to distinguish between ten main cases, c.f. table 3.1, for the
pole structure in view of £*, the positions of Bethe numbers and hole-type solutions.
Indeed, the last case X is sensitive to the values of £* but inverting all parameters
&* — —&* formally reverses the z-direction and maps the region X to the cases I
through VI.

Let us consider some examples by looking at the first column of table 3.1. From
numerical calculations one observes for opposite boundary fields (region VII) L/2
real Bethe roots inside the strip |Imz| < y/2 and finds the hole-type solutions to lie
outside of it. Additionally one hole-type solution seems to stick to the pole z =71 /2—
£~ of the boundary field (figure 3.1, right panel). This observation along with the
eigenvalue and the known asymptotics is enough to derive a set of equations relating
the second logarithmic derivatives of a and (1 + a) to each other determining a(z)
uniquely by means of the integral Fourier transform. Especially the exact position
of the Bethe roots is not to enter the equations. To achieve this the g-functions
in equation (3.3) have to be eliminated by introducing auxiliary functions b(z) =
(a(z —iy/2))7! and b(z) = a(z +iy/2). Then the Fourier transform of the second
logarithmic derivative of g can be expressed through a combination of the Fourier
transforms of (1 +b) and 1 + 1/b. Resubstitution into the Fourier transforms of the
auxilary functions b and b already yields the aspired connection. The details of this
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Auxiliary Function

Figure 3.2: The Bethe roots are enclosed by the canonical contour % for the massless
case in its parametrization n =iy, 0 < y < 7/2. Note the symmetry a(—z) = 1/a(z)
mirroring all solutions of the equation 1+ a(z) = O at the origin. The poles at
w =1n/2— &* of the function (1 + a) have to lie outside the contour.

technique are explained in [58] and we may leave with the homogeneous s; — 0
result
sh(2z —n)sh(z — n)
| = 1
na(z) =4n +In |:Sh(22 +n)sh(z + n)]
sh(z — (&7 = 7))sh(z — (£~ — 1))
—2n+In [ y : ] (3.5)

shz + (6% — D)sh(z + (€ — 1)

sh(z — g) dw sh(2n)In(1 + a(w))
sh(z + g)] B “ 27ish(z — w +n)sh(z — w — 1)

+2nL+2Lln[

valid for the region |Imz| < y/2 — ¢. The factor ¢ < 1 ensures the Fourier inte-
grals to converge and serves in the inhomogeneous case as a convenient restriction
|Ims;| < &. The canonical contour % is depicted in figure 3.2 and extends to infinity.
Compared to the periodic chain [21] only the first and second lines of driving terms
were added.

For boundary fields exceeding iy (region I) a hole-type solution on the real line
appears besides the outermost Bethe root (figure 3.1, left panel). This is due to a
change in the description of the ground state encoded by L/2 real Bethe roots. All
other L hole-type solutions remain outside the strip |Imz| < y/2. The hole-type
solution on the real line corresponds to the term

sh(z+x—n)sh(z—x—n)}

1
+4n+In [sh(z+x+n)sh(z—x+n)

(3.6)
which has to be added on the RHS of (3.5) due to complex analysis imposing the
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I I m I1v v vi vl Vvil IX

hole-type solution e o o e o o
left boundary pole (—) o o e o o
right boundary pole (+) . o o . o

Table 3.2: Driving terms for the possible combinations of boundary fields £*

additional constraint 1 4+ a(y) = 0 on the auxiliary function. This is similar to the
case of excited states in the periodic XXZ chain [59].

For boundary fields y —& > £~ /i > 0 (regions II, IV) the pole at z =7 /2—&~ has
to remain outside the contour guaranteed by a deformation. Applying the residue
theorem yields the additional driving term

sh(z+n/24+&7)
—2n+1n [sh(z —3n/2+€’)}

3.7

which, besides (3.6), has to be added on the RHS of (3.5) for that case. This is the
only modification compared to case I because the structure of the root distribution
of A; and y; with respect to the strip [Imz| < y/2 is unchanged. Nevertheless
approaching zero from below with the pole z = 1/2— &~ the Bethe root closest to the
origin moves towards zero along the real axis (region II). Passing the origin the pole
picks up this Bethe root and pulls it (up to exponential corrections with respect to the
chain length) along the positive imaginary axis until the upper part of the canonical
contour is reached. Because of this imaginary Bethe root the corresponding states
are termed boundary bound states (region IV) [97].

Especially in the XXX limit when the parallely oriented boundary fields (region
VI, two imaginary Bethe roots) become strong enough to significantly arrest the
outermost spins of the chain the considered boundary bound state with M = L/2
Bethe roots and a total magnetization of zero refers no longer to the ground state.
Here the almost fixed boundary spins can be regarded as effective boundary fields
for a spin chain with two lattice sites and one Bethe root less. For the XXZ chain this
effect already sets in for the regions V, VI, VIII, IX but depends on the values of the
anisotropy ch n compared to the boundary fields.

Numerics suggest that all cases I to IX with zero magnetization have L/2 Bethe
numbers within the contour ¥ as in the considered examples above (see appendix
B). Thus all possible forms of driving terms with respect to hole-type solutions and
poles of the boundary fields are given. The non-linear integral equation for the
auxiliary function can then be fixed if one considers table 3.2 as a building block.
Here o marks the additional driving terms (3.6) and (3.7) which have to be added
on the RHS of (3.5) for each single case. This accounts for the hole-type solution y
inside the canonical contour imposing 1+ a(y) = 0 and the boundary fields £*.

In the following two sections we shall derive our main result of this chapter valid
for distributions of Bethe numbers in the strip |Imz| < y/2 according to the left
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panel of figure 3.1. For this reason, we have to introduce a closed contour %6’ similar
to € but excluding all hole-type solutions, especially the one on the real line closing
the set of Bethe numbers if present.

Remark. As in the case of the periodic XXZ chain it is possible to derive a non-linear
integral equation for the eigenvalue in terms of the auxiliary function [58]. However
the calculations are tedious and the eigenvalue (3.2) can be determined from the Bethe-
equations (3.1) directly. Hence it is more motivating to pursue the way of calculating
correlation functions.

3.2 Integral Representation for the Determinant Formula

To calculate scalar-valued expectation values of local operators a nice combinatorial
result for the Bethe-eigenvectors of the open XXZ chain applies. We will use the
choice of shifting the operator content to the right reflection algebra (2.45) within
this chapter and hence work with HI;I=1 2B)(1,)]0) as the Bethe-eigenvector.

First note that it is possible to reduce the 8+ operator generating Bethe states
by applying (2.46) to operators of the periodic chain

1 sh(2A +n)
G} —
A 2ch(A+2)shg*t  sh(22)
X [Sh(l—g-l-fr)B(k—g)D(—k—g) (3.8)

+sh(A+2 - £9B(-2 - DDA - D] .

Then the key element is the inversion formula

m

e, = [];[1 (AGs) +D(s) | T2, )|
=1

J

m

(AGs;) + D(sj))‘l} (3.9)
j=1
for the standard basis (eaﬁ)“}j, = 62"6?, at site m from [56]. Because it is written in
terms of entries of the monodromy T(A) the action on a Bethe state with (3.8) can
be computed by simply applying the Yang-Baxter algebra. Then some Bethe numbers
A; are replaced [54] by pairwise distinct lattice inhomogeneities {; = 1/2 + s; to
regularize the expressions

M

(en D] [ [2D00]100=3"C (1L 1) [ [T 2P [10). 3.10)

b=1 bea,,

Here we have {u,} = {Aj}?”: 1 U {¢k}L, and the summation is taken over certain
subsets a,,, of {1,2,...,M + m}. For a local operator at site m only the first m inho-
mogeneities s, .. .,s,, enter and their shift of /2, {; = s, +n/2, is due to the explicit
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decomposition' of 8*)(1) in terms of the periodic chain operators. The coefficients
C,, can be computed generically and for an illustrating example to this formula see
(3.28).

Proposition [54]. For a set of pairwise distinct numbers {u;};_, and Bethe roots
Mz}f\i 1 solving the Bethe ansatz equations (3.1) the normalized determinant formula
for scalar products including members of the right reflection algebra reads

(O, 6001 [Ty w1100
OI[TTL, ¢ DA [T, 2P (A)]10) 511,

[l—[sh(lab)sh(l_ab)} [lﬂl sh(2u; + 1) sh(ZAZ)} det [H(Aj, )] jpmr, it

Sh(‘u'ab)Sh(.uab) =1 Sh(ZAl + 7]) Sh(z.ull) det [H(Aj’ Ak):lj’kzl ,,,,, M

a<b

with the entry

_ i) = (=)
O )= = ) sh( + 1) G12

of the determinant, the shorthands A, = A, — Ap, Agp = Ay + Ay and the set {A} of
Bethe roots included in the functions

- Gz, ()
Yiz)= sh(z —A; —n)sh(z +A; —n) (3.13)

¥ AN =alz — Dd(—z — Dsh(z + &7 = Dsh(z+ & — 1)

X “M[sh(z—kl —n)sh(z—i—kl—n)] . (3.19)

=1

Here a(A) = ]_Lf:l sh(A—s,+m)and d(A) = Hle sh(A —s;) are the vacuum expecta-
tion values of the operators A(A) and D(A) of the periodic chain with inhomogeneities
s; approaching zero in the homogeneous limit.

The Bethe ansatz equations (3.1) follow from

yi(=2) _  sh(2z+n)sh(z +2A; —n)sh(z —A; —n)
o) =a(z sh(2z —n) sh(z + A; + n)sh(z — A; + 1)

(3.15)

1 Note that the operator %(H(?L) here, (3.8), and the corresponding expression in Kitanine et al.
differs by an overall prefactor and a shift of 1/2 in the periodic chain operators. Looking up [54] we find

e ) [sh(A— 2 +E9)BOID(-2) +sh(2+ £ — EB(-D()] -

To make use of the normalized scalar product formula (3.11) one should always bear in mind, that the

right Bethe vector containing %) () gets its arguments from commutations starting with 93(*')(7&]-)
such that the prefactors in front of the square brackets cancel due to the normalization.
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and can be rewritten as y;(;) = y;(—A4;), j = 1,..., M allowing to recast the entries
of the determinant in the form

Yi(u) sh(ue +A; —n)sh(ue — A; —n)

(o) = = h(aga = ) sh(; — p)shCh, + )
{ sh(2ux —n) o) sh(2ux +n) }
sh(py + A; — n)sh(ue — A, — ) “sh(ug +A;+m)sh(ue — A +m) [

(3.16)

Considering the limit u; — A, in the above expression to get in contact with the
desired matrix elements yields

lim 1 { sh(2uy — )
m—n Sh(A; + ) sh(A; — i) [ sh(ug +24; —n)sh(ue — A, —n)

sh(2uy +1) }
sh(ug + 24, +n)sh(u — A; + 1) (3.17)

.dlna }

—a(ug)

1
=——|iK,(A; + A1) —iK, (A — A) — 6] —— (A,
Sh’r)Sh(Z?LJ) |:1 n( ]+ k) L 'r]( Jj k) k Oz ( ])

where one separately has to treat the case u, — 4; accounting for the Kronecker 6;;
by virtue of 'Hospital’s rule. The kernel K, from the auxiliary function is

1 sh(2n)

KM= aas msh(h—1n)

(3.18)

Obviously all normalized expectation values (3.11) contain the elementary ratio

,,,,, _ ~1rq

=det [ (AJ,Ak)zp(Ak,W)]jj:l ,,,,, . (3.19)
where on the right hand side qf)_l(lj,lk) denote the entries of the inverse matrix
and summation over k is understood. Now for reshaping the right hand side we
closely follow [36] as similar computations were done for the periodic XXZ chain.
Here the entries are

1 . . jdlna

shnsh(2u, —n)

i, ) =
YA, sh(2; — p) sh(py — A — ) sh(uy + A; —n) sh(A; + )
() shnsh(2u +n)
— al
M sh(A; — pe) sh(uy — A; +n) sh(ug + A +n)sh(A; + )

(3.21)
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defining the new matrix J (4, ;) = ¢~ ' (A}, A)Y (A, y). How to express the deter-
minant (3.19) in terms of a density function is presented in appendix A and summa-
rized in the following lemma.

Lemma 1. For simplicity assume {,ul}fi , to be a copy of the Bethe numbers where the
first n roots Aq,..., A, are replaced by some c-numbers v,...,v, considered as lattice
inhomogeneities {; = 1/2+s; from the strip | Im({; —n/2)| < e. Then the determinant
from above reduces to

G(Aj,’\/[)
det [(p()\f], Ak)]j,k=1 Y a’(?tj) .....

,,,,,

where ’ denotes a derivative and G(A,v) is the solution to the linear integral equation

G(A.v) = shn shn
A,v)= sh(A+v)sh(A+v —n) B sh(A —v)sh(A —v +n)
de sh(2n) G(w,v)
L, ﬁsh(k— w+n)sh(A—w—-1)1+a(w) (3.23)

on the contour ¢’. Here we already made use of a({;) = 0 and minded the simple
geros G(0,v) = G(A,n/2) = 0. The density function shows the symmetry G(—A,v) =
—G(A,v) with respect to the first argument A whereas here the second argument v
is restricted to the strip |Im(v — 1/2)| < ¢ outside €’. The contour €’ excludes the
hole-type solutions y and depends on the parameter € as shown in figure 3.3.

To generalize the result let us introduce the disjoint union of the sets {A} =
{AT}u{A "} and {u} = {uT}U{A"} and denote the cardinality of the partitions {A*}
by |A%|. Then along with the slightly modified function [54]

o1 ¥(uy, {2 sh(2u; +n) sh(2A7)sh(20 A7 —n) ]

D= ([5Gt =) 5T s

sh(AF — A sh(AF + A7 Ty ¥ sh(AF — A7) sh(AF + 1)
8 [l_[ sh(u — pf)sh(uf +u;§)} [l_[ l_[ sh(u — A, )sh(uf + /1;)]

a<b a=1 b=1
(3.24)
the normalized scalar product
(O [TTar, 690 [T, B wp)]10)
M ) M g
OI[ T Tezy €PA] [T Ty=r BP(2)]10) (3.25)

G(At, ut
= S (1A% (A D det | — 2 |
J

effectively reduces with [A*| = |u*| = n to an n x n matrix. The set {o'} with o; = £1
accounts for the symmetry of the Bethe roots which can be seen from the Bethe
ansatz equations in the form y(A;, {A})sh(=2A; —n) = y(—A2;, {A})sh(24; —n) for
j=1,...,M leaving %, unchanged.
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3.3 Generating Function of the Magnetization

For an illustrating example we shall now apply the integral representation of the
scalar product formula (3.25) to a generating function of the S*-magnetization. Note
that we will assume the case of one hole-type solution on the real line accounting for
0<&t/i<m/2.

Proposition [55]. Corresponding to one of the simplest non-trivial one-point functions
in the open spin chain is the one-parameter generating function

Qmlp) = [ﬁ (AGsj) + e(’DD(Sj))] Hﬂ[ (AGs;) + D(Sj))_l] (3.26)
j=1 j=1

of the longitudinal magnetization

1-o0*
(“572) =02, (Qu(@D)] o (3.27)

It includes a discrete derivative D, u,,, = u,,, — u,,_; on the lattice and a continuous one
with respect to . Its action on a Bethe state reads

Qm(ﬂp)[lﬂl%m(le)]m):i DI [1_[ Z }det[M(aJrﬁ Z:;:)iljkﬂ
=1 Loj= ’

n=0 [A*|=n |[{*|=n j=

1 s b(oF ) 1
x [ga;} w (o2 L[] ] T ORTTaE]

a=1

n M-n
x 7 LD [ 29w [ [T 2000 10
a=1 b=1

(3.28)
with the known matrix
shn
P H0 = (A, — ) sh(h; — g — 1)
e’ shn [ sh(A; — A —n)sh(A; —HZ‘H))}
sh(/l — i) sh(A; — e +m) [ {1 sh(A; — w7 —n)sh(A; — A7 +n)
(3.29)

from the generating function of the zz-correlation and the function

W_({w}, 2D _[l—[ sh(z +£~ -1 ][ [T} 41 sh(zy + 0, — 1) }
Wl ) L shw+e =D | TT,-, sh(z, + 25 — ) sh(e, + @y — )
(3.30)
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(3.31)

W({w}, {Z}) = |: ﬁ Sh(zb - O-)a - n)sh(zb — wa + n):|

ap1 Sh(@q = wp = M) sh(z, =2, +1)

picking out the left boundary with £~ to start counting the lattice sites. All inhomo-
geneities entering the generating function are included within the expressions [36 ]

b(A)=[ﬁ sh(% — ¢,) ] L N (S T ) S

i1 Sh(A = ¢+ m) b)) l_[%n;l sh(¢; = <o)
]

The function #, already appeared in the scalar product formula (3.25), whereas o ; =
+1 accounts for the symmetry of the Bethe roots.

Note that here the combinatorial part is expressed by the set of all ordered
pairs ({1}, {A7}) of fixed cardinality |A*| and |{ | respectively indexing the sums.
Switching to the normalized scalar product the expectation value of the generating

function can be written in terms of the density function G(co;A;,v) = 0;G(4;,v),

OITTE, 6] Qu(@) [T, 24(2,)]10)
O[T, €001 [T, BP(2,)]10)

S - nob(otah) 1
I NI | DIRI]§ E-atre ey ReES

n=0 |A*|=n |{*|=n  j=1o0;=%1 a=1

Qn(p)) =

G(o T A%, )

+a+ + +at+ o+
X W_({o* A"} ¢ D det [ Mo} 21,0 | det | 00 ]
with indices of the determinant j,k=1,...,n
The last step now is to get rid of the explicit dependence on Bethe roots by
integrals according to the following lemma.

Lemma 2. Let f(w,,...,w,) be a complex function, symmetric in its arguments and
equal to zero if any two of its arguments agree up to a sign. Furthermore if it is analytic
on and inside the simple n-fold contour (¢’)" and shows a simple zero at w; =0to
compensate the first order pole of the auxiliary function 1/(1+ a) then

> Z 5y flofaf,...,orah)
[A*]=n o oretl nzzla’(}»*)
da)g
Tl' l_[J , 2mi 1+a(o) )]f(wl:-~-,wn)_

For lattice inhomogeneities within the strip |Im({, — n/2)| < ¢ all poles with
respect to the variable w; of the density function G(wj, {) lie outside the contour
%6’. The singularity of the function W_({w}, {¢}) at w; = n/2 — & is ‘balanced’ by
the simple zero of 1/(1 + a(w;)) and because of the density function G(0,v) = 0 the

(3.34)
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expression in (3.33) meets — along with the determinant property — the conditions
of lemma 2.

However, the same technique can be applied to the {"-summation with inhomo-
geneities {; in the vicinity of 1/2 and thus outside of 4’. For a function f with
the properties from above except for the simple zero at w; = 0 the corresponding
integrals read [36]

FEEL0) 1 a1
Ié;n l_[e 15/(55 T l_[f 2mi [’(ze) f@,e52,) (3.35)

With respect to the integrand the contour I lies in the strip |Im(z — 1/2)| < ¢
and surrounds all inhomogeneities {;,...,{,,. In addition due to the simple zero
G(A,7m/2) = 0 the point 17/2 can be enclosed enabling the homogeneous limit {; —
1/2 yielding as a main result the following proposition.

Proposition. Let m be a site index counted from the left boundary and consider the
functions b(A), W_({w}, {z}), M(w;,2) and G(wj,2;) according to (3.32), (3.30),
(3.29) and (3.23). Then the multiple integral representation of the generating function
reads

Q@) = J doog_bleo) [ ds
€

,2mi 1 -}-a(we) F%b(z[)} W,({O)};{Z})

(n‘)2
[ G(wj,2k) ]
sh(2z; —n)djk=t,n

The contours for the massless case are depicted in figure 3.3 and in the homogeneous
limit the auxiliary function a(z) is determined by the non-linear integral equation (3.5).

x det [M(a)j,zk)]jk (3.36)

=1,...,n

Thermodynamic Limit

Rewriting the density function (3.23) as the sum G(A,v) = GT(,v) — Gt(A,n —v)
the partial density G* satisfies

G, v) = — sh
’ sh(A —v/)sh(A —v'+ 1)
do sh(2n) Gt (w,v") (3:37)
o 2mish(A —w+n)sh(A —w—n) 1+ a(w)

for |Im(v/ —n/2)| <e.
In the limit of infinitely many lattice sites i.e. L — oo, thus y — oo and 6’ — €,
the auxiliary function a is dominating for y < O the upper part of the contour ¥,

sh(A— 1)
Ina(A) ~ 2L ——2-, (3.38)
sh(% + 1)
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AIm

b))
{3

Figure 3.3: In the massless case n =iy, 0 < y < 7/2 the contour ¥’ is limited by
the hole-type solution y as depicted in the left panel for a small ¢ < 1. The lattice
inhomogeneities ¢} lie in the vicinity of n/2 outside 6’ and are counterclockwisely
surrounded by I' (right panel).

AIm ilyl AlIm
¢ 2
Re Re
n _
®5—§ ®;
T T — i
2

Figure 3.4: In the thermodynamic limit only the lower part of the contour ¢ remains
(left panel). Moving it towards the real axis the poles at w; = 1/2 — £~ of the
function W_ must not be crossed (right panel).

such that only the lower part remains (figure 3.4, left panel). Clearly, the validity
range of the variable v’ extends according to the pole structure of the driving term
and in this limit the density GT(A,v’) — inrp(A,v’) satisfies

o9}

p(A,v)+ f

—00

dw ish(2n)p(w,v’) i shn
2nsh(A—w+n)sh(A—w—-n) msh(A—v)sh(A—v'+1n) "

(3.39)

Note that the variable v’ takes the values of v and n —v where v is located in the
vicinity of /2. Applying the thermodynamic limit to the generating function one
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directly ends up with the result of Kitanine et al. [55] where y < 0 is assumed,

< dz b(a)l)
(Qu(0)) —Z](n,)z HJ sz e ) W_({o}, {2})

p(wj:zk) - P(wj, n- Zk)]
2sh(2z, —n)

(3.40)

x det [M(wj,zk)] det [

with indices of the determinant j,k = 1,...,n. Cp consists of the real line and
an additional counterclockwisely closed contour around the pole w = /2 — &~
depending on the value of the boundary parameter £~. The condition —|y|/2 <
Im &~ < 0 to include this additional contribution can easily be seen from figure 3.4,
right panel.
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Chapter 4

Separation of Variables

The hamiltonian (1.1) with full parameter range explicitly includes non-diagonal
boundary contributions. Hence it exhibits a lower symmetry compared to the diag-
onal case and the spectrum can generally not be determined by the standard proce-
dure of the algebraic Bethe ansatz. Although there have been various attempts to
study the spectrum of this spin chain a satisfactory general scheme is still missing.

In this chapter we will first apply the functional Bethe ansatz or the separation of
variables method elaborated by Sklyanin [84] to the transfer matrix corresponding
to the spin chain with non-diagonal boundaries. Within this approach the eigenvalue
problem is formulated using a suitably chosen representation of the underlying Yang-
Baxter algebra on a space of symmetric functions. The main result is a TQ-equation
similar to Baxter’s approach but only valid for values of the spectral parameter on
a certain grid which in return allows numerical solutions for small system sizes.
Unfortunately to arrive at this result for unrestricted boundary parameters we need
to restrict ourselves to the XXX model at some point in the calculation.

The algebraic results for the XXX spin chain are also valid for the so-called spin-
boson model as it arises from the same R-matrix within QISM. The spin-boson model
is a two site model coupling a spin-% and a bosonic degree of freedom to each other
and possibly to boundary fields. In section 4.3 the details arising from this situation
are worked out resulting again in a TQ-equation valid on a grid.

4.1 Functional Bethe Ansatz
The starting point of the method is the representation U(A) (2.35) of the left re-
flection algebra containing all the operator content. The entries of this monodromy

matrix U(A) can be expressed in terms of the operators A(A), B(A), C(A) and D(A)
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4. SEPARATION OF VARIABLES

of the periodic monodromy matrix T(A), i.e.

sh(A — 2 +&7) sh(2A —1n)
ch(A — 2) sh&~ sh(21)
3 sh(A + 2 =& ) sh(2A —1)
ch(A — g) sh&~ sh(21)
k~e? sh(2A —n)
sh&~ ch(A — g)
xk~e? sh(2A —n)
sh& ch(a-1)

B(A) = —

B(-A— 1A~ 1)

B(A— DA-A—1)
“4.1)

A= DA-2— ]

B(A—-1B(-2-1).

The presence of the term in the third line of (4.1) proportional to only A operators
prevents the existence of an easy pseudo vacuum (%8(A)|0) = 0). But this term is no
hindrance for Sklyanin’s functional Bethe ansatz.

As mentioned above we will need to restrict ourselves to the rational case in
order to have the boundary parameters unrestricted in the end. Then we can choose
the right boundary matrix diagonal in favour of a twisted monodromy matrix T(A).
Applying the rational limit the boundary matrix K(A,+) (2.30) yields the similarity
transformation independent of the spectral parameter

at+2

K()L,+)=MS( at L)(Msﬂ (4.2)

0

with the diagonal matrix being a solution to the right reflection algebra and the 2 x 2
number matrices

et0"/2 0 1 eft2 _a—B*/2
M = ( O e_9+/2 3 S = m e_ﬁ+/2 eﬁ+/2 (4-3)

being representations of the rational Yang-Baxter algebra. Thus in the transfer ma-
trix t(A) = tr KO T(MDK (AT (=) we are free to consider a diagonal outer
boundary matrix K together with the c-number twist (M$)~1T(1) of T(1).1

4.1.1 Operator-Valued Zeros

The main goal of the functional Bethe ansatz is to treat the spectral problem of
the transfer matrix in a representation space of symmetric functions manipulated by
some shift operators, which descent from operator-valued zeros of the %-operator.

1The gl(2) symmetry of the rational model allows to remove the twist of the monodromy matrix in
favour of a twisted boundary matrix K(7) = (M) st~ 1k s(H) | see Ref. [68].
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Functional Bethe Ansatz

Starting from %8(A) in the rational limit reading

2 —ic A’_‘_6__53( A IC)A(A iC)
g— 20 2 2

—A+ ‘57 B % ic ic
T gp BT AAG (4.4

-k’ AA-HA-1-5)

B) = —

+x7e? BA-5)B(-A-X }
we observe the expression in the square brackets to be symmetric with respect to A —
—2 and having no pole at A = 0. As the operators A, B, C and D are polynomials? in
A of degree L with the known asymptotics easily obtainable from their definition

+79+
)

9+7+
exp(F55) | exp(:=E)

V2ch Bt ’ V2chpt

exp(-2£%) 5 exp(£4%)
V2ch Bt ’ J2ch Bt

we can factorize the square brackets in terms of (12). The asymptotic prefactors arise
from the twist ST'M ™! of the periodic monodromy matrix T(1).

Thus 98(A) is polynomial with a simple zero at A = ic/2 and operator-valued
coefficients assembling

L

(4.5)
AL

~ —

B(A)=

21 —ic 1 -2k~ sh(~ — 01 — B R
A2 -x2)|. (4.6)
[TTe-=2)]

(DR 2chp*
As [B(A), B(u)] = 0, according to the reflection algebra, we can deduce [)?]2, J?,f] =
0 for all j,k=1...L with the spectrum shown in the next example.

Example. For a spin-% representation and L = 1 the explicit expression (4.6) with the
inhomogeneity s, yields for the argument A = O the form

=2 _ (51 + K)Z
Xy = ( 2 (s, — iEC)Z 4.7)

of the operator-valued zero X in a diagonalized form. This fixes discrete sets A; =
{s; —ic/2,s; +1ic/2} representing the spectra of the coordinates X; except for a global
sign and resembling X! = A; x ... X A;.

For the forthcoming relations, to work with the simple zeros X; instead of ?cjz, we
refer to the following supplemental remark.

2From here the e'-dependence of all periodic chain operators is suppressed.
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4. SEPARATION OF VARIABLES

Remark. Let X; be the operator-valued zeros satisfying A=+R, |%B(A) = 0. Then all )?Jz
can be simultaneously diagonalized such that for all j,k=1...L

PN . s+ <
[X;,X]=0 sz(J 2 s-—i—c)' (4.8)
j

2

4.1.2 Conjugated Momenta

With the operators X; at hand the next problem is to calculate the expression for the
transfer matrix in the X-representation. To do so let us first introduce the ‘conjugated
momenta’ to the ‘coordinates’ X;.

Considering .«/(A) and (1) as polynomials and inserting the operator valued
zeros of 9B(A) by ‘substitution from the left’ yields the new operators

5 (1) = wa =X;

4.9
Ax}‘@(k) pr@ =X “9)

Here .¢/, and ép denote operator-valued expansion coefficients. In the following

theorem the commutation relations with the coordinates X ; are summarized.

Theorem 1. Let X; be the operator-valued zeros of 98(A) and X}i their conjugated
momenta related by the reflection algebra. Then

XX = (X £icd )X (4.10)
Proof. Consider the commutation relation

sh(A+ 11— n)sh(A — p— 1)
A (A)B(W) = Sh(A T ) sh(A— ) B(u) (1)
shnsh(2u —n)
sh(2u) sh(A + u)
shn
B sh(2u) sh(A + u)
of .¢/(A) and %(u) and multiply it by sh(A+u) sh(A—u). Then take its rational limit

and insert the coordinates X; by ‘substitution from the left’. The expression reduces
to

BN (1) (4.11)

BT (1)

(x; — M)(x; + A)X;%(A) =xX+A—-ic)(x—-A— ic)%(l)Xj_ . (4.12)

Replacing () by its factorized form, cancelling the constant asymptotics and mul-
tiplying by the inverse (X? — A)7" from the left the commutation relation

xj[!j(xz—fg]z[ ~(® —1c)2][]_[(12—@2] - (4.13)

f#)
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Functional Bethe Ansatz

remains. Implying all expressions to be symmetric in X; to act on we arrive at the de-
sired relation. Analogously the elementary commutation of XJJr with the coordinates

arises from the commutation of 8 and 9. O

The next natural step would be to establish the commutation relation between
two X* operators. However, this cannot be done directly because per definition in
exceed the representation space.

4.1.3 Representation Space

Following Sklyanin’s approach the square brackets in operator (4.6) can be expanded
into A2 — b, A2E"D 4+ 4+, with commuting operators b thus sharing a common
system of elgenfunctlons fa>

bifu=b%f, , a=1...2" (4.14)

where 2! represents spin-%. To every point b* = (b,...,b%) € B* c C" there
corresponds only one eigenfunction f, and the representation space W (e.g. for the
XXX chain we have W = (C?)®L) is isomorphic to the space FunB’.

Example. A possible realization of the eigenfunctions f, is
(B;f.)(b) = b2 f,(bF) (4.15)

where Bj act as multiplication operators. Let {t, € (C?)®L |(ta)ﬁ = f,(bP)} be a basis
of W then, with the constraint f,(bf) = 55, it is indeed orthonormal and complete.

Since b,, are the symmetric polynomials of the roots 55]2 we are led to consider the
mapping

6:Ct—->cCt, x—b (4.16)

given by the formula b,(x) = s,(x). The s,(x) are the elementary symmetric polyno-
mials of degree n =1...L of c-number variables

s; () =x2+x3+...+x}
4.17)
sp(x) = xzxg x2 .
The diagram
g

xt LELL{O,HCC

S
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4. SEPARATION OF VARIABLES

of the combined mapping f o 0 reveals the isomorphism between FunB* = W and
the space of symmetric functions SymFunX’. The set {0,1} is the range of f in
the example above. Thus the operator roots )?]2 can be thought of as multiplication
operators

378y y)=y780ns - y1) (4.18)

in an extended representation space Fun X" 2 W which is a non-physical one. Recall
all the results should only use the original space SymFunX" = W, as the operators
o, B, ¢ and 2 map SymFunX’ — SymFunX’ or more sloppy W — W. So for
plainness we will use in the following the terms W and W for the representation
spaces instead.

For the action of in on a function s € SymFun X’ we need first to extend the

operators from W to W by the constant function
w(x)=1forallxeXx!. 4.19)

Obviously w is symmetric and thus belongs to the representation space W. Now
define the action of X]i on w by

KF)0)=A7X). (4.20)

Then the functions Aji (x) uniquely determine the action of X]i on any vector s which
is identified due to the isomorphism with some symmetric function s(x,...,x;) =
(sw)(x) created from the cyclic vector w by the operator s = s(X;,...,X;). Thus

(ins)(x) = (in?w)(x) = s(Ejix)(inw)(x) = s(Ejfx)Aji(x) ) (4.21)
Here we introduced the shift operators
EJ:t :Cl -l i(xy,...,x

e Xp) > (Xq,.., x5 Eic, ., X)) (4.22)

acting on some L-tuple of c-numbers. In the extended representation space W of not
necessarily symmetric functions the action of in then reads

+_ Atpt
X7 =ATVE; (4.23)

with AT = AF(x). By the operator relation (4.23) we can now calculate the commu-
tations of the momenta.

Theorem 2. Let in be the conjugated momenta related to the coordinates X; by the
reflection algebra. Then

[Xfx,ﬂ -0, foralljk=1...L

(4.24)
[x;,x,;} =0, foralljk=1...Lbutj#k.
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Functional Bethe Ansatz

Proof. Let us start with X~ where the first assertion is obvious for j = k. Then it is
enough to consider the cases j = 1, k = 2. Taking the rational limit of

[A(N), o (1)] = [BW) 62— B (W] (4.25)

s
h()k+ w)

and inserting A = X; and u = X, by ‘substitution from the left’ the right hand side
turns into zero and for the left hand side we get

A=X1,u=X,

AN () =D XNRY oy = > KR

(4.26)
= X[ A =X] Y Ehd, =X]X; .
n n

In the same way starting from .«/(u).«/(1) one obtains X, X, and the assertion is
proven. The commutation of X *’s and mixed commutators excluding the cases j = k
can be treated analogously by considering

[2(2), ()] = —sh(2A+ n)sh(2u +n) [ (1), o (11)]

~ h(A h(2A (4.27)
(50, ()] = X th‘as_(m ) L), ()]

in the rational limit. O

The remaining commutation relation involving the quantum determinant A, is
summarized in the following theorem.

Theorem 3. Let X; and XJi be the coordinates and conjugated momenta related by the
reflection algebra and A, (A) is the quantum determinant. Then

XiX* A (% ﬂ:lc)forall],kzl...L. (4.28)

Proof. Substituting the operator-valued zeros X; into the suggestive form (2.41) of
the quantum determinant one obtains

AF )= me(x —ic)" A, G, —Z(x —ic)" (%7 ) 5

= Z(x —ic)"X; G, =X; ch“@ (4.29)
— +
o Xj Xj

and analogously A, (X; + iEC) = XJJFX]’ exerting the reflection algebra. O

Remark. The remaining zero ic, /2 of B(A) is an exception and renders the operators
4/ (ic/2) = (d,T)(—ic/2) and 9(ic/2) = O to be constant yielding A,(ic) = 0.
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4. SEPARATION OF VARIABLES

4.1.4 Representation of A®

Applying X7'XT = ATEFATET to an arbitrary function g € W induces the sequence

(XXT)(x) = (ATE] ATEF )(x) = A7 ()(E; ATET £)(x)
= AT((ATET )(E;x) = AF (AT (EF%)(E] 8)(E;X)
= AXGOAT(EF0g(0) (450

= Ag(x; = ©)g(x)

relating the representations Aj.c to the quantum determinant A,. In the case of a
finite dimensional representation of the generators {)?j,X].i}JL:l such that the spec-

trum X' shows no multiple points the problem of constructing such a representation
is equivalent to that of determining the functions {Aji}JL.zl on X! satisfying

Aniq(x)Af(Eix) = Af(x)Ai(Efx) for all n,m
ATX)AL(ETx) = A (X)A(E x) foralln,m butn#m (4.31)
A (X 5= AT(X)AT(Efx)  forall j

arising from theorems 2 and 3. The above relations are not defined when the shifts
E* move the point x out of X! = A; X ... X A;. This means {Aji}f:l have to vanish
on the boundary

ax;f ={xe XL|EJ.*x e ch\x!t} (4.32)

of the set X*. For the open XXX chain with A; = {s; —ic/2,s; +ic/2} this is clear
from the explicit factorization of the quantum determinant.

Example. The vanishing of Aji(x) on the boundary 3in can be directly seen from the
explicit factorization of Ag(A) = A~ (A + 1n/2)AT(A —n/2) into

ic —

AT(A) = T

“_[(A—sl + )t + D)

(4.33)
A
AT =—-(24 - 1c)e H_[(A -5 — l—)()» +s5 — ]

considered in the rational limit indicated by € — 0.

46



Functional Bethe Ansatz

4.1.5 Spectral Analysis

Now let us return to the original problem, the spectral analysis of the scaled transfer
matrix (2.37), T(A) =trK(A +n/2,4+)U(A)/2, in the rational limit

A+ DA+E =D 12-&"+75
T()L)— 22,§+ ﬂ(l)—gwg(k)
) (4.34)
(A+§)K+

o+ -6+
= [ e +e B()]
and mind the scaling factor ¢ — 0. To plug in the zeros X; by ‘substitution from
the left’ we have to get rid of 6(A) by diagonalizing K. Thus only the first line
remains. The diagonalization does not change the quantum determinant A (1) and
the eigenvalue problem 7(A)¢ = A(A)p can be solved by ‘substitution from the left’
reading

X+ +a"—5) 1X—at+%
T = 27 2 X ————2x7F. 4.35
1=5;17(2) 2x;a* 7e  4xXjat J (4.35)

With this representation at hand one observes ‘separation of variables’ suggesting the
product ansatz

= [ﬁQ(Xe)] (4.36)
(=1

for the eigenfunction ¢ € SymFun X! = W symmetric in its arguments x,. To explic-
itly apply the operator-valued expression (4.35) we need to clarify its behaviour on
generally symmetric functions via (4.18) and (4.23).

Lemma. The action of the combined expression X iji by ‘substitution from the left’ onto
a symmetric function s = s(x,...,x;) is given by

;?jxjis(x) = (;?jxjis)(x) = xj(st)(x) =x; Af(x)s(EjEx) ) (4.37)

Then applying (4.35) to ¢ only the jth argument is affected such that the problem
separates and

. + .

2Xja+

A(xj)Q(xj): Ai(xj)Q(xj —ic)

N (4.38)
]_ Xj - a+ + E + .
_ ;%TA (x;)Q(x; +ic)
holds. Here we used (4.37) with the allowed arguments x; € A; = {s;—ic/2,s;+ic/2}
on the grid entering Aj.t(x) = Ai(xj).
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4. SEPARATION OF VARIABLES

The eigenvalue problem as formulated in (4.38) reduces to a system of homoge-
neous linear equations due to the fact that A* (xj?t) = 0 at the points xji =s;Eic/2:

Gf+ 50 +at = %)
J 2 J 2 — o+ —
2ot A7 (x)Q0x;)

+ e

1x —at+ o N
A Q) = =~ e ().

AU =
(4.39)

For pairwise different inhomogeneities, s; # s for j # k, these linear equations
allow for a non-trivial solution provided that the following functional equations for
the eigenvalues A are satisfied®
; _ ot ) +
sjtic s;—a sita

A+ 5)A=5) =~ 2e (25, —ic)a’ (2sj+ic)a+Aq(sf)’ J=1..- L. (440)

Using the known asymptotic form (2.86) of the even polynomial A(A) = A(—A) we
are led to the ansatz

(=1t shBtshB™ +ch(8t—067)

A()L) - +a_ Chﬁ+ ch[)’— A2L+2 +a2L12L +a2L_2A2L_2+. . .+a0 .

(4.41)

The (L+1) unknown coefficients a ; are determined by egs. (4.40) and the constraint
A(ic/2) = (d,T)(—ic/2) with the quantum determinant (d,T)(A) of the periodic
chain. This immediately follows from the property t(0) = 1 of the unshifted and
unscaled transfer matrix (2.33). Thus the solution of the spectral problem amounts
to finding the common roots {a2 ' } jeo v = 1. ..2L of these polynomial equations.
This task is of the same complexity as finding the eigenvalues of the spin chain
Hamiltonian directly and therefore this approach is limited to small system sizes
where we have checked numerically that it does indeed yield the complete spectrum.

To compute the eigenvalue of the transfer matrix or the spin chain Hamiltonian in
the thermodynamic limit L — oo the functional equations introduced above need to
be analyzed beyond the set X! using explicitly the analytic properties of the functions
therein.

Treating the s; in (4.40) as a continuous variable and applying standard Fourier
techniques explained further in appendix F one can compute In A(A) and thereby the
corresponding eigenvalue of the spin chain Hamiltonian (1.1) . For |a*| > ¢/2 one
obtains

81
(“) =p(lel) -yl 1] D+ o +|+¢(‘ )—pl+ H+

+7—2ln2—1+(2—4In2)L

la| (4.42)

3If n of the inhomogeneities coincide the (n — 1) derivatives of this equation at this value of s ; have
to be taken into account in addition.
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which is for imaginary a® the known energy eigenvalue of the XXX spin chain with
diagonal boundary fields [33] () is the digamma function). However, the non-
diagonal contributions and corrections of the order 1/L are not included. This is
a consequence of neglecting the corrections to (4.40) away from the points s;. In-
cluding these unknown corrections in the equations we obtain an equation being
reminiscent of the first level of the fusion equations (2.85). This observation will be
further pursued in chapter 6.

4.2 TQ-Equation

The analysis above leading to (4.40) has been based on the singular points of (4.38)
at the boundaries dX!, i.e. points where one of the coefficients A* vanishes. Instead
we go back one step and consider now (4.38) for general arguments x; — A. For-
mally, this is a second order difference equation reminiscent of Baxter’s TQ-equation
[9]. Away from the singular points there exist two independent solutions to (4.38)
and one needs some information on the properties of the unknown functions Q(A)
in this formulation of the spectral problem which has to be solved for polynomial
eigenvalues A(A) of the transfer matrix.

In cases where a pseudo vacuum exists and the algebraic Bethe ansatz is appli-
cable to solve the problem the Q-functions are known to be symmetric polynomials
QA) = []_[24:1(1 —v,)(A+v,)] with roots v, satisfying Bethe ansatz equations. Note
that in these cases the constant function w = 1 introduced in the construction of the
representation of the Yang-Baxter algebra on the space W can be identified with the
pseudo vacuum |0).

In general, the TQ equation can be rewritten as a recursion relation

QA +ic) = a(A)Q(A) + b(A)Q(A —ic) (4.43)
for the function Q(A) or equivalently, with the auxiliary function P(A +ic) = Q(A),
Q(A+ic)) _ (a(r) b)) (Q(A)
(P()L + ic)) - ( 1 0 ) (p()t)) : (4.44)

The coefficients a(A) and b(A) are obtained from the TQ-equation (4.38) and show
constant asymptotics for large values of their arguments

AQ)  4dera” shfBtshfB~ +ch(6t—07)
= N A—a e hprehf
ic ’ + _ic (4.45)
b(2) = A~ 24+ ) (A + a‘ —5)E 1
A*(Q) A—at+3Z

This allows to solve the recursion relations in the asymptotic regime |A| > 1 yielding

32 g
A ic) = A4ic) = A ———Q(A). .46
Q(A +nic) Al_AZQ( +ic) =14y =7, Q) (4.46)
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4. SEPARATION OF VARIABLES

Here n is an integer and A, , = e*? are the eigenvalues of the asymptotical matrix
of coefficients in (4.44) with ¢ defined by

_shB*shB™ +ch(67-607)
ch¢ = Y . (4.47)

Ordering the eigenvalues as |A;| > |A,| we obtain for fixed A and large n the leading
term Q(A + nic) ~ A} suggesting the following ansatz for the asymptotic form

Ad .
Q(A) ~ exp (?) X ... x (polynomial in A) . (4.48)

Here the polynomial form of the sub-leading part assures that the eigenvalue A(A) of
the transfer matrix remains polynomial. Note that since A(A) is an even function of
its argument there exists always a second solution Q(—2) to the TQ-equation which
decays exponentially for A — oo.

Only in two cases, namely ¢ = 0 and i7 or, equivalently,

ch(6t — 0 )=%xch(B* F87), (4.49)

the exponential factor disappears and the TQ equation can be solved by an even

polynomial: in the first case (4.48) implies that Q(A) = ]_[2/":(?(% — V)X + vp).
For ¢ = im, the exponential factors can be removed by the transformation Q(1) =
exp(iAm/ic)Q’(A) resulting in a TQ equation for Q':

. + .

Alx)Q (x;) = — A7 (x;)Q (x; —ic)

2x;at
s (4.50)
P18 T Ay i)
e 4x;at J J ’

J

Again, it follows from the asymptotic analysis that this equation allows for a poly-

nomial solution Q’(1) = ]_[2/[:(1)(% — v, )(A +v,) whose existence has been verified by
numerical analysis for small systems.

In both cases the spectrum is determined by the roots of these polynomials. To
guarantee analyticity of the transfer matrix eigenvalues A(4) the v;, j=1...M &)
have to satisfy the Bethe ansatz equations

2 2 Il
ic ic

g4y gty g, — ey, _ I
vi—aT+ S v;—at+ (=1Vi TSe— 5 Vitsg— 3

I T ol AT ic
vita vita |: 2 Sg+2VJ+SZ+2:|
j j 2

(4.51)

) . .
B {]‘l/’—[ Vi — v Fic vj+vk+1c}
g Vi T Ve e Vi + v —ic
k#j

Note that (4.49) is equivalent to the constraint that the boundary matrices K
can be simultaneously diagonalized or brought to triangular form. In this case (4.51)
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Spin Boson Model

can be obtained by means of the algebraic Bethe ansatz [68] or in the rational limit
from the TQ-equation approach to the open XXZ chain [99]. In this trigonometric
case the complete set of eigenvalues is obtained from two sets of Bethe equations
which both reduce to (4.51) in the rational limit. This is due to the invariance of the
model under the change of parameters « — —a and 8 — i — 8 which maps ¢ =0
to ¢ = im or vice versa, see (2.29). As another difference to the situation in the
XXZ model the number of Bethe roots, and hence the degree of the corresponding
Q-function, is not restricted by the constraint on the boundary fields and we have
to consider solutions of the TQ-equations ‘beyond the equator, M® > L/2. We
suppose that this feature of the XXX case is a consequence of the rational limit.

In contrast to earlier approaches to the XXZ chain by Murgan, Nepomechie et
al. [71, 73] resulting in numerous TQ-equations for the general boundary parame-
ters we find one single TQ-equation (4.38) to determine the spectrum of the XXX
chain. This supports the findings of Yang et al. [99] who also obtain a single TQ-
equation for the XXZ model assuming the existence of a certain limit in the auxiliary
space. Nevertheless it is interesting to study the differences of their approach to the
functional Bethe ansatz and in particular the explicit form of the TQ-equation and
the Q-function appearing in both methods. For this reason we will look at the XXZ
model with non-diagonal twisted boundary conditions in chapter 5 because for this
model both approaches are applicable.

4.3 Spin Boson Model

As a consequence of the above results it is possible to apply the functional Bethe
ansatz to the spin boson model. This system consists of only two sites — one equipped
with a spin—% and the other with a bosonic degree of freedom. Both sites are coupled
to each other with XXX-type interaction and are exposed to (non-diagonal) bound-
ary fields. This setup is a toy model for a two-level atom coupled to a single mode
of the quantized electromagnetic field in an ideal cavity. The model was first in-
troduced by Jaynes, Tavis and Cummings [45,90,91] and is exactly diagonalizable
for weak or resonant interactions by application of the rotating wave approximation
(RWA) [41,45,90,91]. This approximation assumes that only coherent oscillations
of the population of the atomic energy levels generate the relevant dynamics. For
this reason only operators a’S™ or aS™ describing photon emission accompanied by
atomic excitation or vice versa respectively are taken into account in the coupling to
the electric field. These terms are called rotating. On the other hand the so-called
counter-rotating terms a'S* and aS~ induce only short time dynamics and can be
neglected at resonant cavity frequency in the RWA. Then the result is a conserved
operator S* + a'a and a reduction of the originally infinite rank hamiltonian to a
finite dimensional subspace is possible.

The spectral problem remains unsolved in cases where the RWA is not appli-
cable e.g. due to effectively large coupling of the spin-boson to the electric field
in superconducting circuits [94] or Rashba and Dresselhaus spin-orbit interactions
in semiconductors [27]. In this case interesting hamiltonians contain rotating and
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4. SEPARATION OF VARIABLES

counter-rotating terms simultaneously. Such hamiltonians were derived within QISM
by Amico, Frahm et al. in [5] where the presence of non-diagonal boundary fields
was found to be inevitable.

4.3.1 Construction of the Transfer Matrix

The hamiltonians including rotating and counter-rotating terms were derived within
QISM with the bosonic Lax operator [5,14]

7L+(§ +8,)ic —ica'a ﬁaT)

_Br
ra ic

L) = ( (4.52)
where &, is a inhomogeneity and a' and a are the standard bosonic creation and
annihilation operators. The scalar parameters f and y remain unspecified. The
representation of the Yang-Baxter algebra used for the spin degree of freedom was
introduced in (2.11). To use notation being reminiscent of the notation of [5] we
scale it and shift the spectral parameter
A+sic+icS* icS™
S J—

’%(A)_( icSt 7L+sic—icSz)
The parameter s controls the introduced shift and with s = 1 we recover the Lax
operator from [5]. Further we want to introduce the inhomogeneity &, on the
spin site via s = % + 6,. The quantum determinants of these Lax operators are
dq(gb)(k) = —%(A + (65 + Dic) and d(£°)(A) = (A +sic —ic)(A +sic +ic). The
corresponding periodic monodromy matrix T(A) obeying the Yang-Baxter algebra
(2.1)is

(4.53)

1 =2'0)- 0= (o) %)) (459

and enters the scaled open boundary transfer matrix as given in (2.37).

4.3.2 Functional Bethe Ansatz

The separation of variables method starts with a factorization of the 9 operator of
the monodromy matrix U(A) using its operator valued zeros. Of course the algebraic
background does not differ from the XXX spin chain and hence we only need to
identify the correct ‘coordinates’ X and their conjugated momenta. Recalling the
expression of % in terms of periodic chain operators from (4.4)

ZA_IC 2,+57—%B( A, ic)A)L ic
£ 21 2)AA =)

_A+€_ _iEC ic ic
+ ——Z)LB(A — E)A(—A -3

B(A)=—

— ke AL —E)A-A - E) + ke B(A—£)B(-2 - )
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the expression in the bracket is symmetric with respect to the sign of A and will be
referred to as %Bgyny,. The expansion of 2 in the operator valued zeros % and the

c-number valued zero % for this model reads

21 —ic1—2k"sh(6~ — 01 — g1

B === 2ch/5+

(A2 = x%)(A%—x) . (4.55)

The operator valued zeros are then determined by the expansion of
Boymm(A) =B4A% +ByA* + By (4.56)

with B; being coefficients involving spin and bosonic operators. Using symmetric
polynomials b; = —B, /B, and b, = B,/B, we obtain

£7+%2=by , %}-%2=b,. (4.57)

The explicit coefficients b; and b, were computed using FORM [93].

For the detailed analysis we will first focus on b;. The bosonic Lax operator has
entries proportional to a single creation operator a’. As a” does not have any right-
eigenstates but a does we will consider b'{ for convenience. Choosing the standard-

basis |T) = (é

with bosonic operator valued entries

0 + . .
and |]) = (1)the operator b; reads as a 2 x 2 matrix in spin space

b = (ic)? az(i)ze_ze +a—£ ﬁ (———5b E+n)+s2+(8, —n)? |
' —Za.— |
| —2ae™%¢" /3+ (2—5—5)
‘_aze—ze-[a’_z+ﬂ(__5b £+n)a+(5—1)2+(5b—n)2

(ic)? Kic

(4.58)

where n = a'a is the bosonic number operator, £ = £/(ic) and the lines are for
guidance to the eye. This operator will act on some product state of bosons and spin

o0
= Zwmma) = (gl & 1) + 1y In) ®11))
n=0
’L/)nT |Tl
4.59
Z (wnlln ( )
leading to the eigenvalue problem
(b} —E1)Iy)=0 (4.60)
with eigenvalue E and the identity operator 1.
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4. SEPARATION OF VARIABLES

As the set of bosonic states is orthogonal the coefficient for each |n) has to vanish
separately leading to two intertwined recursion relations for the coefficients 1),,, of
the eigenstate

767
—v/n+2yn+ 1e_2971,bn+2l —y/n+ 167 ((517 -n)+(E+ %)) Yoi1t

~ - e ® =
+ (52+(5b —n)? —E) Yo —2¢/n+1e2® Y, + — (% S E) Yoy
(4.61)

0=-2vn+1Y,y —v/n+2n+1le

x (=(8y =+ 1)+ (E =) Ynery + (=1 + (5, —n)* = E) ¢y, -
(4.62)

n+1

Here we have scaled the eigenvalue using E = E/(ic)? and again £ = &/(ic). Con-
sidering the large n regime (in comparison to the corresponding eigenvalues) each
coefficient satisfies functional relation similar to I'-function relations. Thus to obtain
normalizable states the recursion relation needs to terminate at some finite value m
of bosons.

For this case the eigenvalue can be read off directly from the coefficient of this
state |m) with the highest number of bosons in (4.60) leading to

((5b—m)2+52—f)‘/)m+(e 3=s— 5))¢ml lm) =0 (4.63)
((5b m)?+ (s — 1) —E)ll)ml . '

-0~

There are two possibilities to satisfy the set of equations (4.63)

B = (5, —m)*+s* Y =0 , Y #0 arbitrary (4.64)

el _._r~r
=b 2 2 me € 5 S 3
E)'=(6, — -1 —_— =, .65
A R T (465

The corresponding eigenstates are then calculated by explicitly carrying out the re-

cursions (4.61) and (4.62) with v,,,, o = 0 and the values of v, , stated above.
Turning to the operator b, an analogous calculation results in

B =(5,-m)*s® , Y =0 , Y #0 arbitrary (4.66)

el _o_F
=b, 2 2 me (S 5 s—¢&
B -mieop M=ot (4.67)

where we introduced E = E/(ic)*. The eigenstates again result from analogous
recursion relations.

As b; and b, commute due to [ (1), B(u)] = 0 they share a common system of
eigenvectors. The respective eigenvalues of b' or b are only degenerate for a finite
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number of states if the inhomogeneities 6, and 6, are chosen carefully. In such cases
this degeneracy is lifted by b; or bi respectively. The matter of degeneracy is delicate
as there exist some pathologic scenarios where the method of separation of variables
fails. E.g. s = % results in massive degeneracy of b; and b, or some integer values of
O} lead to degeneracy of a finite number of states which then have to be considered
particularly.

Example. For s = 0 and 6, = 0 only the states for m = 0,4 # 0,9 # 0 and
m = 1,vq; # 0,4, = 0 are degenerate regarding the operator bi Hence to be sure of
the right-eigenbasis it only remains to check if the right-eigenstates of bI for these cases
are eigenstates of b;( which is trivially fulfilled.

With the eigenvalues at hand it is possible to write the operator valued zeros of
98 as a matrix acting as multiplication operators on the common eigenbasis of b,

and b; from (4.57). In each sector of bosonic numbers m we find

—m)? 2
=op (O 5 Cp) o # = (y (lie)  @ew

As the %2 operators can be simultaneously diagonalized (c.f. (4.8)) the ‘coordinates’

are
P 5b—m 0 o s 5s+% 0
xb—lc( 0 5b_m) , xs—1c( 0 5,— 1 (4.69)

This also fixes the sets A for the lattice of the TQ-equation
Ay ={...,ic(8y — 2),ic(6, — 1),ic8p} , Ay = {ic(8; — 3),ic(8, + 3)} (4.70)

Using the operator-valued zeros we define the ‘conjugated momenta’ to the ‘coordi-
nates’ X; with j € {s, b} analogously to the spin chain scenario as

iz () = oty =X
p

- . (4.71)
rez, |2(2) = ij?@p =X
p

These operators were found to act as in = AJiEJi involving the factorization of the

quantum determinant A (A) = A™(A + iEC)AJr(A — %) and the shift operators on the
grid E]i

EF:C*— C%: (x,,xp) = (x, xic,x;)

4.72
E2:162—>(CZ (x5, xp) — (x5, xp £ic) . ( )
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Due to the algebra generated by {fcs,fcb,X;—LXbi} the factorization of the quantum
determinant needs to obey (4.31) where now n,m € {s, b} only. The following fac-
torization meets these demands

_ e -

A~(A) = —2—— A +sic)(A— (s — 1)ic)(&(l + 8,ic))
o 1 (4.73)

ic -

At 2 . . By .
AT =21 — 1c)a—_(7t + (s — Dic)(A —51c)(¥(k — 8ic))

and A* vanish on the appropriate boundaries of the sets A, . Notice that the set A,
is ‘half’ infinite and hence only A*(8,ic) is demanded to vanish. Further note that
we used the parametrization (2.30) of the boundary matrix again to obtain suitable
equations. The lattice and the factorization at hand, we arrive at the TQ-equation by
considering the spectral problem as in section 4.1.5

(Xj + %)(x] +a+ - %)

Ax)Qx;) = 2xjat A™(x))Q(x; —ic)
) “4.74)
xj—at+%
- WA*(X»Q(X} + iC)

j
with an unknown function Q(x). The allowed arguments are x; € A; on the grid
entering Aji(x) = Ai(xj) for j € {s, b}.
The vanishing of A* on the boundaries of A, = {x; =ic(6,— %) = (s—Dic,x} =
ic(6, + %) =sic} yields

O+ 50 +at -5
2xtat
" +i56 (o +
AT (x)Q(x;")

AQ(xN) = A (x)Q(x])

(4.75)

XS
AGQM) =~

4x;at

leading to a determinant of a 2 x 2 matrix being zero for a non-trivial solution.
And the vanishing of A™ at the ‘upper’ boundary &,ic = xg of Ay = {...,6,ic —
nic,...,6yic —ic,8pic} = {...,x;",...,x; ", x}} results for the boundary in

04 icy(,0 i
Gy +35)0cp +at = %)

A(xp)Q(xy) = A~ (DY) (4.76)

0
2x,at
and for all other lattice points of A, we have with n > 0

"B +at -5

Alx;™MQ(x;™) = A™(x;MQx, ™M)

2x,"at
gt 4.77)
b 2 At(yn —(n-1)
T o Am T
b
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The relations (4.76) and (4.77) lead to a continuant* of a half-infinite matrix being
zero.

Besides the easily obtainable asymptotic the expansion of eigenvalue A in powers
of the spectral parameter A involves three other coefficients a;

2e97—9Jr

M= e chprehf

A+ a At + aA* +ag . (4.78)

In addition to the vanishing conditions of the 2 x 2 determinant and of the half-
infinite continuant we have a third equation from the c-number valued zero ic/2 of
the % operator resulting again in A(0) = (d,T)(—ic/2). Hence the eigenvalue is
in principle fully obtainable but unfortunately the condition of the vanishing half-
infinite continuant has not been found to be evaluatable and states an open problem
of its own.

The TQ-equation for the known cases of constricted boundary parameters in [5]
holds for general arguments. In this spirit we are now leaving the grid behind and
consider (4.74) for a continuous argument, i.e.

A)QA) = A~(A)Q(A —ic) + AT(A)Q(A +ic). (4.79)
One finds that the coefficients

A+ic/2)(A+at —ic/2)
22at A7)

Br 1 At ic At ot ic At a- ic
= — — _— —_— X
2icata” A 2 @ 2 @ 2 (4.80)

X (A+sic)(A— (s — 1)ic) (A — 8pic) ~A°
AT(Q) = AT(=A) ~ =2A°

A=) =

behave asymptotically as A° for large values of the spectral parameter. Hence the
mismatch in the asymptotic behaviour of the left and right hand side in (4.79) must
be compensated by the Q-function. This is possible by some I'-function dependence
of the Q-function but the explicit form of the function remains an unresolved task.

Note that for Bethe ansatz solvable cases, i.e. diagonal or triangular boundary
matrices, the coefficient of A% in (4.78) vanishes and the asymptotical behaviour is
~ A*. Furthermore the A coefficient on the right hand side of (4.79) cancels and
the TQ-equation can by solved using an even polynomial as an ansatz for Q(A) in
agreement with the Bethe ansatz analysis carried out in [5].

4 A continuant is a determinant of a matrix all of whose elements are zero except those in the main
diagonal and in the two adjacent diagonal lines parallel to and on either side of the main diagonal [70].
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Chapter 5

XXZ Model with Twisted Boundary
Conditions

In this chapter we want to pick up the question of relations and differences of the
method of separation of variables to the approach using the fusion hierarchy applied
to the open boundary XXZ chain by Murgan, Nepomechie et al. which arose in section
4.2. To this end we need to consider a slightly simpler setting where both methods
are applicable for the solution of the spectral problem: The XXZ model with general
toroidal boundary conditions is defined by the hamiltonian

L
_ Yy _ -1
%—Z |:O';CO';-C+1+O']- oj+1+chno§o§+l], o, =K oK (5.1

where U;?‘, a = x,Yy,z denote the Pauli matrices for spins-% at site j. The unitary

matrix K € End(C?) determines the boundary conditions. For anti-diagonal K the
model is integrable but has no pseudo vacuum state. The spectral problem has first
been solved by means of Baxter’s method [8] and solutions to the resulting functional
equations can be given in terms of the roots of Bethe ansatz equations. In the follow-
ing we will first review this solution and the method of separation of variables very
briefly for this model [77]. Then we present the solution using the approach to the
spectral problem based on the fusion hierarchy of transfer matrices at anisotropies
n =in/(p + 1) with integer p > 1.

The transfer matrix ¢ generating the hamiltonian (5.1) differs from the transfer
matrix for the periodic model (2.17) only by the boundary matrix K which needs to
a be a representation of the Yang-Baxter algebra (2.1) itself

t(A) =tr(KT(1X)). (5.2)
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5. XXZ MobpEL WITH TWISTED BOUNDARY CONDITIONS

For the R-matrix with entries (2.4) the Yang-Baxter algebra has two classes of con-
stant representations namely diagonal or anti-diagonal twist matrices K. Without
loss of generality [2,100] the restriction to

—i® 1
K=(eo e%) , K=G 0) (5.3)

with a twist angle @ in the diagonal case is possible. The periodic model is recovered
for ® = 0. For this model we want to refer to KT(A) as the monodromy matrix
for convenience. Again it has quantum space operators as entries A(A),B(1), C(A)
and D(A). Applying a logarithmic derivative to the transfer matrix (5.2) reveals the
spin chain hamiltonian (5.1) to be a member of the generated family of commuting
operators

dlnt(A)

H =2shn 7 | —Lchn. (5.4)
A=

5.1 Baxter’s Method and Separation of Variables

For a diagonal twist matrix the eigenvalues and eigenstates of the transfer matrix
t(A) can be obtained by means of the algebraic Bethe ansatz starting from the ferro-
magnetic so-called pseudo vacuum with polarized spins (see e.g. [62]) and will not
be discussed any further. For the anti-diagonal twist matrix

01
K:(l 0) , (5.5)

however, the total magnetization is not a good quantum number. As a consequence
there is no simple reference state such as the ferromagnetic one and the algebraic
Bethe ansatz cannot be applied. Instead, a TQ-equation for the eigenvalues A(A)
of the transfer matrix £(A) has been obtained using Baxter’s method of commuting
transfer matrices [8,100]

AR =sh" (A+2) g(A—n)—sh* (A —2) q(A+n). (5.6)

This difference equation is solved by
L

=] [sh30-2,). 5.7)

j=1

As a consequence of the analyticity of the transfer matrix eigenvalues it follows that
the rapidities A; are pairwise different solutions to the Bethe equations !

sh*(A+ 1) sh2(A2 — A+ 1)

sh* (2. — 1 :_gsh TA—Ac—1)

, forae{n} . (5.8)

INote that these equations with an extra phase (—1) and any number M < L of rapidities A ; deter-
mine the spectrum of a staggered six-vertex model [43]. This case, however, cannot be obtained from
(5.1) with the twist matrices (5.3).
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From (5.4) we obtain the corresponding eigenvalue of the spin chain hamiltonian
(5.1)

L n
shn sh

E(AD=Lchn+2y ——2_ (5.9)

The method of separation of variables for this model, carried out in [77, 78],
is only applicable to the anti-diagonal twist matrix as in the diagonal case the B
operator in the monodromy matrix is not a polynomial of maximal degree. Inserting
inhomogeneities s; at each lattice site the factorization with operator valued zeros %;
is

B(A) =sh(A —x1)---sh(A —x;), (5.10)

where X; = diag(x}, s fo) in the eigenbasis of B(1) and xf =s; £ 7 forming the
sets A;. Introducing the ‘conjugated’ momenta the needed commutation relations
hold and we finally arrive at (4.31) again with

AT(X):Ai(xj); (5.11)
where
Ai(k)z£ish(A—51:Fg)---sh(k—sL:Fg). (5.12)

In this definition the constants £, are an arbitrary factorization of the determinant
of the twist matrix

£ E_ =det(K)=—1. (5.13)
The functions A, factorize the quantum determinant of the monodromy matrix
(d,T)(A— g) =— []_[JL.=1 sh(A —s; +1)sh(A —s; — n)] in the following sense

Ay (si = PA_(s;+2)=(dgT)(s; — ) - (5.14)
Turning to the spectral problem as in section 4.1.5 and 4.2 we find

A(xj)qj(xj) = AL (x;)qi(xj+ 1)+ A_(x;)g;(x; —n), j=1,...,L, (5.15)

which we recognize as the TQ-equation (5.6) evaluated on a discrete lattice X; €A,
Again the solution for small system sizes can be obtained by eliminating q from
the equations (5.15) analogous to section 4.1.5

and starting with a polynomial ansatz for the eigenvalue
[\(A) - Cl,L+1e(7L+1)l + a,L+Be(7L+3)A +---+ aL,Ie(Li]))L . (517)

The L coefficients a; have to be determined from the L equations (5.16).
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5.2 Fusion Hierarchy and Truncation Identity at Roots of Unity

This method was first developed for the restricted solid-on-solid model (RSOS) by
Bazhanov et al. [10] and was adapted to spin chains by Nepomechie e.g. [74, 75].
Unfortunately this method only works if the values of the crossing parameter are
chosen to be roots of unity 1 = in/(p+1). Nevertheless like in the periodic case [75]
the solution obtained is valid for arbitrary ) as it coincides with (5.6).

We have demonstrated in section 2.3 how the fusion procedure in the auxil-
iary space allows to construct a fusion hierarchy for higher spin transfer matrices
(2.73) associated to the periodic XXZ model. As the twist matrices K (5.3) are a
representation of the Yang-Baxter algebra as well their fusion procedure is described
analogously to (2.63) resulting in the spin—g boundary matrix

Kooy =P KiKy - K Py (5.18)

As a consequence the same fusion hierarchy (2.73) holds for the transfer matrix (5.2)
as for the transfer matrix (2.17).

On the other hand fused transfer matrices can be constructed using quantum-
group theory [63,74]. The R-matrices of higher auxiliary spins from quantum-group
constructions have a simple direct relation to an R-matrix with lower auxiliary spin
at roots of unity = in/(p + 1) with p being an integer number. It is also possible
to relate the quantum-group R-matrices to those constructed via fusion. Resulting in
the identity at roots of unity

-1 -1
Bl-~-p+1Al-~~p+1 R(1~-~p+l),p+2(}\‘)Al‘..p+1B1...p+1 =

v(A)o?
w(A) Blv--pf1A1~»-p71R(1"'P*1);P(A + T’)AI}-ple;vl-pfl
—v(A)o*
(5.19)

where the entries of matrix A are unnormalized Clebsch-Gordon coefficients in the
decomposition of the tensor product of k spin-1/2 representations into a direct sum
of SU(2) irreducible representations and the matrix B is a diagonal matrix needed
for symmetrizing (see appendix C or [74]).

The function u(A) is related to the quantum determinant

(d,T)A =) == (-p(2))" (5.20)
u(A) = —sh(A+ 1)sh(r - 21) (5.21)

and v(A) = —u(A)! (%)p sh ((p +1)(A - g)) is related to the crossing parameter
via p.

The fused twist matrices themselves obey a truncation identity similar to (5.19).
Under the fusion procedure an anti-diagonal matrix with only 1’s as entries remains
anti-diagonal with 1’s as entries after applying the transformation of the appropriate
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Clebsch-Gordon matrix and omitting null rows and columns, hence

1
A KAl = Ay KA . (5.22)
1

Identities (5.19) and (5.22) together give a truncation identity for the product of
twist and monodromy matrix

Bl---p+1A1---p+1KT{l---p+1),p+2(A)AI}p+1B;~1-p+1 = ‘U’(A’)L X
(—v(AD'F
By..p—1A1.p—1KTip1y p(A + TI)AI}.p_le.l.p_l
v(AMLF
(5.23)

with F = ]—[]L.zl O'jf accordingly for the transfer matrix we find by taking the trace of
(5.23)

Eprn(W) = —(d, TYA =MD, (A +m). (5.24)

The fusion hierarchy (2.73) together with the truncation identity (5.24) leads to
a functional relation for the transfer matrix at roots of unity for a given p, e.g. for
p = 2 or k = 2 respectively this relation is

EQEA +nEA 4 2n) — (d, TIHAE(A 4 20) + (d, TI(A + n)EA)+
+ (DM, T)A-ni(A+n)=0. (5.25)

Like in the RSOS model [10] or the periodic XXZ chain [75] the goal is to recast
the general form of the functional relation (5.25) as a determinant of a certain ma-
trix. This determinant being zero ensures the existence of a null eigenvector which
leads to equations similar to a TQ-equation.

In the case of an anti-diagonal K-matrix the functional relation found above can-
not be recast directly, though multiplying it with itself shifted by im = (p+1)n results
in a recastable expression. For general p this is a determinant of a (2p +2) X (2p+2)
matrix reading

Ao hy 0 .. 0 —(-1)K
—h, A Ry 0
det 0 ~hs A =0 (5.26)
: : " 0
0 _h2p+1 A2p Ath
(_1)Nh2p+1 0 ce 0 _hO A2p+1
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with the eigenvalue A of the transfer matrix . In the above expression we used the
shorthands

A =A(A+kn) (5.27)

hy =sh!(A +kn — g . (5.28)
The definition of h; directly reveals h; = (—1)th+1+k. This and the periodicity of
the eigenvalue Ay = —(—1)*A,,, following from

Ri(A+im) =—0¢R;(A)og = —ajRj(A)of (5.29)

where the subscript 0 denotes the auxiliary space, are needed to verify the equiva-
lence of the determinant and the product of functional relations.

Let (qo,ql, e ,q2p+1) be the null eigenvector of the matrix, this yields the equa-
tions

Aoqo +hoqy — (=1)"hyq5p41 =0
~hyp1 Q-1 + MG + Qe =0 fork=1,...,2p (5.30)
(=1)"hyp190 — Rogap + Aop1dap1 =0
Using the ansatz q; = q(A + kn) with

L

q) =] shir-2) (5.31)

j=1
the equations (5.30) imply only a single TQ-equation
A()g(A) = sh* (A + 2)q(A —n) —sh" (A = D) q(A +n) (5.32)

agreeing with (5.6) and leading to the same Bethe ansatz equations (5.8). Notice
the 27i periodicity of the g-function arising from the 2(p + 1) rows of the matrix in
(5.26) and the product in (5.31) running up to L due to the structure of the upper
right and lower left entries.

Both methods, i.e. the method of separation of variables and the fusion approach,
presented here arrive at same TQ-equation (5.6). With the first method it has to be
solved on a lattice of singular points of this functional equation only, while the latter
approach only allows for anisotropies being roots of unity. This is unlike the situation
for the spin chain with open boundaries and non-diagonal boundary fields where
different functional equations have been found within different approaches. Hence
we conclude that it is not a general feature of the methods but rather a peculiarity of
the respective model. In the situation of the open XXX chain (chapter 4) compared
to the open XXZ chain [71, 73] the difference of the number and form of the TQ-
equations might be a consequence of the rational limit which is not included in the
approach presuming anisotropies of roots of unity.
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Chapter 6

Non-linear Integral Equations for the
XXX Spin Chain

In this chapter we want to continue the pursue of the correct eigenvalues of the XXX
spin chain hamiltonian with non-diagonal boundary fields (1.2). With the functional
Bethe ansatz applied to the model in chapter 4 we were just able to obtain correct
finite size corrections for small chain lengths as the determining equations were only
valid on a lattice and a laborious multidimensional root finding needed to be carried
out. The missing off-lattice corrections to functional equations (4.40) are included
in the fusion hierarchy (2.85) hence it is promising to try to determine the finite size
corrections from it.

In the following sections we derive two different kinds of non-linear integral
equations (NLIE) from the fusion hierarchy (2.85). In section 6.1 we will follow
[89] to derive a single integral equation valid for all states of the model while in
section 6.2 we derive an infinite set of equations with driving terms governed by the
particularly chosen state. The latter approach is numerically treatable and provides
the eigenvalue for certain parameter regimes.

6.1 Single Non-linear Integral Equation
The construction of the single NLIE requires only the first level of the fusion hier-
archy (2.85). In this section we take without loss of generality ¢ = i and introduce

inhomogeneities s; for each lattice site j like in example containing equation (2.24).
Hence the first equation reads (2.84) reads in the rational limit

to(V)=t;(A+1Dt;(A)—AA+1) (6.1)
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with A(u) being the rational limit of (2.83)

A2-1 |
A= !_[(x—sé—1)(x—sz+1)(x+5g—1)(x+sz+1) B(M) (6.2)
=1

mainly resembling the quantum determinant of the model. The explicit dependence
of the diagonal boundary parameters is collected in the function

(A —a?)(A*—a?)
(a—a+)2

As the transfer matrix generating the hamiltonian is a polynomial in the spectral
parameter its eigenvalue t; is a polynomial as well. Since A(A) is a non-polynomial

rational function all eigenvalues of the fused transfer matrices t; for j # 1 are not

polynomial. Nevertheless certain zeros and poles of the fused transfer matrices can
easily be identified numerically and removed by introducing

[T, +m+1)
[T O+ D(TT = s+ DA+5+ )
Especially after this transformation we find t, to be polynomial
A+ +D)
A+ D ([T G —se+ D +5+ 1)

because of (2.85) and t; remaining polynomial. As we want to use Cauchy’s integral
formula to derive the integral equation we insert singularities at controlled positions
via

(6.3)

B(A) =

?z(l) =

t5(A) (6.5)

_6M)
A= 30 (6.6)
L
Y= |[ [A-sD+s+1)| AR+ DHa+1) 6.7)
(=1

leaving us with the key relation
AOA DA =D = [0+ (). ©6.8)

To obtain equation (6.8) we introduced the following definitions

P(H(A—1

A) = (6.9)
S YA+ Dy -1
_ A+ 1
by = LA DG +D) B +3)
YA+ pA-3) 4
Qs = DA =5+ D) B(2+3) 6.10)

L Q=s+ DA+ D | 4+ DA+ D2
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Figure 6.1: Integration contours Ff = %f Uy and Ff = ‘€ki Uvy. ® denotes a
singularity at s, or —s, — 1 respectively.

Note that by this choice of 1(A) we find f;(A) to be a rational function with constant
asymptotics i.e. it is expandable in partial fractions

; -
fl(z)—Ch(((f)+Z|: S } atec. (6.11)

= lz=s z+s+1

Here and from now on we use s, = 0. Cauchy’s integral formula can be applied to
write these fractions as integrals. Each integration contour th is a cycle homologous
to zero which just excludes the respective singularity in C. The argument z needs to
be inside I'. We then have

ch(9) 1 { de a;
27[1

hE) = Grer . (g—z)(a—s[) (5—z)(§+s4+1)

:| . (6.12)

Introducing € as a small circle around the origin we can separate each l"zt into y and
a circle around the singularities <€[ =6+s,0or6, =6—s,—1 (see figure 6.1).

ch(¢) a/ a;
hlE) =gre J(é—Z) (5—55+§+Sz+1)

1y ¢ af +f dg a;
2 | Jgr =2 (E=s)  J (E—2)(E4s+1) ’

By pushing y to infinity or the use of residue theorem the integral over y vanishes.
As z is outside of each ;" we have

(6.13)

1 d¢ ch déa*
= : c+(¢) +— S — (6.14)
~ o %ii—za a”  2mif=l g (E—2)(Eds 5 —3)
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and hence by adding such zeros each integrand of the remaining sum in (6.13) can
be written as f; leading to

h 1$ d d
A =0 U Loh@+ J : fl(g)}
@+

27'ci —~ 3 6 2~ 3

_ch(g) 1 ¢ dé
- ata ’ %; ~I1€+Sg—% z—&— 1f1(5+ )
(6.15)

d
+L _€+1f1(§—1)

To construct non-linear integral equations valid only for f; related to eigenvalues of
the transfer matrix, we will analyze the singularities of f;(u+ %) and fi(u— %) using
(6.8).

Dividing (6.8) by f1(A — =

1 L) b(1)
fl(AJrz)_fl(k—%)Jrfl(A—l (6.16)

leaves the left hand side with singularities at {Se - %, —S; — %, —%, O}. On the right
hand side we find

bV [ﬁ (A== 45— A —s,+ 3)} (A— 1B+

A=D1 (A—sc+32) 40+ Ha+ 6 -1

(6.17)
with singularities at {sé - %, —%, —1,zeros of t;(A — %)} and
A L A4s,+1 1 T,(A—12

fZ( ) — l_[ J4 g - ~2 (618)
fi(A—= é:1l+sg+§ (A—i—l)(l—{—z)tl(l——

has singularities at {—se - %, —%, —1, zeros of t;(A — %)} As the latter set does not
include the arguments A = s, — % and A = —% we put (6.16) into those integrals of

(6.15) with the contours circling A =5, — % Using the residue theorem the terms
containing f, vanish and we are left with

hE)=—

271:1 —

ch(qb) 1 & f dg b(&)
C+s—

2mi —e-1pGE-1
(6.19)

+f « AE-D)
. _Z—§+1flg
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Analogously dividing by the other factor we have

LB b
A1 + ) 6.20
D= o R D (©:20

Examining the terms on the right hand side separately we have

b(A) :|:li[(k+se—%)(A—I—se—kg)(l—srﬁ—g) A+3)BA+D)

A+ (=1 (A+s+3) A2+ DG+ 3)
(6.21)
with singularities at {—s,z — %, —%,0, zeros of t;(A — %)} and
A L A—s,+1 1 (-1
L | (622
f1(A=3) s A—se—5 | AA—3)0(A+3)

with singularities at {se + %, —l—%, 0, zeros of t;(A + %)} Replacing the integrand of
the other integrals in (6.15), again the terms containing f, do not contribute because
of the pole structure. We finally obtain

fl(Z)_

ch(¢) R § dz b
erlz-E-1f(E-D)

27[1 =

(6.23)

4 dg¢ b(&)
L lz—E4+ifcE+)
C-si—5 271 2

In conclusion the non-linear integral equation (with s, = 0) valid for all states is

ch(¢) f dg b(&)
f (7&)— —+—
1 ZmeZ(; -t A=E—LAE-D oae
+§ )
%—sf—% k‘i"‘%fﬂi"‘%)

This kind of derivation of integral equations was used by Takahashi and Kliimper to
show the equivalence of the thermodynamic Bethe ansatz and the quantum transfer
matrix method [88,89]. But in this form it has not yet been used to explicitly obtain
the eigenvalue numerically.

6.2 Y-System and Non-linear Integral Equations
A different approach to non-linear integral equations utilizes the complete fusion

hierarchy in auxiliary space to formulate an infinite set of non-linear integral equa-
tions referred to as thermodynamic Bethe ansatz like (TBA-like) equations [86,87].
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This concept was introduced by Kliimper and Pearce [60,61,80] and has been gen-
eralized amongst others by Zhou and Pearce [103] for restricted AEBI fused lattice
models and finally Zhou [101] adapted it for the U, [sI(2)] invariant six vertex model
with open boundary conditions where the fusion hierarchy truncates at a finite level.
In this section we analyse this method for the XXX model with an infinite hierar-
chy and provide a proof of principle for the applicability of the method in certain
parameter regimes.

6.2.1 Fusion hierarchy and T-system

The construction of the NLIE is based on a different but equivalent form of the fusion
hierarchy (2.73) or (2.85) respectively [11]

k
tA+ 560 - L =] - E+ti)+ 6+ DA -5). (6.25)
(=1

A proof of the equivalence is given in appendix D. By introducing a level dependent
shift of the spectral parameter to the transfer matrix eigenvalue Tk(k+k§) =t;_1(A)
we obtain

k—2
T(A =T (A + %)= ]_[ (A= (k—1D)E +4ic) + Tr1 (DT () (6.26)
{=0

which is referred to as T-system [66] and references therein or TBA equations [101,
102] as well.

6.2.2 Y-system and Fourier transformation

The system of non-linear integral equations in this approach is derived for products
of the transfer matrix eigenvalues denoted as Y -functions. This Y -system, also called
universal form of the so-called TBA equations [66], follows directly from the T-
system (6.26). Defining

Y, (A) = USIQUTIC Yo=-1, ¥,=0 (6.27)

8 —KE + (20 - 1)Ey’

and explicitely calculating (1 + Y3, ;)(1 + Y;_;) we find
V(A = V(A + ) = (1 + Y (A1 + Vi1 (1)) © (6.28)

Note that a scaling of t;(A) leaves all functions Y;(A) invariant because due to (2.85)
it results in a scaling of 6 as well

6 5() . a(= (k= Do)
Mo L sy (A= (k= 1)ic) — T
"M EE e W rra e fAT RO e T
(6.29)
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This is important for the case of open boundary conditions as a function f(A) =
(22 +ic)~! makes it possible to allocate the zeros of the Y-functions uniquely to
zeros of the transfer matrices t;, and the poles of the Y-functions to the zeros of
the functions 6 given in (2.83). Further note, that all Y-functions have constant
asymptotic by construction.

The Y-system is reformulated as a set of NLIE using standard Fourier transform
techniques. We will use the following definition for the Fourier transform

(o)

dxe—ikxf(x) . fo= f %eikxﬂ(f)(k) . (6.30)

FFI) = J -

—00

In Fourier space a shift of the argument of any function becomes a prefactor. How-
ever, if the function is not analytical in the strip between the imaginary part of the
shift and the real axis additive contributions arise. These contributions can be calcu-
lated by the residue theorem if the positions of the poles are known. As an example
consider a shift a € R and a Fourier transformable function f with simple poles {z;}
and Im(z;) € [0, £a] then (see appendix E for details)

J dxe ® f(x £ia) = eT°F(f)(k) + 27512 Res(e** f(x),x =2;). (6.31)

To apply this to the left hand side of the Y-system (6.28) we need to apply a loga-
rithmic derivative first,

3, InY(A+5)+8, InY(A—£) = 3, In(1+ Y, (1)) + 8, In(1 + ;11 (1)) . (6.32)

The zeros and higher order poles (e.g. order n;) turn into poles of first order and the
applicability of Fourier transformations is assured leading to

2ch(kc/2)Z (8, In Yk)(k)+27'ciZ(:l:ni) Res(e**9, InY,(A),A =2;) =
i (6.33)
Z (0, In(1+ Y,_1))(k) + Z (3, In(1 + Y 1))(k)

Returning to the original space, the products of the inverse shift-factor and a function
become convolution integrals with the kernel function

F(s)(k) = L (6.34)

sy = 2ch(ke/2)

2ch(nx/c)’

while the contributions from poles and zeros are additive driving terms. These
model-dependent driving terms are the challenging component of the problem.

Collecting all driving terms in the symbol d;(x) and integrating, the non-linear
integral equations can be written as

InYy(x) = dy(x) + (s * In(1 + ¥3))(x) (6.35)
InYi(x) = di(x) + (s % In(1 + Y31 ))(x) + (s % In(1 + Yiq1))(x) (6.36)
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This system can be solved numerically by iteration if the driving terms are known
and the behaviour of Y} for large k is predictable.

The Y,-function is then used to determine the eigenvalue of the transfer matrix
generating the hamiltonian. With the same method described above the T-system at
lowest level,

To(A+1ic)To(A) = t1(A —ic)t;(A) = 6(A)(1 + Y, (1)), (6.37)
is transformed to

dlnt,
oA

(A_z)_foo dke e — 7 (3,1n6) (k) +e(})
207 ) o 2maen(iy” ‘ (6.38)

+(s*0In(1+Y,)) (V).

Here t; is the eigenvalue of the transfer matrix and e(A) again denotes possible
contributions due to poles and zeros of t; inside the integration contour used to
draw the arguments on the left hand side together. In the following we will apply
this program to spin chains with periodic and open boundaries.

6.2.3 NLIE for periodic boundaries

In the case of periodic boundary conditions with even chain length L it is easily nu-
merically justified that for the ground state only the function (InY;) has poles inside
the strip |Im(A)| < % located at A = 0 with a multiplicity of L. The corresponding
driving term d, is calculated straightforward in appendix E and all other d; = O for
k > 2. The equations read for even L

InY,(x) = LIn|tanh(Z*)| + (s *In(1 + ¥3))(x)

(6.39)
InY,(x) = (s *In(1 + Y1 ))(x) + (s * In(1 + Y1 ))(x) .
Notice that the constant asymptotics Y; ~ Yk°° = k2 — 1 are a solution of (6.39) for
k > 2 and can be used to approximate the system for large k.
In this case we have 6(1) = (d,T)(A —ic) = (A +ic)* (A —ic)" from (2.73) and
with e(1) =0, c.f. (6.38), turns into

8lnt1

)= —(1 —2In2)+ (s*0In(1+Y,)) (A +5). (6.40)

Remembering that 5# = ic d, In t(0) we find by further manipulations of the convo-
lution integral the ground state energy

e e}

(1 ! ) 1f chx
E=1I —2ln2)— = d
2 Sh2X

—0o0

(&) (6.41)

recognizing its well known bulk behaviour.
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6.2.4 NLIE for open boundaries

For open boundary conditions the situation is more subtle. First we will analyze
the zero and pole structure of the Y-functions in the strip |Im(A)| < % to identify
the occurring driving terms. While the location of poles in the strip is clear for
all states the distribution of zeros is predictable for ¢ € R defined in (2.86) and
sign(Im(at)Im(a~)) = —1. We will restrict ourselves to this choice of parameters.
Additionally we will set ¢ = 1 without loss of generality for this section.

Using (6.29) to scale the transfer matrix properly only the denominators

Y,:8(1), Y3:8(A+1), Y,:8(A-DEASA+D), ... (6.42)

are responsible for poles of the Y-functions. Already from the form of the arguments
of each & given in (2.83) it is clear that the positions of poles vary by i/2 for suc-
cessive k and two poles of the same k differ by i. An example is depicted in figure
6.2. Thus using the parametrization |a| = g +a,neN0<ad < % the function
Y, (1) has poles at A = %ia’ for indices k = n+ 2 as a result. The according driving
terms arising due to contracting the arguments on the left hand side are negative
logarithms of (see appendix E)

h(x) = (ch(nx) - COS(TCOL/)) fork=nt2n4d (6.43)
¢ ch(mtx) + cos(ra’) ’ > '

h(x) = (ch(nx)—sin(rra’)) fork=n+3n45s (6.44)
s ch(ntx) + sin(ma’) ’ 2 ’

Note that only the modulus of the parameter a enters and the term h. and h, alter-
nate in the equations of (6.46).

Turning to the zeros of the Y-functions we find that each but Y, has a double
zero at A = 0. Y, itself has a 2L 4 2-fold zero at A = 0. To be able to proceed we
have to choose a particular state for which the transfer matrix does not have any
further zeros in the strip of |Imz| < % Then all Y-functions inherit this feature. This
particular state exists for converse signs of the boundary parameters a* and ¢ € R
and in the limit of ¢ — O (i.e. diagonal boundary conditions) it becomes the state
with lowest energy in the sector of vanishing magnetization.

A zero at A = 0 gives a driving term of In tanh(|%|) for even L and due to loga-
rithmic derivative the multiplicity is only reflected in the integer prefactor. Bringing
the common driving term In tanhz(%) of all equations of (6.46) to the left hand side
and arranging the driving terms in a matrix

1 2 3 4 -k
0 tanh”(%) h(x) hy(x) h(x)
1 1 1 ho(x) hy(x) ---
bi(x)= o 1 1 1 ho(x) - (6.45)
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Figure 6.2: Exemplary position of poles (o) of Y, in the complex plane arising from
one boundary field a fora) k =2, b) k =n+1,c) k=n+2and d) k =n+3.
With this examples all different cases of pole positions inside the strip |Im(z)| < é

are already considered.
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allows to write the non-linear integral equations in a compact form. For boundary
fields a™ = i|la™| and a~ = —i|a~| with |at| = % +aoF and a7 | = % +a’” and
n* € N we find for an asymptotic ch ¢ > 1 of the transfer matrix the infinite set of
equations

n (%) =Inb%(x) — In b (x) —In b2 (x) + (s * In(1 + ¥3))(x)
tanh (%)

6.46
n (M) =—Inb} (x) ~Inb} (x) -

tanh?( % )

+ (s*In(1 +Y_1))(x) + (s * In(1 + Vi 1 ))(x) .

The asymptotics of the Y-functions Y ~ V> = 52;2—";” — 1 solve the hierarchy (6.46)
in the limit of x — %o00. In contrast to the periodic case the asymptotics are not a
solution for arbitrary x of the equations for k > 2.

To obtain the eigenvalue of the hamiltonian we have to evaluate (6.38). For the
choice of boundary parameters and particular state discussed there arise no addi-
tional pole contributions, e(A) = 0. The integral over the derivative of the Fourier
transform of & already arose in the context of separation of variables in (4.42). It
was calculated by drawing together the arguments on the left hand side just as the
Y -system was treated above (see appendix F for details) and explicitly is

A (] =(2-4In2)L 2In2—1
i— (E)—(—4n)+n— n2-—
at at 1
(gD —v(E + D+ oy (6.47)
o ol 4 1y, 1
+¢(7)—¢(7+5)+ﬁ-

Rolling the derivative in the convolution off to the kernel function s(A) and evaluat-
ing at A = 0 leaves us with the eigenvalue of the hamiltonian (1.2)

[ont g 9Ind (i) +Joo 9K e tanh(5)2 (In(1 + 1,))(k) (6.48)
ER) ax \2)7 ) _an 2
_ZInA, (i) +foo dxe ) . (6.49)
oA\ 2 o sh?(mx) 2

6.2.5 Numerical situation

A system of infinite equations cannot be solved numerically without an approxima-
tion. In order to allow for numerical treatment we need an idea of how the solution
Y, behaves for large integers k. In the case of periodic boundary conditions it is
clear that a good approximation is the constant asymptotic as it is a solution to the
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non-linear integral equation without driving term. Indeed with this constant limit
function the iteration of (6.39) converges quickly and the accuracy can be controlled
by numerically parameters (number of equations, size of position space, number of
supporting points and accuracy to iterate the system to).

In the case of open boundary conditions the asymptotics are not a solution of any
of the non-linear equations (6.46) for arbitrary arguments x as in every equation
appears a driving term. Nevertheless using the constant asymptotic of Y, as a limit
function seems to assure convergence of the system well enough. Further we found
that in the special cases of diagonal boundaries it is better to scale the constant
asymptotic by the necessary driving terms in order to gain higher accuracy or use
less equations without losing accuracy.

For asymptotic parameters ¢ # 0 the asymptotic

- sh((k +1)¢)sh((k —1)¢)
k sh? ¢
grows exponentially with k and numerical limitations are very quickly reached. The
number of non-linear integral equations, necessary for decent accuracy, produces
function values for which more sophisticated numerical treatment is needed.
A more comprehensible approach than just using the asymptotic as a limit func-
tion is to look for solutions of (6.46) in the limit of k — 0. As the system of equations

(6.46) has alternating driving terms we define two limit functions g;(x) and g,(x)
by

(6.50)

_ tanh?(%)g (x)
V) =Y —
by (x)by (x) ©6.51)
_tanh®(E)g,(x) '
V() =Y —— 22—

b ()b (x)

for successive k and k' = k + 1. Inserting these into (6.46) we obtain two coupled
non-linear integral equations

tanh?(Z)g, tanh?( 2 )g,(x)
2 2
]' + Ykogl bn+ b 1 + Yko-il bn+ i
1ng1 =5 *ln ;co—l k—1 . £1 k+1
\ 1+7> 1+Y2%;
( o tanhz(%)gl o tanhz(%)gz (6.52)
1 + Yk'—l bn+ - 1 + Yk’+] bn;" b”,_
lngz =S*1n K-17k-1 K417k +1
[e ] o0
1+Y2°, 1+Yv7,
In the limit of k — oo the system linearizes
Ing; =2sxIng, + 25 % lntanhz(%) —2s*In b,’:il —2sxInb}_, ©653)

Ing, =2s*Ing; +2s*Intanh*(Z) — 2s xInb},_, — 2sxInbf,_,
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and is solvable by Fourier transformation yielding

ch(5) ch(%))
dr () df (x)

gi(x)= (2€h(ﬂ')

h(Z) ch(Z) (6.54)
ch(=) ch(—
gx(x) = [ 2¢ch(m)—2——>—
dk+1(x) dk+1(x)
with
ney_ | ch(mx) +cos(na’) forn+k even
di(x)= {ch(rcx) +sin(na’) for n+ k odd (6.55)

Unfortunately this truncation does not allow to reduce the number of equations
substantially and the numerical problems prevail.

6.2.6 Remarks

The parameter range ¢ € iR of hermitian hamiltonians is not reachable with the
1

method described here as there arise further zeros in the strip |Im(z)| < 3 for the
ground state. Furthermore some Y -functions even have function values below —1
and above +1 hence the non-linear integral equations (6.46) need to be treated as
complex equations.

The fact that the solution presented here is only valid for ch ¢p > 1 coincides with
a different approach starting from the fusion hierarchy which results in pseudo Bethe
equations to be solved for the eigenvalue [38]. The approach is based on the fact that
the fused transfer matrix eigenvalue will turn into a Q-function of the TQ-equation
of the model [99] and makes use of a systematic predictability of zero distributions
of the fused eigenvalues. In their approach the zero distributions in the parameter
regime of ch ¢ < 1 could not be dealt with.

In the case of the XXZ model with diagonal boundaries and a very special choice
of parameters the fusion hierarchy truncates and the problem was already solved
in [101]. But a solution for the general case and non-diagonal boundaries is an open
problem just as the region ¢ € iR for the XXX model.
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Chapter 7

Conclusion and Outlook

In this thesis we considered the spin-% XXZ and XXX spin chain subject to boundary
fields. For the Bethe ansatz solvable case of S*-conserving diagonal boundary fields
we derived a Bethe roots independent non-linear integral equation for an auxiliary
function a accounting for the ground state of the model or a neighboring state of
zero magnetization respectively of parameter choices. These equation is valid for a
finite number of even lattice sites and was combined with the scalar product formula
of Bethe vectors of Kitanine et al. [54] to address correlation functions.

This yielded a linear integral equation whose solution builds on the well known
determinant representing scalar products. As an example we derived for a certain
generating function of the S*-magnetization a multiple integral representation show-
ing the correct thermodynamic limit and matching the result from exact diagonaliza-
tion for small lattice sites. For the derivation we included states with distributions
of Bethe solutions having one hole-type solution on the real line. For this cases we
had to choose a closed contour %’ for the integral representations of the determi-
nant formula and generating function differing from the canonical contour %6 of the
auxiliary function. But this is already the general case. In the simpler issue of field
parameters no ‘holes’ have to be taken into account such that the canonical contour
even applies for the integral representations. Therefore we expect this to be a good
starting point for numerical considerations.

The situation for non-diagonal boundary fields is not as advanced and we ap-
proached the spectral problem with two different approaches.

First we have extended Sklyanin’s functional Bethe ansatz method to the open
XXX chain with non-diagonal boundary fields. Within this framework we have de-
rived a single TQ-equation (4.38) which determines the spectrum of this model for
any values of the boundary parameters. The TQ-equation allows for a solution in
terms of polynomials for the function Q provided that a constraint between the left
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and right boundary field is satisfied. In this case the solution is parametrized by the
roots of one set of Bethe ansatz equations. If the constraint between the boundary
fields is missing only the asymptotic (exponential) behaviour of the Q-functions is ob-
tained from the TQ-equation while the sub-leading terms have to be chosen such that
the eigenvalues of the transfer matrix remain polynomial. In Sklyanin’s approach the
Q-functions contain all the information on the eigenstates of the model. Therefore,
their determination for generic boundary parameters is necessary to tackle the prob-
lem of computing norms and scalar products within this approach. However, unlike
the situation with the algebraic Bethe ansatz, where one has an expression for the
eigenstates in terms of the generators of the Yang-Baxter algebra, the explicit trans-
formation from the Q-functions to state vectors in the Hilbert space of the spin chain
is not known. To make progress in this direction it should be useful to investigate
how the recent construction of Galleas [35] connects to the TQ-equation (4.38).
His solution of the spectral problem for XXZ chains with non-diagonal boundaries
is given in terms of the zeros of the transfer matrix eigenvalues and two comple-
mentary sets of numbers which parametrize matrix elements of certain entries of the
monodromy matrix. They satisfy equations reminiscent of the nested Bethe ansatz
used to solve models of higher-rank symmetries. Further studies are necessary to
see whether this parametrization of the spectrum in terms of &(L) complex numbers
can be used to obtain a closed expression for generic (non-polynomial) Q-functions.
This would be of great importance for the applicability of the TQ-equation to solve
the spectral problem of integrable quantum chains.

The other approach made use of the fusion hierarchy relating transfer matrices
with different dimensional auxiliary spaces. From this functional relation two types
of non-linear integral equations were derived. The first type only involves the first
level of the hierarchy. The result is a single equation valid for all states of the model.
It relates the scaled eigenvalue of the transfer matrix to its reciprocal at a shifted
argument but it does not offer an obvious numerical treatment. The other uses the
full infinite fusion hierarchy to derive a Y -system similar to the thermodynamic Bethe
ansatz. For a particular state and parameter range the zero and pole structure of the
Y-functions is predictable. In this case the Y-system is turned into an infinite set of
non-linear integral equations by Fourier transformation. The valid parameter range
renders the hamiltonian non-hermitian and the state described is the lowest lying
state of zero magnetization in the limit to diagonal boundaries. With the asymptotics
of the Y-functions an approximate truncation of infinite set of integral equations
seems possible and a numerical treatment is within reach.

Besides the open spin chains we extended the approach of separation of variables
to the spin-boson model in a straightforward fashion. For this model we were able to
derive a TQ-equation valid on an infinite set of discrete points prohibiting numerical
studies analog to the spin chain case. Interestingly the asymptotical analysis revealed
a I'-function dependence of the involved Q-functions which disappears in the Bethe
ansatz solvable cases. Progress on the TQ-equation for the spin-boson model may
be achieved by employing certain quasi-classical limits® turning it into a differential

! Unfortunately a quasi-classical limit suggested in [5] does not combine rotating and counter-rotating
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equation or further study of the half-infinite determinants arising when eliminating
the Q-functions.

We have revisited the XXZ spin chain with anti-diagonal twist which does not al-
low for a solution of the spectral problem by means of the algebraic Bethe ansatz
due to the lack of a reference state. We have derived the functional equations
(5.6), originally obtained using Baxter’s method of commuting transfer matrices,
by truncating the fusion hierarchy and restricting the anisotropy to roots of unity
n =in/(p + 1). This setting allowed to compare Sklyanin’s separation of variables
method to the performed fusion hierarchy truncation approach first applied to spin
chains by Nepomechie. Within both techniques the same TQ-equation was found.
This is unlike the situation for the spin chain with open boundaries and non-diagonal
boundary fields where different functional equations have been found within the dif-
ferent approaches revealing this as a model dependent feature.

terms in a Hamiltonian as believed.
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Appendix A

Density Function for Diagonal
Boundaries

We consider the set {u, }?4:1 = {vj};?zl U{A, }Q”znﬂ in order to not overload the no-
tation. Then the expression under the determinant of the right hand side of (3.19)
reads in components

J(Aj,v¢) d1na
sh(24;) 9z

. M
PO = e D[Ry g+ 20K (=200 [T i, v) - ),

(A1)

solved for the part containing the logarithmic derivative of the auxiliary function

dlna u
Ty v) =) = » [Kn(xj + ) — KA — lk)]J(lk,W)
k=1
N [ shn shn }
sh(v, —A;)sh(v, —A; —n)  sh(v,+A;)sh(v, +2; —n)

[ shn shn
sh(v, — A;)sh(v, —4;+n) sh(v,+A;)sh(v,+A; +n)

:| u(’\/g) .
(A.2)

Strikingly the definition of J(A,v) according to (A.2) is compatible with the con-
straint J(A,v) = —J(—A4,v) and the properties a(z) = 1/a(—2), a’'(1;) = a’(=2;) of
the auxiliary function. Considering

Jdlna
F(AjaVZ)EJ(Aj’V[)W(Aj) (A.3)
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A. DENSITY FUNCTION FOR DIAGONAL BOUNDARIES

for arbitrary arguments A; the analytic properties Res;_,, F(4,v) =1+ a(v) beside
the single zero F(0,v) = 0 are known from the right hand side of (A.2) such that

dw sh(2n) F(w,v)
P = F(A:/V)
o 2mish(A —w +n)sh(A —w—n) 1+a(w)
shn 4 shn
sh(A+v)sh(A+v—m) sh(A—v)sh(A—v —n

+(1+a()[ )} (A4)
holds where all Bethe roots A; and the variable v except the hole-type solution y on
the real line are supposed to lie inside %6’. Redefining F(A,v) = —(1 + a(v))G(A,v)
we are led to

G v) = shoy + shy
’ sh(A —v)sh(A—v —n) sh(A+v)sh(A+v —n)
f do sh(2n) G(w,v) (A5)
o 2mish(A —w+n)sh(A —w—n) 1+ a(w) | ’

Unfortunately in our case v should be a lattice inhomogeneity {; taken from the
strip [Im(v — n/2)| < . Thus G(A,v) is due to an additional residue and a({;) =
0 the solution to the linear integral equation (3.23). The considered determinant
(3.19) is calculated from

det [Y(Ag, tp)] a,b=1
det [¢ (A, )] ;e

..... M = det [J(A]’ V[)] jA=1,..,n

’’’’’ M (A.6)
4 (1+a(v)G(Aj,v)
=det [ ]]Z:l n

a’(4)) jf=1,...,

and making again use of a({;) = 0 for the variable v; = {; = 1/2 +s; reduces the
expression (A.6) to (3.22). Clearly, explicitly using a({;) = 0 changes G(4,v) for the
argument v away from {; compared to the original definition. But because G(A,v)
is only used in combination with simple poles and the residue theorem (c.f. (3.35))
just its unchanged value G(2, {;) at the lattice inhomogeneity {; is relevant.
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Appendix B

Comparison to Numerics for Diagonal
Boundaries

The energy values of the Hamiltonian (1.1) for diagonal boundary fields, i.e. k* =0,
were obtained by iteration in [97]. We show data for solutions of system size L =
42, hence the Bethe ansatz equations (2.58) were solved in the sector M = L/2 =
21 or, for the boundary bound states, modified Bethe ansatz equations were solved
with one or two fixed imaginary Bethe numbers and accordingly many real Bethe
numbers. The anisotropy is fixed to y = %

The figures B.1 to B.4 show on the left side the integration contour where the
vertical axis is assigned to the position of the pole associated to the parameter &*
for the interval (—im/2,iw/2]. On the right side the numerical dated is presented
where the axis and orientation is chosen such that both vertical axes correspond to
each other. The figures point out the various regions listed in table 3.1 by means of
the integration contour in the complex plane and the energy spectrum in arbitrary
units. The boundary parameter £~ remains fixed for each figure while £ is the inde-
pendent parameter. In the integration contour the pole arising from &% is located on
the imaginary axis at = — &7, i.e. the pole position is in the interval (—irn/3, 2i7/3].
The corresponding energy of the lowest lying state of zero magnetization may then
be read off on the right panel from the lowest set of data points. One can clearly
make out the arising of boundary bound states in the numerical data when the pole
corresponding to £ reaches the real axis from below in the displayed sector of the
integration contour. As described in chapter 3 and [97] the pole picks up a Bethe
root and drags it along the imaginary axis. Reaching the top of the contour, this
imaginary root disappears and a transition to a different description of the state
takes place. Notice that the value of the boundary field at the top of the contour is
&* = 0 which leads to an infinite prefactor of the operator o in the boundary part
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B. CoMPARISON TO NUMERICS FOR DIAGONAL BOUNDARIES

of the hamiltonian. This singularity explains the behaviour of the numerical data
approaching &* = 0. In conclusion the number of real and imaginary Bethe roots in

the various sectors and the change of description of the state is numerically verified
at this example.

. iy
Position of Pole 4 E—E 15T T T T T T T T T
] £t ’ ’
o +
in/2+ —1 fbei o -
0 + X
=} +X
[m] +X
in/34 —0.5 ft o s
‘4 Fi
) region X X 3‘;,%
®l_€— & ﬁgf
iy 2
2 % (
))3— =
M
M
.
iy , + )
2 > +
VI ) .
—i7’[/3—- _15 -19 11 -IS I I | 0

Energy in a.u.

|Bethe roots: allreal ¢ ; img.atl +; img. atL o ; 2img. x |

Figure B.1: Integration contour and energy spectrum for arbitrary £+ with L = 42,

~ =-0.213 and ) =iy = in/3. The numerical data is shown with different markers
for different sectors of Bethe roots varying from 21 real roots to two imaginary roots
and 19 real roots. The fixed pole arising from &~ is above the contour. Hence
by varying & its corresponding pole travels through the contour and the regions

VII,VIII, IX,X from table 3.1 are depicted. Note the changing of Bethe roots when
the pole reaches the real axis from below.
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Figure B.2: Description see fig. B.1. Here £~ = 0.213 displaying regions IV, V, VI, IX .
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Figure B.3: Description see fig. B.1. Here &~
II,11,V,VIII.
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Figure B.4: Description see fig. B.1. Here £~ = 1.571 displaying regions I, II, IV, VII.
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Appendix C

Similarity Transformations for
Truncation Identity at Roots of Unity

In chapter 5 certain similarity transformations were used to relate the fused twist
and R-matrices. As an example we want to give explicit expression for these trans-
formation matrices for the first two cases.

For k = 2 we have

1 0 0 O 1 0 0 O

o L o 0 a 00
- 2 2 _
A= 00 0 1 » B= 0 0 a O €D

1 1
0 > T3 0 0 0 0 1
1
with a = ([2],)” 2 where q = e" is a root of unity, satisfying ¢**' = —1.
1
For k = 3 we have now with a = ([3],) 2
1 0 O 0 0 0 O O\
0 3 3 0 $ 0 0 0
1 11
0O 0 O 3 0 3 3 0
0O 0 O 0 0 0O 0 1 .
A= 0 _é % 0 % 0 0 0 , B=diag(a,1,1,a,1,1,1,1).
0o 0 0 0 3 -2 0
0 0 ; 0-3 0 0 O
1 1

\0 0 0 5 0-; 0 0 )

(C.2)
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Appendix D

Equivalent Form of Fusion Hierarchy

Proposition.

k
(4 DA - 1) = BS(A 1)+t (At Dt (A - 1) (D.1)

is equivalent to the fusion hierarchy
t(A) =t (Mt (A+ (k= 1)n) = 6(A + (k= Dmte_,(A), k=2,3,... (D.2)
with ty(A) = 1,t_; = 0 and t;(A) = t(A) being the eigenvalue of the regular transfer

matrix.

Proof. The proof is carried out using mathematical induction.
Looking at (D.2) for k =2

to(A) = t;(M)t1(A+ 1) — 6(A + 1n)te(A) (D.3)
and using t, = 1 yields the basis (k = 1) of (D.1) directly
tl(k—g)tl(l+g)=5(l+2)+to(k+g)tz(l—g . (D.4)

The inductive hypothesis is given by (D.1).
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D. EQUIVALENT FOrRM OF FusioN HIERARCHY

The inductive step starts with substituting t;,, on the left hand by using (D.2)
G0+ Dtealh =) = 60+ D60+ K+ Deah= D)

—6(A+k+ Dt(A -7 }

A+ DA +k+ D)t (A= 3)

using (D.2)
—6(A+k+ DA+ Dt (A -1

using hypothesis
= trrn(A+ Dt (A=)
+8(A+k+ Dt A+ Dt (A=)
—6(A+k+ Dt A+ Dt (A=)
k
s +k+ D] [s(r-2+0)

(=1
k+1

=t A+ DA -D-T[6(r-2+0)
(=1

which proves the assertion.
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Appendix E

Calculation of Driving Terms

In this section we describe how to solve an equation of the form

Yx+Y(x-1)=... (E.1)

for Y (x) where the right hand side is left unspecified on purpose and we have an
x € C with y(£y) = 0. The terms arising because of the zero y are driving
terms in the obtained integral equations. We consider the contours %, and %, in
figure E.1 and use complex analysis to express the Fourier transform & (9 InY)(k) =
fjooo dxe **31In Y (x). With the residue theorem we find

f dze **3InY(2) = J dxe **9InY(x)— J dxe Kty (x + %)
6, —00

—0o0

k [ )
=9(81nY)(k)—e5f dxe*ikxalnY(x+§)

—00

! .
= +2mie k¥

: * : * e .
J dze *9InY(2) = J dxe ™ 3lnY(x)— J dxe M2y (x + 3)
6, —00

k [ ) )
=Z@nY)k)—e 2 J dx e 3InY(x + 2)
< _omie iz
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E. CALCULATION OF DRIVING TERMS

Alm
i -
2 h %,
/®X
7/
e Re
/7
7/
//
X
. ® (62
1 -l
2
Figure E.1: Contours for solving the functional equation
resulting in
S ) _k _k
f e ¥ oInY (x + ;)=e 2Z(@mnY)(k) - 2nie 2 e kx| (E.2)
—0o0
© . Lk P
e oIy (x - J)=e 27 (3nY)(k) +2mie 2e 7 . (E.3)
—0o0

Adding the two equations and solving for the wanted Fourier transform we find

sh(X +iky)
F(OInY)(k) = —2mi—=2
(@InY)(k) 2mi ch(g)

1 o8]
+ dx e ™ 9In (Y(x + 1)V (x — 1)
2¢h(}) f o (e )
(E.4)
here the integral depends on the unspecified right hand side of (E.1). Introducing

v=1-— ZTX and turning to the Fourier transformation to position space for the known
term we have

foo dk ikxsh(vz—k) .JO" dk sin(kx)sh(”z—k) .J‘x’ dk sin(kx)sh(%k)
e = — =i _—
0

w2n ch(h) )2 en(h) meh(h)
.JOO dk sin(kx)e"k/? .Joo dk sin(kx)e"k/2
=1 _—_ e —

o ®  ch(h) o ®  ch(h)
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the sine-Fourier integral can be evaluated see e.g. [31]

QT ) .
— %Z axln l—v( 1*1/472136) _ axln F( lfVIZIX)
+ axh'l r( 3—v:—21x ) _ 3xln 1—-( 3—1/4—21)( )
iif . . )
— E Z axln 1—-( 1+v4721x ) _ 8x1n 1—.( 1+v:—21x )

+ axlll r( 3+v:2ix ) _ 8x1n 1—-( 3+1/4—Zix )

applying the identity I'(a)['(1 — a) = 7t/ sin(ma)

4
sin(% + Z(v +2ix)) sin(§ + £(v + 2ix))

Z_L.axm(ch(nx)—sin(%)) ‘

2mi ch(mtx) + sin( %)

_ _La = (sin(% — 2(v+2ix)) sin(§ — T(v — Zix)))

So that the desired function in position space is

ch(mx) — sin(%)

ch(nx)ﬂm(g)) t..5 withy =1-(2¢/D). (ES5)

In y(x) = const + In (

Considering the limit y — 0, i.e. v — 1, we find
| ch(mx) — sin(%) , ch(mx) — sin(%)
o ch(mx)+ sin(%) - ch(mx) + sin(%)

(2sh2(%))
=In o 120Xy
2c¢ch (“2—’“)

=21ntanh|%|

which agrees with the result obtained by starting with principal value integrations.
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Appendix F

Contributions from the Lattice to the
Eigenvalue

The leading and constant contribution with respect to the system size of the eigen-
value of open XXX chain can be obtained from (4.40) by treating the inhomogeneity
s; as a continuous variable e.g. called z. Explicitly we have by taking the logarithmic
derivative

1 1 1 1

+ + +
z+at z+a- z—at z—a
1 1 1 1

— + — = : :
z+1ic gz-—ic z+§ g — X

3, InACE +2) -8, InACE —2) =

El
+ XL: ! + ! Y
—\z— (ic+s,) z—(c—s,)
+ ! + !
z—(—ic+s;) z—(—ic—s.) )"
Applying a complex integration with a closed contour {§} = —{&} invariant under
inversion we get for the left hand side
dz )
2| —0,InA(X+2)=2(N-P) (E2)
¢ 2T 2

which counts the zeros (N) and the poles (P) of the desired function A(z) around the
point % The pole structure of the right hand side (see figure E1) reveals for |a*| > %
that the number of zeros and poles of A(z) is unchanged in the regions shaded in
figure E2. Assuming neither zeros nor poles, i.e. N = P = 0, and including the
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F. CONTRIBUTIONS FROM THE LATTICE TO THE EIGENVALUE

Im
icks,

A

ic

2
%’—ai
—ic :Fse(%

Figure E1: Zero and pole structure of the right hand side of equation (E1)

\

Im
iC\J
N—-P=0
? ~/ Re
I . J >
/{ /]
symmetry
<ic f.\(

Figure E2: The shaded regions indicated regions where the number of zeros and
poles of A(z) is unchanged.
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points :I:%C by the closed contour & lowers the number N — P by one. This means
A(2) has a first-order pole! at z = 0 or z = ic. By choosing a simple pole to be
located at +ic, and hence also z = —ic due to the symmetry A(z) = A(—z), we find
A(2) non-zero and analytic within the strip |Imz| < %

Drawing together the arguments on the left hand side by Fourier Transformation
as described in E (here without any y) we find

in + o ke L . ,
F(@InA)(k)=— hE) [ekla ekl ™2 —eket E (ek(”“f)—kek(cmf))] .
C —_—
2

(=1

Due to the symmetry we restricted k > 0 and closed the contours for the right hand
side in the lower half plane in order to use Jordan’s lemma and made use of the
symmetry at «— —a* of the right hand side. Further we used the fact that a* are
purely imaginary. Transforming back we can use the sine Fourier transformation and
relate the outcome to digamma functions ) via

®  sin(kx)e % i a+b+ix a+b—ix
J;) dkw—_ﬁ[w( 4b )—1.0( 4b )
a+3b—ix a+3b+ix
+¢(4—b)_w(4—b)]
resulting in
nAGE) === [wllatl/26) ~ yllal2e-+1/2)+ o/l

+y(la/2c) =y(la”[/2c +1/2) +¢/la”]
¢/ +9(3/4) -2+¢9(1/2) —y(1) +1

+2L((1/2) — (1) + 1)} .

For the eigenvalue of the spin chain hamiltonian (4.42) we multiply by ic and evalu-
ate the digamma function where possible

dlnA 4 + .

I () =y(a"l/2c) = P(la™|/2c +1/2) +c/|a”|
+y(a™l/2c) =y(la”[/2c +1/2) +c/la"|
4+nm—2In2-14+(2—4In2)L.

ic

! Alternatively multi-order poles with orders differing by one are possible as well.
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