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Introduction

Since its introduction in the 19th century, statistical physics has been
at the origin of many valuable insights on a vast array of topics. These
range from thermodynamics to condensed matter and astrophysics, and
even include the prediction of new states of matter [4]. Nowadays, its
realm of application has even extended past the frontiers of physics, and
has reached network systems, computer sciences and socio-economics
[5—7]. Statistical physics uses a probabilistic approach to understand the
properties of macroscopic systems from the interactions between their
microscopic constituents. While this pursuit might appear arduous, given
the typical complexity of fundamental interactions, statistical physicists
often resort to the use of models. These simplified versions of given
systems capture their essential features, while opening the way for exact
algebraic or analytic treatment. The most emblematic model of statistical
physics is arguably the Ising model, proposed in 1920 by Lenz to study
ferromagnetism.

The siz-vertex model is another fascinating model of statistical physics,
initially introduced to investigate the thermodynamic properties of ice
[8-11]. Let us consider this model on the two-dimensional square lattice
(see the left of Figure 1). Its configurations result from the assignment of
arrows to each edge of the lattice (see the left of Figure 3). The arrows
can go left or right on horizontal edges, and up or down on vertical ones.
The ice rule states that, each vertex must possess two ingoing and two
outgoing arrows. This allows for only six possibilities, which gave the
model its name (see the left of Figure 2). Each allowed vertex is assigned
a statistical weight, which quantifies the likelihood of finding it in a
configuration. Then, the statistical weight of a configuration is the product
of the weights of the vertices within. The six-vertex model garnered



2 INTRODUCTION

considerable attention from the statistical physics community [12], and
was later generalised into the eight-vertex model [13,14]. The ice rule
was relaxed to a generalised ice rule, which led to the addition of two
admissible vertices (see the right of Figure 2). See Chapter 1 for detailed
definitions.

face

N

vertex site
edge

Figure 1: Left: A 3 x 5 two-dimensional square lattice, with examples
of face, edge and vertex. The lattice is referred to as ‘square’ due to the
shape of its faces. Right: A one-dimensional lattice with 5 sites.
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Figure 2: Left: Allowed vertices of the six-vertex model (bottom) with
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the corresponding molecular arrangements of HoO (top). Right: The two
extra allowed vertices of the eight-vertex model.

The partition function is a fundamental object in statistical physics, as
many thermodynamic quantities can be derived from it. It is defined
as the sum over all configurations of their associated statistical weights.
The partition function naturally depends on the lattice considered and,
particularly, on boundary conditions. These specify how extremities of the
lattice relate to one another, and can be chosen open, (anti-)periodic,...
We keep their precise definitions for subsequent chapters. Given the
importance of the partition function, strategies were developed in order
to compute it [15]. Among them is the transfer-matriz approach, pioneered
by Kramers and Wannier for the Ising model [16,17]. The method allows
one to evaluate a partition function by solving the eigenvalue problem of



the transfer matrix instead. Finding expressions for all transfer-matrix
eigenvalues and eigenvectors is a major part of the solution of a model. The
other important part is the computation of correlation functions. While
these can, in principle, be derived from the spectrum and eigenvectors,
in practice they often require the use of specific techniques [18,19].

A particular feature of the six- and eight-vertex models is that their
transfer matrices can be built from R-matrices that fulfil the so-called
Yang-Bazxter equation [12]. This emblematic relation, named after the
independent works of Yang and Baxter [20,21], has become central to
the theory of integrability [12,22], and to the development of the theory
of quantum groups [23-25]. We say that models are integrable if they
can be defined from R-matrices solutions to the Yang-Baxter equation.’
The R-matrices of the six- and eight-vertex models are such solutions,
expressed in terms of trigonometric and elliptic functions, respectively.
Thanks to this property, the models are also said to be trigonometric

and elliptic, respectively.

In the late sixties, the transfer-matrix approach led to the discovery
of a relation between vertex models and Heisenberg spin chains [9, 10,
12,13, 27]. The latter are models of quantum magnetism defined on
a one-dimensional lattice (see the right of Figure 1). Their degrees of
freedom are spins, located at each site, which interact with their nearest
neighbours. Depending on the anisotropy of the interactions, the chains
might be called XYZ (completely anisotropic), XXZ (partially anisotropic)
or XXX (isotropic). Such systems are entirely described by an operator
named Hamiltonian. Baxter proved that the XXZ and XYZ spin-chain
Hamiltonians could be expressed in terms of the transfer matrices of the
six- and eight-vertex models, respectively [28,29]. These Hamiltonians
and related transfer matrices can thus be diagonalised simultaneously,
which provides an additional motivation for the study of their eigenvalue
problems.

Among the techniques developed to solve these problems, the one proposed
by Hans Bethe came to be a hallmark in the theory of integrable lattice
models [19]. In 1931, he put forward an Ansatz (i.e. an educated guess)
regarding the expression of the eigenstates of the XXX spin chain [30].

'Note, however, that there is no universally accepted definition of quantum integra-
bility [26].
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He formulated that they ought to be linear combinations of plane waves,
with coefficients fixed implicitly by a set of equations. The technique
came to be known as the coordinate Bethe Ansatz. In the late seventies,
the Leningrad School developed a new algebraic framework, the Quantum
Inverse Scattering Method (QISM) [31,32]. The method revealed and
exploited the existence of operator algebras underlying integrable lattice
models, the Yang-Bazter algebras. This newfound structure allowed for
the systematic derivation of many properties of a given model, and their
generalisation to classes of models described by the same algebra [19,25,33].
The Bethe Ansatz was reworked within the QISM framework, and gave
rise to the algebraic Bethe Ansatz [22]. In this new variant, eigenstates can
be built from the action of an element of the Yang-Baxter algebra onto a
reference state. This technique proved immensely successful, notably in
the exact computation of correlation functions [18,34-42]. It, however,
still exhibits some limitations. Indeed, inherent to its nature as an Ansatz,
the completeness of its spectrum description has to be separately proven,
which often reveals to be a challenge [43,44]. Moreover, the existence of
an appropriate reference state is not guaranteed [19].

The eight-vertex model and related XYZ spin chain suffered from this
last limitation. To overcome it, Baxter related it to another model of two-
dimensional statistical physics: the dynamical siz-vertex model, equivalent
to the eight-vertex solid-on-solid model [45]. The relation, named vertez-
face correspondence, connects the R-matrices of both models by means
of an operator [45-47]. Baxter managed to solve the eight-vertex solid-
on-solid model via a Bethe Ansatz, and transposed his results back to
the eight-vertex model [45,48]. Takhtadzhan and Faddeev later built this
idea into a variant of the algebraic Bethe Ansatz, the generalised Bethe
Ansatz [32].

The Bethe Ansatz has gone through many such generalisations and
variants, each meant to cater to models or situations for which the
original version somehow fails. One particular variant that shall hold
our attention is Sklyanin’s functional Bethe Ansatz [49,50]. His method
relies on the introduction of a new basis of the space of states, in which
the eigenvalue problem of the transfer matrix separates into a set of
independent lower-dimensional linear systems. Due to this feature, the
method is now known as quantum Separation of Variables. It has been



successfully applied to a host of models, and keeps being an active area
of research to this day [51-62].

Some of the results brought by these techniques revealed surprising
connections between vertex models, their related spin chains, and combi-
natorics. The first significant evidence of this interplay appeared during
the search for the proof of the alternating sign matrix conjecture. Alter-
nating sign matrices (ASMs) are square matrices with entries 0,41 such
that (i) the entries of each column or line sum up to 1 (i) the non-zero
entries alternate in sign along each column and line. See the middle of
Figure 3 for an example. These combinatorial objects appeared in the
work of Mills, Robbins and Rumsey as they were studying an algorithm
for the evaluation of determinants due to Charles L. Dodgson, better
known as Lewis Carroll [63]. In 1982, the three authors proposed a now
famous conjecture stating that the number A(n) of n x n ASMs is given
by [64,65]
(304 1)!

A =TT G 0.1)
Despite the apparent simplicity of its formulation, the conjecture remained
an open question until 1995, when Zeilberger presented its first proof
[66]. Soon after, Kuperberg realised that this enumeration problem
had already been unknowingly studied by statistical physicists in the
context of integrable lattice models [67]. Indeed, there exists a one-to-one
correspondence between ASMs and configurations of the six-vertex model
on a specific domain [67,68]. In his alternative proof, Kuperberg obtained
the number A(n) from the partition function of this model, previously
computed by Izergin and Korepin via an induction technique [18,69]. For
a more detailed account of the fascinating story surrounding ASMs and
their enumerations, see [63].

In the following years, additional evidence of the interplay between
integrable lattice models and combinatorics were brought to light. For
instance, Razumov and Stroganov studied the XXZ spin chain with
periodic boundary conditions, an odd number of sites, and for a specific
value of its anisotropy parameter [70]. In the components of a special
eigenstate, they found integer sequences related to the enumeration of
ASMs and plane partitions. Motivated by these discoveries, Razumov and
Stroganov [71], and Bazhanov and Mangazeev [72,73], investigated the
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XYZ spin chain with periodic boundary conditions and an odd number of
sites. They identified a subfamily of its parameters, the combinatorial line,
for which similar intriguing connections to combinatorics appeared. Over
the years, this line was also found to be the stage of exciting relations
to topics such as elliptic functional equations [15,74,75], the Painlevé
VI equation [72,76,77], special polynomials [78-83], and supersymmetry
[84,85].

o o + o

Figure 3: Left: A configuration of the six-vertex model on a 4 x 4 square
lattice. Middle: A 4 x 4 ASM with +1 = £. This ASM corresponds to
the configuration of the six-vertex model pictured on the left. Right: A
configuration of the forty-one-vertex model on a 4 x 4 square lattice.

Following these developments, one was left to wonder whether other
integrable lattice models also showcased combinatorial phenomena. Nat-
ural candidates for investigations were higher-spin generalisations of
vertex models and spin chains. These models are defined by allowing the
degrees of freedom to take on a larger range of values. While the six-
and eight-vertex models are characterised as spin-1/2, thanks to the 2
types of arrows living on the lattice edges, their spin-£/2 generalisations
possess £ + 1 types of arrows instead, £ € N,. Allowed vertex configura-
tions are then still determined by the generalised ice rule. The spin-1
generalisations of the six- and eight-vertex models are called nineteen-
and forty-one-verter models, respectively, thanks to their numbers of
allowed vertices. (See the right of Figure 3 for an example of configu-
ration.) From an algebraic standpoint, R-matrices that describe these
models can be built via a fusion procedure from the R-matrices of the
spin-1/2 models [86-89]. Through the transfer-matrix approach, one
also relates the spin-1 vertex models to spin-1 XXZ and XYZ chains,
respectively [90,91]. Hagendorf and Morin-Duchesne investigated the



nineteen-vertex model with quasi-periodic boundary conditions along
the horizontal direction [92]. For any system size, and no restriction
of anisotropy parameter, they found that components of special eigen-
vectors were related to weighted enumerations of symmetry classes of
ASMs. Moreover, conjectural work on the forty-one-vertex model hints
at promising properties as well [93].

The main goal of this thesis is to study the eight-vertex model and related
systems such as the dynamical six-vertex model, as well as their higher-spin
generalisations. In particular, we investigate special eigenvalues of their
transfer matrices with remarkably simple expressions, and their related
eigenspaces. Our work naturally leads to results for special eigenstates of
the related XYZ spin chains, and connections to combinatorics.

In Chapter 1, we introduce the eight-vertex model and its related XYZ
spin chain. We provide a description of these models both on the lattice,
and from an algebraic standpoint. Then, we discuss the combinatorial line,
where surprising relations to combinatorics are observed. This chapter
(significantly) expands the introduction of [1].

In Chapter 2, we consider the eight-vertex model with periodic boundary
conditions along the horizontal direction. On the combinatorial line,
and for an odd number of vertical lines, its transfer matrix possesses a
remarkably simple eigenvalue. Our goal is to investigate the corresponding
eigenspace. We compute several scalar products and components of the
basis vectors in terms of special polynomials introduced by Rosengren and
Zinn-Justin. The proofs of these results rely on the induction technique
due to Izergin and Korepin. This chapter contains the analysis initially
performed in [1].

In Chapter 3, we consider two higher-spin generalisations of the eight-
vertex model: the forty-one- and eighteen-vertex models. After describing
them on the lattice, we construct their R-matrices via the fusion procedure.
We consider these models with quasi-periodic boundary conditions along
the horizontal direction, and define their transfer matrices. Incidentally,
these matrices commute, and can thus be diagonalised simultaneously.
Simple algebraic arguments allow us to show that they possess remarkably
simple eigenvalues. Furthermore, we introduce a spin-1 XYZ chain related
to the forty-one-vertex model, and prove that its Hamiltonian possesses
the eigenvalue E = 0. Lastly, we formulate conjectures regarding the
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degeneracy of this eigenvalue, and its position within the spectrum. This
chapter uses material from [3].

In Chapter 4, in order to solve the eigenvalue problem of the higher-spin
models, we follow Baxter’s idea and turn to dynamical vertex models
instead. In particular, we consider the dynamical ten-vertex model with
anti-periodic boundary conditions along the horizontal direction. We
build its R-matrix through the fusion procedure, and define its transfer
matrix. Following [45,58,59,94], we use the vertex-face correspondence
to relate it to that of the eighteen-vertex model with quasi-periodic
boundary conditions. This chapter uses material from [2, 3].

In Chapter 5, we investigate the dynamical ten-vertex model with anti-
periodic boundary conditions. We apply the quantum Separation of
Variables technique in order to solve its eigenvalue problem. This leads
us to a complete characterisation of its spectrum and of its eigenvectors.
In particular, we compute one eigenvalue explicitly and show that it
possesses a remarkably simple form. We find an expression for a quadratic
sum rule involving its associated eigenvectors as a determinant formula.
Finally, we derive several properties of the eigenvectors that characterise
them implicitly. This chapter presents results from [2].

In Chapter 6, we combine the insights developed throughout previous
chapters in order to obtain results for the eighteen- and forty-one-vertex
models, and the spin-1 XYZ chain. For the vertex models, they follow
those obtained for the special eigenvectors of the dynamical ten-vertex
model. We find a quadratic sum rule as a determinant formula, and a
series of properties of the eigenvectors that characterise them implicitly.
For the spin-1 XYZ chain, we find an expression for the square norm of
the special eigenstate in terms of new special polynomials, generalisations
of Rosengren and Zinn-Justin’s. Their definitions follow from the uni-
formisation procedure of the determinant formula found in the vertex case.
They allow us to formulate several conjectures regarding components and
sum rules of the special eigenvectors. Moreover, they provide connections
to combinatorics. This chapter presents results from [3].



Spin-1 XYZ 41V d19v
[91]

Fusion [89]
Fusion [95]

18V d1ov
VF corresp.

Fusion [89]
Fusion [95]

Spin-1/2 XYZ 8V d6Vv
[13,28,29] VF cor. [45,94]

Figure 4: The elliptic integrable models studied in this thesis, and the
relations between them. The 41V, 18V and 8V stand for the forty-one-,
eighteen- and eight-vertex models, respectively. The d19V, d10V and d6V
stand for the dynamical nineteen-, ten- and six-vertex models, respectively.
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Chapter 1

The eight-vertex model

Our story starts with a mundane albeit crucially important substance:
water. If you freeze water down to low temperatures, its molecules get
locked in the ordered structure of an ice crystal. However, many differ-
ent microscopic molecular arrangements lead to the same macroscopic
appearance. As a result, ice is said to still possess degrees of freedom,
and thus residual entropy. In 1935, Linus Pauling set out to investi-
gate this phenomenon. To this end, he formalised the rules governing
the positioning of HoO molecules within ice crystals [8]. Considering a
two-dimensional ice layer, his findings dictate that the oxygen atoms
arrange themselves as if on the vertices of a regular square lattice (see
the left of Figure 1.1). The hydrogen atoms are located between adjacent
oxygen atoms, on the edges of the lattice. Each oxygen atom is thus
surrounded by four hydrogen atoms: two attached to it via covalent bound
(relatively close), and two that belong to neighbouring HoO molecules
(further away). Incidentally, Slater reached similar conclusions regarding
KHyPOy4 [96]. This structuring rule came to be known as the ice rule.
Recently, Algara-Siller et al. have reported the observation of a layer
of water that fulfilled the ice rule, sandwiched between two sheets of
graphene at room temperature [97].1

Pauling’s physical considerations were later formalised into models of
statistical physics: Square Ice, then the siz-vertex (6V) model [9-11,27].

LAlthough the observation has, since then, been called into question [98].

11



12 CHAPTER 1. THE EIGHT-VERTEX MODEL

In turn, these were generalised into the eight-vertex (8V) model [13,14],
which shall be our main focus in Chapters 1 and 2.

This chapter is structured as follows: first, we describe the 6V and 8V
models on the lattice, starting from the ice rule. Second, we present the
algebraic formalism useful to the analysis of the 8V model. In particular,
we introduce two important operators, the R-matrix and the transfer
matrix. We state their main properties and symmetries. Then, we define
the XYZ spin chain, a statistical physics model of quantum magnetism.
We explain how this spin chain relates to the 8V model. Finally, we discuss
a subfamily of the parameters of the 8V model, for which surprising
relations to combinatorics are observed.

H-0-~H-O-H--Q-HO-H
H o H H
H-0-HQ-H-0-~H-O-H
H H H oy
H-0-H-0-H-O-HO-H
H H H H
H-OH-O-H O-H O-H

Figure 1.1: Left: A configuration of HoO molecules satisfying the ice
rule. Solid lines represent covalent bonds, dotted lines represent hydrogen
bonds. Right: The corresponding configuration of the 6V model.

1.1 Lattice formulation

1.1.1 The six-vertex model

We define this model on the two-dimensional square lattice. Its microscopic
degrees of freedom are spins located on each lattice edge. The spins
take the values 1, and are depicted graphically as arrows through the
dictionary

1 + SN 1 + <. (1.1)

The interactions are local, and take place between the four spins surround-
ing a vertex. They are governed by the ice rule. In the arrow picture, this
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5
ad-
p

Figure 1.2: Vertex on the square lattice with «, 3,v,d € {£1} on its
edges. Throughout our work, we identify t=—= 1 and |=+= —1, as
prescribed by (1.1).

equates to requiring exactly two ingoing and two outgoing arrows around
each vertex. In the spin formulation, the ice rule around the vertex of
Figure 1.2 simply reads a + 8 = v 4 4. The rule results in six allowed
vertex configurations, simply refered to as vertices (see Figure 1.3). The
model takes its name after this feature. We associate a statistical weight
to each of the vertices. Then, the statistical weight of a configuration
on the lattice is the product of the weights of the vertices within. The
Square Ice model corresponds to wy = ... = wg, where all configurations
are equally probable.

H-O 6H)*H H*dH) O-H H-O-H de
H H H
\%\\ /\%/ \+\ /+/ \+/ /+\
O DS SANY DS D

Figure 1.3: Bottom: Allowed vertices of the 6V model and their statistical
weights. Top: Corresponding molecular arrangements. The arrows of
the 6V can be seen as electric dipoles pointing from the hydrogen atom
toward the oxygen atom to which it is covalently bound.

Over the years, the 6V model has garnered considerable attention [99].
Its study has been connected to the development of the theory of the
Yang-Baxter equation [12], Quantum Inverse Scattering Methods [18,19],
quantum groups [24],. ..
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1.1.2 The eight-vertex model

In 1970, Sutherland [13], and Fan and Wu [14] proposed a generalisation
of the 6V model. They relaxed the ice rule to merely require that the
number of incoming and outcoming arrows around a vertex be even. In
the spin description, this generalised ice rule reads

a+ B =v+6 (mod4). (1.2)

It results in eight allowed vertex configurations: the six ones of the 6V
model, plus an extra source and sink (see Figure 1.4). We assign to

w2 W4 We ws

Figure 1.4: Allowed vertices of the 8V Figure 1.5: Configuration
model, and their statistical weights. The of the zero-field 8V model
7-th and 8-th vertices are respectively a with weight a3b?c3d?.
source and a sink.

each vertex a statistical weight. In this process, we impose spin-reversal
symmetry by assigning the same weight to vertices related by spin reversal,

wp=wy=a, w3=wy=0b wsz=wsg=c, wr=wg=d. (1.3)

This choice corresponds to the zero-field 8V model [12]. The term origi-
nates from the image of the arrows as electric dipoles (see Figure 1.3).
As for the 6V model, the weight of a configuration is the product of the
weights of the vertices within (see Figure 1.5).

Given a domain of the square lattice, the partition function is the weighted
sum over all configurations. It is given by

Z =Y abced, (1.4)
C
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where the sum is over all allowed configurations C, and n; denotes the
number of vertices of type j in C, for j = a, b, ¢, d. The partition function
is a fundamental object in statistical physics as it gives access to many
thermodynamic quantities. For example, we obtain the free energy per
site in the limit of large systems through the logarithm of the partition
function. On a L x N lattice, this reads

) 1

1.2 Algebraic formulation

1.2.1 Notations and conventions

The Hilbert space of a single spin-1/2 is C2. Its canonical basis vectors

) = (;) W= (‘f) . (16)

Throughout our text, N denotes a positive integer. We consider the

are

tensor-product space

()N =C?x...®C2. (1.7)
N

Its canonical basis vectors are given by
|a>:‘al...aN>:|a1>®...®‘aN>7 (]_8)

with a; € {1,{}, for each i = 1,...,N. We refer to the sequences
o = a1 -y as spin configurations. Each vector |¢) € (C2)®N possesses
a decomposition in the basis

[v) = Z%IOO- (1.9)

We refer to the numbers 1), in this expansion as the components of |1).
Furthermore, for every vector |¢) € (C?)®V, we define a dual vector by
transposition (¢| = |¢)!. The corresponding dual pairing is

<¢|d)> = Z@Z)oﬂ/}ov (1.10)
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When restricted to (R?)®V, this dual pairing defines a scalar product.
We denote by |[¢||2 = (1|¢) the square norm of a vector in this subspace.
For simplicity, we use the term ‘scalar product’ and ‘square norm’ even
for vectors outside this subspace.

We take the spin operators on C? to be the usual Pauli matrices,

ol = <(1) (1)> , o? = (? Bl> , o3 = <(1) _01> . (1.11)

For each i = 1,..., N, we denote by o the a-th Pauli matrix acting on
the i-th factor C? of (C2)®V,

sz,l:|]®...®|]®ga®]l®...®|]7 a=1,2,3, (1.12)
~— —
i—1 N—i

where [ is the 2 x 2 identity matrix. In terms of these operators, we define
the spin-parity operator P and the spin-reversal operator F' as

N N
P=(-D)N]]q? F=]]oei (1.13)
=1 =1

They obey the relation

FP=(-1D)"PF. (1.14)

1.2.2 The R-matrix

The R-matrix is a linear operator R € End (C? ® C?) that encodes the
weights of the model,

1)
(8| Rlaf) = -a—--, (1.15)
b
with «, 3,7,0 € {£1}. By convention, diagrams as in (1.15) stand for

their evaluation in terms of statistical weights. In the basis {|11), |TJ),
1), [44)}, the R-matrix reads

(1.16)

QU O O
o o0 o O
o o0 O
QO O
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We use a parameterisation of the vertex weights a, b, ¢, d in terms of Jacobi
theta functions (see Appendix A.1). The parameterisation depends on
the spectral parameter A, the crossing parameter n and the elliptic nome
p=e™ Imw > 0. Up to an irrelevant overall factor, the weights are

given by
a(\) = D4(n, p*)01 (A + 1, p*)94 (N, p?), (1.17a)
b(N) = Da(n, p*)a(X + 0, p?)01 (N, p?), (1.17b)
c(A) = D1(n,p*)92(A + 1, p*)0a (X, p?), (1.17¢)
d(A) = 91(n, p* )01 (A + 1, p*) 01 (A, p°), (1.17d)

Here and in the following, we only write out the dependence of the vertex
weights on the spectral parameter A, but not on ) and p. For the purposes
of our analysis, we allow these parameters to be complex numbers, with
the constraint 27 # 0 (mod 7, 7w).

The parameterisation implies that the R-matrix obeys the so-called
Yang-Baxter equation (YBE) [20,100]. On C? ® C? ® C?, it reads

Ria(A — p)Rig(A) Ras(p) = Ros (1) Ri3(A) Ria(A — ), (1.18)

where R;j(\) denotes an R-matrix acting non-trivially on the i-th and
j-th factor of C2® C? ® C2. This equation is at the center of the theory of
integrable systems. In this thesis, we consider that a model of statistical
physics is integrable if it can be defined from an R-matrix solution to the
YBE. Moreover, if this solution involves theta or elliptic functions, as in
(1.17), the model is characterised as elliptic.

In the limit p — 0, after appropriate rescaling, the R-matrix (1.16) with
parameterisation (1.17) tends to the R-matrix of the 6V model. The latter
fulfils the YBE, and is expressed in terms of trigonometric functions. As a
result, both the limit p — 0, and the 6V model are dubbed trigonometric.

Furthermore, we note that R(0) = 94(0, p?)91(n, p*)94(n, p*)P, where P
is the permutation operator on C? ® C?, acting on the basis vectors as
Plaiag) = |asay). We use it to define the R-matrix R(A\) = PR(A). It
obeys the braid form of the Yang-Baxter equation

Rig(X — p) Rog( M) Rua (1) = Ros(p) Riz2(A) Rag(A — p). (1.19)

Additionally, although not needed in our work, the YBEs possess a well-
known graphical interpretation in terms of scattering of particles [25,101].
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1.2.3 The transfer matrix

We now consider a square lattice with IV vertical lines and periodic
boundary conditions along the horizontal direction. The transfer matriz
is an operator T € End(C?)®" whose entries contain the statistical

weights of a row of the lattice. Take two basis vectors |a) ,|8) € (C?)®V,
we have
Oé‘l 05‘2 05‘3 Oé‘N
(a|T'|1B) = > 770+71 +72—‘—- . —‘»’Yof. (1.20)
Y05--YN—1=% ﬁ‘l 5‘2 5‘3 @N

The transfer matrix can be defined in terms of the R-matrix (1.15) as

T:tro RON'-~R02R01. (1.21)

In this expression, the R-matrices act on the tensor product C? ® ((132)®N .

The first factor C? corresponds to the horizontal direction in (1.20), and is
called the auziliary space. The trace in (1.21) is taken over this auxiliary
space.

In our analysis below, we work with the inhomogeneous 8V model. To
this end, we allow the weights (1.17) on the i-th vertical line of the lattice
to depend on an inhomogeneity parameter \;, i = 1,..., N. The transfer
matrix of the inhomogeneous eight-vertex model reads

T(A) = tro(Ron (AN — A) -+ Ro2(A2 — A) Ro1 (A1 — A)). (1.22)

If Ay =--- = Ay = 0, then we call the 8V model described by this
transfer matrix homogeneous.

The transfer matrices form a one-parameter family of commuting matrices.
The following statement is a consequence of the YBE (1.18) [12]. We use
the standard square bracket notation to denote the commutator of two
operators.

Proposition 1.2.1. For each A, pp € C. [T'(X\),T(p)] = 0.

The transfer matrix is diagonalisable forreal A\, n,pand Ay =--- = Ay =0
[12]. Moreover, it is likely that this property still holds for Aj,..., Ay
sufficiently close to 0. By Proposition 1.2.1, it is possible to choose transfer-
matrix eigenvectors independent of the spectral parameter A [102].
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L—] \\
y |
/\X—"’)(
Nl | [
N

Figure 1.6: A 4 x 15 square lattice with periodic boundary conditions in
the horizontal direction, and vertical extremities encoded in the vectors

) =[1---1) and [B) = [} -~ ]).

Furthermore, the transfer matrix possesses two elementary symmetries:
it is invariant under spin reversal and preserves the spin parity. These
symmetries lead to the commutation relations

[T(\), F] = [T(\), P] = 0. (1.23)

We note that for odd N, the relations (1.14) and (1.23) imply that each
transfer-matrix eigenvalue has an even degeneracy.

Based on the interpretation (1.21), the transfer matrix proves to be a
useful tool for the evaluation of partition functions [12]. Let us consider a
L x N square lattice with periodic boundary conditions in the horizontal
direction, and vertical extremities encoded in the canonical basis vectors
), |B) € (C?)®N (see Figure 1.6). The partition function on this domain
simply reads

Z = (alT(\)E|8). (1.24)

Let 6y, ..., 0, be the eigenvalues of T'()), ordered such that 6| > ... >
|0,|. We denote by g; > 1 the degeneracy of 6;, and P; the projector onto
its corresponding eigenspace, ¢ = 0, ..., m. The transfer matrix possesses
the spectral decomposition T'(A) = 09 Py + ... + 0, Py,. This allows us to
rewrite the partition function as

m

Z=Y 6" alP|B). (1.25)

=0
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As an example, let us impose periodic boundary conditions in the vertical
direction as well. This amounts to working on a torus, and leads to the
simplification:

m
Zrorus — Z (TN |a) = tr(T(N)F) = Zgiﬁf. (1.26)

a i=0
In the physical regime, where all vertex weights are real positive numbers,
an argument based on the Perron-Frobenius theorem ensures that 6 is
real and positive [85]. In this case, we find the free energy per site

1
=— lim —

ftorus
N,L—oo NL

1
InZ =— lim —In6g. 1.27
. Ngnoo N noo ( )
Therefore, one can find expressions for the partition function and the free
energy of the 8V model by solving the eigenvalue problem of its transfer

matrix.

1.3 The XYZ spin chain

Spin chains are one-dimensional models of quantum magnetism [103]. In
particular, the XYZ spin chain consists of a collection of spin-1/2 particles
on a line, with nearest-neighbour interactions (see Figure 1.7). Such a
chain with N spins is described by the Hamiltonian H € End (C?)®V,

N
1
H= D) Z Juotoly + J30707 + Jaoiod, . (1.28)
i=1
Here, the real numbers J; are anisotropy parameters, i = 2,3, 4. One fixes
boundary conditions by specifying how the first and last spin interact with

each other. In our work below, we enforce periodic boundary conditions
with

oNi1 =07, a=1,23. (1.29)

Other types of boundary conditions include twisted or quasi-periodic
boundary conditions, where 0%, and of are related by conjugation with
a twist operator, and open boundary conditions, where the first and last
spin do not interact with each other.
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Figure 1.7: A configuration of a chain of 15 spin-1/2 particles with
periodic boundary conditions.

We note that the XYZ spin chain is a generalisation of the XXZ and
XXX spin chains, where the anisotropy parameters are restricted to

Jy = J3 # Jo and Jy = J3 = Jo, respectively. A common normalisation
for the XXZ model is Jy = J3 =1, Jo = A [12].

As defined in (1.28) and (1.29), the XYZ Hamiltonian is Hermitian,
and thus diagonalisable with real eigenvalues. Its diagonalisation is a
fundamental step in the analysis of the spin chain, as its energy spectrum
and eigenstates characterise the system and its time evolution. Among
the eigenstates, the one associated to the lowest energy eigenvalue is
called ground state, and is of particular interest [104].

Sutherland showed that the 8V transfer matrix commutes with the XYZ
Hamiltonian for a certain choice of anisotropy parameters [13]. To state
the property, we define

_ (AN
C‘auwu>‘<éMm%>' (1.30)

Proposition 1.3.1. For the anisotropy parameters®

Jy =

amngLmM%ww2 1 L sy

O A F A it wra

the XYZ Hamiltonian commutes with the transfer matriz of the homoge-
neous 8V model,

[H. Ty, o] =0 (1.32)

This proposition indicates that the homogeneous 8V transfer matrix
and the XYZ Hamiltonian can be diagonalised simultaneously [102].
Furthermore, Baxter showed that the XYZ Hamiltonian with anisotropy

2An explicit evaluation shows that the expression of Js is independent of \.
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parameters (1.31) can be written as a logarithmic derivative of the 8V
transfer matrix [12,28,29]. Thus, solving the eigenvalue problem of the
8V transfer matrix provides results for that of the XYZ Hamiltonian as
well.

Finally, we note that in the trigonometric limit, Proposition 1.3.1 describes
the commutation between a XXZ7Z Hamiltonian and the transfer matrix
of the 6V model.

1.4 Combinatorial properties

Vertex models and related spin chains have been found to possess remark-
able connections to combinatorial structures. A first observation along
this line was made on the XXZ spin chain. It was discovered that, for
an odd number of sites and for anisotropy A = —1/2, the ground-state
eigenvalue has a surprisingly simple expression [105-107]. Razumov and
Stroganov examined the ground-state components for periodic boundary
conditions [70]. In them, they found integer sequences that enumerate
combinatorial objects such as alternating sign matrices (ASMs) and
plane partitions. Similar properties were uncovered for the twisted chain
with an even number of sites, and for the open chain with boundary
magnetic fields [108-110]. Henceforth, the choice A = —1/2 was dubbed
a combinatorial point for the XXZ chain.

Following the developments of the trigonometric case, Razumov and
Stroganov [71] and Bazhanov and Mangazeev [72, 73] identified a combi-
natorial line in the space of parameters of the periodic XYZ spin chain,
and related 8V model. They analysed the ground-state components along
this line for an odd number of sites, and observed polynomials with
integer coefficients within. Connections have been made between these
polynomials and combinatorial objects [71-73,111]. Moreover, Hietala
recently established a combinatorial interpretation for some of them as
partition functions of the three-colour model [82,83]. Beyond combina-
torics, subsequent investigations of the 8V model on the combinatorial
line have revealed exciting relations to various topics in mathematical
physics. Examples include elliptic functional equations [15,74,75], the
Painlevé VI equation [72,76,77], and special polynomials [78-81]. The last
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example we mention is due to Hagendorf and Fendley. They discovered
that the Hamiltonian of the XYZ spin chain on its combinatorial line is
supersymmetric [84]. In broad terms, this means that it can be written
as the anticommutator of nilpotents operators called supercharges [112].

In this section, we present the main combinatorial objects that shall
appear in our work below. We state without proof some results regarding
their enumeration.

Alternating sign matrices An alternating sign matriz is a square
matrix with entries 0, £1 such that (i) the entries of each column or line
sum up to 1 (ii) the non-zero entries alternate in sign along each column
and line. See Figure 1.8 for the 3 x 3 ASMs.

)

0
+
0

+
0
0

4+ o o

0
0
+

o 4+ o
o 4+ o
o o +
4+ o o
~_
o o H+

4+ o o
oo+ oo +
T oo
o 4+ o
oo+ o+ o
=+
+ |+
o4+ o 4+ o o

~—

Figure 1.8: The seven 3 x 3 ASMs, with + = +1.

These combinatorial objects appeared in the work of Mills, Robbins and
Rumsey as a generalisation of permutation matrices [64,65]. In 1983, the
authors formulated a famous conjecture regarding the number of n x n
ASMs. The conjecture generated a wide interest [63], and its proof was
finally achieved by Zeilberger in 1995 [66]. Let A(n) denote the number
of n x n ASMs, the now alternating sign theorem reads

(35 4+ 1)1
Am) =] w

1=0

(1.33)

Shortly after Zeilberger, Kuperberg proposed an alternative proof of
this result [67]. He formulated a bijection between the n x n ASMs
and the configurations of the 6V model on a n x n lattice with domain-
wall boundary conditions (DWBC) [67,68]. (See Figures 1.9 and 1.10.)
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Based on this relation, Kuperberg showed that the partition function of
the model, previously computed by Izergin and Korepin [18,69], simply
enumerates ASMs. For a more detailed account of the dawn of ASMs
and the story behind the conjecture, see [63].

N SN NI VIR DA ¢
MY Y Ty

0 0 0 + -

Figure 1.9: Correspondence between vertices of the 6V model and ASM
entries.

o o 4+ o

Figure 1.10: Left: A 4 x 4 square lattice with DWBC. Right: ASM
corresponding to the 6V configuration of Figure 1.1.

Our work will lead us to several more general enumerations of ASMs.
Here below are two examples.

The first one is a refined enumeration. Following from its definition, an
ASM of size n must have a unique +1 in its first row. Let A(n, k) denote
the number of matrices for which this +1 is in column k. This number is

given by [113]
(n+k—2) (2n—1—k)

n—1 n—1
(3n—2)
n—1
The second one is a weighted enumeration. Let t € R>g, we associate
a weight t* to any ASM with k negative entries. We define the t-

enumerations of ASMs A(n;t) as the weighted sum over all n x n ASMs.
For the examples of Figure 1.8, we find A(3;t) = 6 1 t.

A(n, k) = A(n). (1.34)
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Symmetry classes of ASMs Another interesting enumeration prob-
lem is that of classes of ASMs invariant under certain symmetries of the
square [114,115]. Eight such symmetry classes exist. Below, we present
the ones that appear in our work.

Vertically symmetric ASMs (VSASMs) are ASMs invariant under reflec-
tion around the vertical axis (see the left of Figure 1.11). In terms of its
entries, the ASM A = (a;;)7;_; is vertically symmetric if

Qi3 = ai(nJrl,j), i,j = 1, N (1.35)

VSAMs are exclusively odd-sized, as no ASM of even size can fulfil the
symmetry. The number of VSASMs of size 2¢ 4 1 is [114]

(60 —2)1(2i — 1)!
Ay(20+1) ﬂIIZ“_l (4 —2) (1.36)

Let us now consider their weighted enumeration. The negative entries of

symmetric ASMs form orbits under the action of the symmetry group.
The weight of such an ASM is then t*, where k now denotes the number of
orbits of negative entries. Practically, one can determine this number by
counting the —1s in a fundamental domain of the group action, excluding
those forced by symmetry (see the left of Figure 1.11). The t-enumeration
of vertically symmetric ASMs reads [92,116]

-1 (i i1\ fi+k+1
Av(20+1;t) = det ). 1.
v =g (3 () () e

Half-turn symmetric ASMs (HTSASMs) are ASMs invariant under a
rotation of angle 7. In terms of its entries, the ASM A = (a;5)7;_; is a
HTSASM if

Qij = Q(n41—i)(n+1—7)> ihj=1...,n. (1.38)

See the right of Figure 1.11 for an example. Kuperberg found a deter-
minant formula for the t-enumeration of HTSASMs Ayt (n;t) for even
n [114].

Diagonally and anti-diagonally symmetric ASMs (DADASMs) are ASMs
invariant under reflection around both diagonals. In terms of its entries,
the ASM A = (a;5)7;—; is a DADASM if

Qi5 = Qj; = a(n+1_j)(n+1_i), i,j = 1, Lo, (1.39)
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00 + 0 0 0
00 + 0 0 0+ — 0 + 0
+ 0 — 0 + 00 + 0 — +
00 + 0 0 + — 0 + 0 0
0O + — + 0 0 + 0 — 4+ 0
00 + 0 0 00 0 4+ 0 0

Figure 1.11: Left: A 5 x 5 VSASM with drawn symmetry axis. Its middle
column is fixed by symmetry, it thus possesses k = 0 orbit of negative
entries. Right: A 6 x 6 HI'SASM with k& = 2 orbits of negative entries.
The dotted line delimits the fundamental domain of the symmetry action.

Note that each DADASM also fulfils (1.38), and is therefore also half-turn
symmetric. See the left of Figure 1.12 for an example. The number of
DADASMs of size 2¢ 4 1 is [117]

£ (3i)
Apap(20+1) = L[O (£(+)z')!' (1.40)

No equivalent formula appears to be known for the even size.

Lastly, ASMs with double U-turn boundary conditions (UUASMs) are
20 x 2¢ matrices in which the successive pairs of rows and columns read in
a prescribed way form valid rows and columns of an ASM (see the right of
Figure 1.12). Precisely, for each k =1, ..., /¢, reading the (2k—1)-th row
from left to right then the 2k-th one from right to left yields a valid row
of an ASM. The same goes for the (2k—1)-th column read from bottom
to top followed by the 2k-th from top to bottom. Although UUASMs are
not a class of ASMs invariant under symmetries of the square, they are
the generalisation of one [114].

We shall encounter weighted enumerations of UUASMs more general
than t-enumerations. Let y,z € R>p, we assign to an UUASM the
weight tFy™2™' | with k the number of negative entries, and m and m/
respectively the number of odd rows and columns with an odd number
of non-zero entries [92]. See the right of Figure 1.12 for an example.
Following Kuperberg’s notation, we denote by Ayy(44;t,y, z) the (t,y, z)-
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0.0 + 0 0 0 0
0 4 — 0 + 0 0

+ -0+ ~ 4+ 0 ~

00 + = + 0 0 + - 0 +

0 + ~ + 0 — + 0 + 0 D
00 + 0 — % 0 0 0 0 0>
070 0 0 + 0 0 0 0 0 +

Figure 1.12: Left: A 7 x 7 DADASM with drawn symmetry axis. Right:
A 4 x 4 UUASM with k = 2 negative entries and respectively m = 1 and
m’ = 1 odd rows and columns with an odd number of non-zero entries.
The half-circular bridges represent the U-turns.

enumeration of 2¢ x 2¢ UUASMs. The quantity

. AUU(4€7 Ly, Z)

2
AR (bt y, 2) = Av(2+1:1) (1.41)

is a polynomial in ¢, y and z given by [92,114]

_ /-1 ) ) .
AQW”myﬂ>=é$(Z]ru1+wu+znc+”)c;f>k

1,7=0 o 1+ k

(nea ) e )5
(1.42)

Moreover, we shall also need
ARy (at0) =17 AR (b 6,y = 1,2 = —1), (1.43)
a polynomial given by the determinant formula [92]

—1 . . .
i@ 40 4) — ot AR AW
Al (44t) = ige;to (Z (1 N k) ( on |1 ] (1.44)

k=0
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Chapter 2

Sum rules for the
supersymmetric eight-vertex
model

In this chapter, we pursue an investigation of the square lattice eight-
vertex model whose vertex weights a, b, ¢, d obey the relation

(a® 4 ab)(b* + ab) = (¢ + ab)(d® + ab). (2.1)

This subfamily of weights corresponds to the combinatorial line discussed
in Section 1.4. We consider the model on a cylinder with N > 1 vertical
lines and periodic boundary conditions along the horizontal direction.
If the number of vertical lines N = 2n + 1, n > 0, is odd, then the
transfer matrix of the vertex model possesses the remarkably simple
double eigenvalue

O, = (a+b)*" (2.2)

The existence of this eigenvalue was first conjectured by Stroganov [107].
Recently, Liénardy and Hagendorf proved this conjecture with the help of
supersymmetry techniques [84,85]. Because of the supersymmetry, we refer
to the case where the vertex weights obey (2.1) as the supersymmetric
etght-vertex model.

Our main objective is to investigate the eigenspace of ©,. Bazhanov
and Mangazeev [73], and Razumov and Stroganov [71] initiated this

29
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investigation by exploiting the fact that the eigenvectors of ©, are
the ground-state vectors of the Hamiltonian of a XYZ quantum spin
chain. They computed these vectors for small n with the help of exact
diagonalisation methods applied to the spin-chain Hamiltonian. This
computation led them to numerous conjectures on the eigenvectors,
providing explicit expressions for their components and for scalar products.
The latter are often referred to as sum rules. Subsequently, a rigorous
investigation of the eigenspace for general n was undertaken by Zinn-
Justin [111]. He considered a generalisation of the eigenvalue problem
for ©,, to the inhomogeneous eight-vertex model. Based on only one
conjecture about its solution, he was able to derive one of the sum rules
that had been observed by Bazhanov and Mangazeev. In this chapter, we
use Zinn-Justin’s conjecture to investigate the eigenspace of ©,, in further
detail. To this end, we apply a well-established induction technique due
to Izergin and Korepin [18,69]. It allows us to derive explicit expressions
for several scalar products of an eigenvector of the transfer matrix of the
inhomogeneous eight-vertex model. From their homogeneous limits, we
deduce several new sum rules and exact expressions for the components
of the eigenvectors of ©,,.

This chapter contains the analysis performed in [1], and is organised
as follows: in Section 2.1, we discuss a generalisation of the eigenvalue
problem for ©,, to the inhomogeneous model and the properties of its
solution that follow from Zinn-Justin’s conjecture. In Section 2.2, we
introduce scalar products involving this solution as well as several solutions
to the boundary Yang-Baxter equation. We obtain exact expressions
for these scalar products in terms of the so-called elliptic Tsuchiya
determinant. In Section 2.3, we compute the homogeneous limit of these
expressions. We use them to derive and analyse several properties of the
eigenvectors of ©,,. We present our conclusions in Section 2.4.

2.1 Eigenvalue problem

Unless stated otherwise, we consider throughout this chapter the case
where N = 2n + 1, with n > 0 an integer, and

0= 2r/3. (2.3)
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For this value of the crossing parameter, the weights (1.17) obey the defin-
ing relation (2.1) of the supersymmetric eight-vertex model. Moreover,
the transfer matrix of the inhomogeneous model (1.22) is conjectured to
possess the double eigenvalue [71]

2n+1
On(A) = JJ r(xi = M), (2.4)
i=1
where 1
r(A) = a(A) +b(\) = 5192(0)194(0,172)191(77 —A). (2.5)
For the homogeneous model, where A\ = -+ = Agp+1 = 0, it reduces to

the eigenvalue ©,, = (a + b)?"*!, whose existence has been rigorously

established [85].

The eigenvalue problem Since the transfer-matrix eigenvalue has
multiplicity 2, it is convenient to lift the degeneracy by imposing the
transformation property of the eigenvectors under spin reversal. We
consider the following eigenvalue problem

TN)|¥) = On(M)[¥), Fl¥) = (=1)"|¥), (2.6)

where |¥) € (C?)®(7+1) For small n, it is possible to find non-trivial
solutions to this system of linear equations through a direct calculation.
For arbitrary n, however, their existence has, to our best knowledge, not
been rigorously established. The following conjecture postulates this
existence and characterises the corresponding space of solutions.

Conjecture 2.1.1 (Zinn-Justin [111]). The space of solutions to the
eigenvalue problem (2.6) is spanned by a vector

W) = [Tn(A1,- ., Aong)) € (CF)PCHD, (2.7)

whose components are entire functions with respect to \;, for each i =
1,...,2n + 1. They are generically non-vanishing and do not have a
common factor that depends on A1, ..., Aopt1. Furthermore, the vector
obeys the relations

. 2n+1
W A+ 21w, )) = p e 22550 QD 1g (L),
2n+1
WX+ )= [ oWl .. 0). (2.8)

=1,
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We assume that this conjecture holds and derive the main results of this
chapter from it.

Properties of the eigenvector Conjecture 2.1.1 implies several prop-
erties of the vector |¥,), which we frequently use in the following. We
recall them here in the form of four lemmas, whose proofs can be found
in [111]. The first lemma expresses the action of the R-matrix on the
vector.

Lemma 2.1.2 (Exchange relations). Forn > 1 and eachi=1,...,2n,
we have

v

Rz‘,i+1(/\i+1 — /\Z)|\I/n< D PN )‘i-f—la .. ))
=7(Ait1 = A) [ Wn (- A1, Ais o)) (2.9)

We note that the compatibility of the exchange relations follows from
the braid Yang-Baxter equation (1.19).

The second lemma describes the action of a local spin-reversal operator
on the eigenvector.

Lemma 2.1.3 (Local spin reversals). For each i =1,...,2n+ 1, we
have

O’,}’\I’n(,A“»
n =i G -N)
= (—p)e g=1 VTN (L N+ Tw, L)) (2.10)
For the third lemma, we consider three inhomogeneity parameters A;, Aj, A
with 1 <4 < j <k < 2n+ 1. We say that these parameters form a wheel
if they can be written as \; = z, \; = x +n, Ay, = x + 27, for some z.

The so-called wheel condition asserts that the vector vanishes whenever a
wheel is formed.

Lemma 2.1.4 (Wheel condition). Forn > 1 and all x, we have

V(...,z,...,x+mn,...,x+2n,...)) =0. (2.11)

The fourth lemma provides so-called reduction relations for the vector:
upon a specialisation of certain inhomogeneity parameters, |¥,) can be
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expressed in terms of |¥,,_1). To state the reduction relations, we define
for each N > 1 and each 1 < i < N + 1 a linear operator

@' ¢ (C?)BN 5 (C2)(V+2), (2.12)

It acts on the basis vector labelled by & = a1 - - - ay according to

¢'lay = a1 aic1) @s) @ |ai - - an), (2.13)
where
|s) = 1) — 1) (2.14)
Lemma 2.1.5 (Reduction relations). Forn > 1 and eachi=1,...,2n,
we have
(Wi (e Ay Ais gt = A + 1, Az ) (2.15)
2n+1 ]
:Cn H 191()\i—/\j—77) (pl‘\I/n_l(...,/\i_l,/\i+2,...)>,
G=1,j#ii+1
where Cy, is independent of A1, ..., Aont1-

Normalisation The constant C, in Lemma 2.1.5 depends on the
relative normalisation of the vectors. It is not fixed by Conjecture 2.1.1.
In the following, we choose

Cp =1, (2.16)

for each n > 1. Furthermore, we define
[Wo) = [1) + ). (2.17)

These choices and the properties listed in Conjecture 2.1.1 completely
fix the vector |¥,) for each n > 0 [111]. For instance, for n = 1 its
components are

(W1)111 = pI1(A—=Aa+n,p°) 01 (Aa—As+7, p* )0 (As— A1+, p?),
(W1)4yy = pOa(Ai—=Aa+n, p* )01 (Aa—As+7, p°)9a(As—A1+1, p°), (2.18)
(U1) g1y = p9a(Mi—do+n,p?)9s(Aa—As+n, p?) 01 (As—A1+m, p%),
(1) 4t = p1(A1=Aa+n, p*)0a(Aa—Ag+n, p*)0a(As—A1+n, p?),

and

(U = =Tty (P)prr = —=(Yi)ryg, (Vrpy = —(P1) s, (2.19)
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where the overall factor is given by

2

= 5200)0:(0,7)" (2.20)

p

For n = 2, Hagendorf recently found an explicit formula for the compo-
nents by means of elliptic interpolation [118]. For n > 3, the components
are considerably more complicated. An equivalent formula remains to be
found.

2.2 Scalar products

In this section, we compute several scalar products that involve the
transfer-matrix eigenvector |¥,). In Section 2.2.1, we define the scalar
products with the help of two solutions to the boundary Yang-Baxter
equation. In Section 2.2.2, we analyse their symmetry and analyticity
properties, and show that they obey a set of reduction relations. These
properties are sufficient to characterise the scalar products uniquely. In
Section 2.2.3, we find determinant formulas in terms of the so-called elliptic
Tsuchiya determinant that fulfil the same properties as the scalar products.
Using uniqueness and an inductive proof technique, we show that they
provide explicit expressions for the scalar products. In Section 2.2.4, we
recall a relation between elliptic Tsuchiya determinants and a family of
multivariable polynomials introduced by Zinn-Justin and Rosengren.

2.2.1 Definition

In its vector form, the boundary Yang-Baxter equation for the eight-vertex
model is given by

Ria(z — y)Ros(—z — y)|x(2)) ® [x(y))
= Raa(x — y)Ros(—2 — y)[x(v)) @ |x(z)), (2.21)
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where |y(x)) € C? ® C2.! We consider the following two solutions of this
equation:

(@) = 01+ 2PV 0a (e — 1 — 1, 21 (2.23a)
+ 01 (x — & =0, p")a(z + w5, p°) 1),

X(2)) = th(x + &, p*)01(x — Kk —n,p°)|11) (2.23b)
+Va(x — & =0, p*)0a(x + w5, p°) ).

Here, k is an arbitrary parameter. Both these solutions are specialisations
of the most general solution to the boundary Yang-Baxter equation for
the eight-vertex model found by Inami and Konno [120]. In the following
two lemmas, we list some useful properties of |x(z)) and |X(x)). They
follow from standard identities for Jacobi theta functions. It will be
convenient to define

~ a(n+ 2z,p?) V1(n + 2z, p?)

g(l‘) - 194(77_21,7172)’ g(x) = 191(7]—2%,])2). (224)
Lemma 2.2.1. We have the relations
R(2z)|X(x)) = g(z)r(2z)|X(—x)), 2.25
R(2x)|X(2)) = g(z)r(22)|X(—2)). (2.26)
Lemma 2.2.2. We have the matriz elements
((x(@ +n)l ® (x()]) Ras(—2z —n) (Is) ® |s))
r(—2x —n)
_ 792(0)2191 (.CU - 5)791 (.73 + K+ 77)9(33) (2 27)
5 , .
((X(z + n)| ® (X(x)]) Ras(—2z —n) (|s) ® |s))
r(—2x —n)
R ) LA ekl L CO NP
> , .

where |s) is the vector defined in (2.14).

'Traditionally, the boundary Yang-Baxter equation is presented in a matrix form
with solutions K (z) € End(C?) [119],

Ria(x — y) K1 (z) Riz(x + y) K2 (y) = K2(y)Ri2(z + y) K1 (z) Riz(z — y).  (2.22)

To each K-matrix K (x) corresponds a solution |x(x)) of the vector form (2.21), defined
as (aBlx(2)) = (alo®K (z — 1/2)|8), for all a, § € {£1}.
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For each n > 1, we use the two solutions of the boundary Yang-Baxter
equation to define the vectors

) = ( @Itean ) e (229

6 (1, ) = (é) Ii(xi)>> ® (M +1)- (2.30)

i=1
It will also be convenient to introduce
[€0) = [1), 1657 = 1) + [1). (2.31)

Using these vectors, we define the scalar products

Zn(x1, ..y xn) = En(x1, .y zn)| VT, —21, . . o, Ty, —20, 0)), (2.32)

Z,jf(xl, ceeyTp) = <§f(m1, cos )|V (21, —21, . o, Ty —Tp, 0)). (2.33)

In the following, we only write out their dependence on the inhomogeneity
parameters x1, ..., x, if necessary.

It is straightforward to find Z, and Z; for n = 0 and n = 1. Using (2.17),
we obtain

Zy =1, 7§ =2, Zy =0. (2.34)
Furthermore, we use the components (2.18) and (2.19), and find

Zy = _g D2(0)92(1 — w)Ja(n + 2x1, p*) 91 (0 + 21)01 (0 — 1), (2.35a)

Zt = p04(0)04(n — k)01 (n + 231, p*)93(n + 21)03(n — 21),  (2.35b)
Z7 = p93(0)94(n — k)1 (n + 221, p*)0a(n + 21)9a(n — 1), (2.35¢)

where p is defined in (2.20).

2.2.2 Properties

In this section, we establish the properties of Z,, and ZF that allow us
to find them for n > 2. The proofs of these properties are very similar
for Z,, and Z,;—L. Hence, we focus on Z,,. If necessary, we indicate the
modifications to be made for ZF.
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Symmetry
Proposition 2.2.3. Forn > 2, Z, and Z are symmetric functions of

Lly.oey, Tp.

Proof. We sketch the proof of the symmetry of Z,. It is sufficient to
prove that

Zn( oy Lgy Ti415 - - ) = Zn( ey Ljp15 Ly e v - ), (236)
foreachi=1,...,n—1. For ¢ = 1, we find
Zn (21,2, ... ) = (En(T1, 72, . . )|V (21, =21, T2, —72,...))
Ros(—x2 — 1) Raa(wa — 21)

r(—xe — x1)r(xe — 1)

X \\I/n(xl, X2, =2, —TL1,y... ))

= (Gnlz1,22,... )]

Ros(—x2 — 21) Ris(wz — 21)
r(—xzo — x1)r(xe — 1)
X | (21, 22, —X2, —X1,...))
= (&n(zo, 21, ... )| Vp (22, —22, 21, —21,...))
= Zn(x9,21,...). (2.37)

= <§n($2,$1, <o )’

From the first to the second line, we used Lemma 2.1.2. The third line
is obtained by using the symmetry of the R-matrix and the boundary
Yang-Baxter equation (2.21). The fourth line is the result of another
application of Lemma 2.1.2. This establishes (2.36) for i = 1. The cases
where i = 2,...,n — 1 are straightforward generalisations. O

Proposition 2.2.4. For eachi=1,...,n we have

Oa(n 4 224, pH) Zn(. .., x4, ... ) = V4(n — 224, pP) Zn(. .., 34, ),
191(77+ 2x2>p2)27;t( cey T Lgy - ) = 191(77 - 21’1,]92)27:::( <oy Ly e e )

Proof. We present the proof of the first relation. By Proposition 2.2.3, it
is sufficient to consider ¢ = 1. We compute

Zn(—x1,...) = (En(~21, .. )| Up(—21,21,...)) (2.38)

= (talan,...)| 2220

e T Can e ) = g(=e) Zuan, ).
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From the first to the second line, we used Lemma 2.2.1 and the symmetry
of the R-matrix. The equality in the second line follows from Lemma 2.1.2
and the explicit expression of g(z), given above.

The proof of the second relation is similar. O

Analyticity In the following, we use the concept of theta functions,
a class of pseudo-periodic functions of the complex plane. We refer the
reader to Appendix A.2, for their definition and main properties.

Proposition 2.2.5. Forn > 1, Z, and Zﬁf are theta functions of degree
2(n+1), nome p and norm 3 +g with respect to x; for eachi=1,...,n.

Proof. We focus on Z,. By Proposition 2.2.3, it is sufficient to establish
the statement for Z,, as a function of x;. It follows from Conjecture 2.1.1
and from the definition of the vector |x(z)) that Z, is an entire function
of z1. To establish its pseudo-periodicity properties, we note that |x(x))
obeys the relations

IX(z + 7)) 3o |x(x)), (2.39a)

X(@ + mw)) = —p~le gl (). (2.30D)

g

Furthermore, it follows from Conjecture 2.1.1 and Lemma 2.1.3 that

U (z1 47, —21 —7,...)) = o308 | U, (21, —1, ... ), (2.40a)
W, (21 + 7w, —21 — 7w, ... )) = p~ @nHl)em2@n+1)in (2.40Db)

X O'%O';“I/n({[}l, —T1y... )>
We combine (2.39) and (2.40) to obtain

Zn(xy +7,...) = &z +7,.. ) |odos |V, (21, —21, ... ) (2.41)
=Zn(x1,...), (2.42)

and

Zn (21 + 7w, ... ) = p~ e 2Cnt iz (2.43)

X <£n(x1 + 7w, ... )|U%U%|\I]'n(l’17 L1y )>
_ 2R e /D) 7 (), (2.44)

This ends the proof for Z,. The proof for ZF is similar. O
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Zeroes and trivial factors In the next proposition, we identify certain
trivial zeroes of the scalar products Z,, and Z:. It is practical to introduce
the abbreviations

n n m N w o Tw n W

== ==+ — ==+ -4+ — =—+—. (24

br=5, Pr=g+g B=gtg+5, fi=g+o (249
Proposition 2.2.6. Forn > 1 and each i =1,...,n we have

Zn(...,.ivi:—ﬁl,...):Zn(...,l’i:ﬁl,...):o, (2.46)

Zn(...,xi:—Bg,...):Zn(...,l'i:—ﬁzl,...):0, (247)

ZE( .= —P1,...)=ZE(...,x;=—Pa,...) = 0. (2.48)

Proof. By Proposition 2.2.3, it is sufficient to prove the proposition for
i = 1. We focus on the proof of (2.46). We note that

Zo(wr = —Fr,...)
= <§n (g7x21 cee 7xn) ’\IITL (_ga g%ﬁ% —Z2, .-, Tn, _$n10)> (249)

2n
- <£n(g,332, B $n)| H O-]3|\Ijn(7g’ g"rQ’ —X2y -y Ty —Tp, 3#»
j=1

The first, second and last arguments of |¥,,) form a wheel. Lemma 2.1.4
implies that the vector vanishes identically. Hence, Z,,(x1 = —f1,...) = 0.
Furthermore, it follows from Proposition 2.2.4 that

04(20,p*) Zn(21 = —P1, ... ) = 0a(0,p°) Zp (w1 = P1,... ). (2.50)
Since 94(0,p?) is non-zero, we find that Z,(x; = f1,...) = 0. Hence, we

obtain (2.46) with i = 1.

Finally, we note that (2.47) and (2.48) directly follow from Proposi-
tion 2.2.4 and the known zeroes of the Jacobi theta functions. O]

We now use the knowledge of the zeroes to find trivial factors of the
scalar products. To this end, we use the factorisation property of theta
functions of Lemma A.2.2.

Proposition 2.2.7. Forn > 1, we have

Zn = (ﬁ ?94(77 + 2xi,p2)’191 (77 —+ .%1)191 (77 — 332)>Xn, (2.51)
=1

7t _ (Hw : zxi,p%)fcs, (2.52)
=1
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where X, = Xp(x1,...,2,) and XF = XF(x1,...,2,) are even theta
functions of degree 2(n— 1) and 2n, respectively, nome p and norm 0 with
respect to x; for eachi=1,...,n. Forn > 2, X, and )_(ff are symmetric
functions in x1,...,xy,.

Proof. We present the proof of (2.51). According to Proposition 2.2.5, Z,,
is a theta function with respect to x; with degree 2(n + 1), nome p and
norm ¢t = 7/2+n/2. By Proposition 2.2.6 it vanishes if x; = —51, +/51, — (4
and —f3 + m + mw (where we used the pseudo-periodicity of the scalar
product). Hence, we may apply Lemma A.2.2 to write Z,, as a product
of the trivial factors

V1(xs + Br)V1 (x5 — Br)V1 (2 + Pa)d1(x; + B3 — m — 7w)
= BO4(2x; + 0, p*)01(n + 2:)01(n — x;), (2.53)

where B = —ip~1/29,4(0,p?), and a theta function with respect to z;
of degree 2(n — 1), nome p and norm ¢ = 0. Since this holds for each
i = 1,...,n, we obtain the factorisation (2.51), absorbing a power of
the constant B into the definition of X,,. The symmetry of X,, for
n > 2 follows from Proposition 2.2.3 and the symmetry of the factorised
expression. Moreover, it follows from Proposition 2.2.4 that X, is an
even function of each z;.

The proof of (2.52) is similar. O

Henceforth, we analyse the properties of the functions X,,, XF. For
coherence, we define

Xo=2Zy=1, Xf=2f =2, Xy =25 =0. (2.54)

We note that for n = 1, the expressions (2.35) lead to

X1 = =£02(0)02(n — r), (2.55)
X = p94(0)94(n — w)I3(n + x1)93(n — 21), (2.55b)
X1 = p93(0)93(n — K)Ia(n + x1)0a(n — 1), (2.55¢)

where p is defined in (2.20).
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Reduction relations The reduction relations for the vector |¥,,), given
in Lemma 2.1.5, lead to reduction relations for the functions X,, and X;-.
To state them, we define

_ Va(x)d2(x —n)

F(z) = 9:(0.57)° (x4 k) (k —z+ 1), (2.56)
- I3(x)03(x — n)0s(x)ds(x —
Fla) = 3(2)U3( 194270)’;2()2) a(z —n)

x 01 (z + n)?01(x + k)1 (k — 2 + 7). (2.57)

Proposition 2.2.8. Forn > 2 and for each 2 < i < n, we have the
reduction relations

Xp(r=2i+ 3, 4,...,7)

= F(x;) H V1 (x; — xj+ ?7)2191($Z‘ +x;+ 7])2
J=2,j#i

X Xn,2($2, ey =1y Lty e e - ,SCn), (258)

= F(z;) [] 91(@i— a5 +n0)*01(2 + 25 +n)°
J=2,j#i

x X%—z(@, ey L1y Tigly e - Tn). (2.59)

Proof. We focus on the proof of the reduction relations for X,,. To this
end, we abbreviate Z), = Z,,(z,x + n,x3,...,2,). Using the definition of
Z, and Lemma 2.1.2, we may write

Roz(—2x —n)

r(—2z —n)
X |V (z,x +n,—x,—x —mn,...)). (2.60)

Zy = nlz,z +m,..0)]

The first two arguments x, 2 4+ n of the vector |¥,,) allow us to apply the
reduction relation of Lemma 2.1.5. We obtain

Z}, = 91(2x)91(2x — n)d1(x — ) [[ 1(z — @i — n)V1(z + z — n)
i=3

Rzg(—Ql’ —n)

o2 =) U8 @[ Wna(ma =z =, 0).

X (En(z,z+m,...)
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Next, we use R(—n)|s) = —2r(—n)|s) to write

Z! = 91(22)91 (22 — n)Y1(x — 7 Hﬁl x—xz;—n)h(x+z;—n)

R23(—2ZC —n)Ria(—n)
—2r(=n)r(—2z —n)

X (|$) @ |Vp_1(—x,—z —mn,...))). (2.61)

With the help of the boundary Yang-Baxter equation (2.21) and the
symmetry of the }v%—matrix, we may write

X (Enl@,x+ ... )

ZI =91(22)91 2z — n)V1(x — 7 H191 x—z; —n)i(z+x; —n)

JCCEREN >rREZiZZ>Z<’?f§4S?

X (|s) @ [Wp—1(—x,—x —1,...))) (2.62)

=01 (22)91 (22 — n)Y1(x — n Hﬁl (x =z —n)i(r+z; —n)

x <£n(x+77,$,...)’m
X (|8) @ [pr(—z =1, =2,...)). (2.63)

The last equality follows from an application of Lemma 2.1.2. The
resulting expression suggests yet another application of Lemma 2.1.5. We
obtain

Z! = 191(2x)91 (22 — n)V1(x — H V1 (z — x5 — )20 (x + 25 — 1)?

R23(—2.TU — 77)

< (e )l @ (@) 55—

(|S> ® |S>) ang(l'g, e ,ﬂj‘n).

The scalar product in the second line of this equality is given in Lem-
ma 2.2.2. From this scalar product and from the relation between Z,
and X,,, given in Proposition 2.2.7, we infer

Xn<$>$+777$37 e .,.Tn) = F(x_n/2> Hﬁl(x_xl _77)2791($+37z _77)2
=3
X Xn_g(l'g, e ,{L‘n). (264)
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Finally, we set x = 22 + 7/2 and obtain the reduction relation for X,
with ¢ = 2. For ¢ = 3,...,n, it follows from the symmetry of X,.

The proof of the reduction relations for X* is similar. O]

Proposition 2.2.9. For each n > 1, we have the reduction relations

(=1)"J2(k —n)
194(07})2)

n—1
X ( H 192(:@-)2) Xp—1(x2, ..., 20),
=2

XE (B3, w9, wp) = p 27N 192(77)13;4((00)71;32()’{ ) (2.66)

X (ﬁ q93(a;2~)2> XT (z2,..., 1),
=2

XE(Buy w9, .. wy) = p 27 192(77)13;4(8%2()’{ ) (2.67)

X (ﬁ 194(%1)2> X;:il(.fvg, . ,xn).
=2

Xn(ﬂg,.rg,... ,:I?n) == (265)

Proof. We focus on the reduction relation for X,,. To this end, we consider
the vector |¥,,) with arguments as set in (2.32). We choose z1 = —f»
and apply Lemma 2.1.5. This leads to

‘\IJTL(_BQv 527 T2y =2y ..., T, _xn»

= —12(0) H Va(2:)20%|s) @ P|W,,_1 (22, —Ta, ..., Tns —Tn)), (2.68)
i=2

where P is the spin-parity operator, defined in (1.13). We use this relation
and o303|x(r)) = —|x(z)) to obtain

Zn(—ﬂg,xg, . ,l‘n) = n 1192 H792 .I‘Z

(< (=B2)Io?ls)) Za-a(ez, . a). (2.69)

Next, we evaluate the matrix element (x(—B2)|03|s) with the help of

(x(2)lof]s) = (x(@) (114) + 1) = P2k —m)dr(@ +n).  (2.70)



44 CHAPTER 2. SUM RULES FOR THE EIGHT-VERTEX MODEL

We find
Zn(_ﬁ% Z2, .- 7$n) = (_1)n—1192(0)192(77)192(/€ - 77)
x [[902(2i)? Zn-1(x2, ..., 20). (2.71)
=2

We obtain (2.65) from this equality and the relation between Z,, and X,
given in Proposition 2.2.7.

To prove the two reduction relations for X'ni, one needs to use Lemma 2.1.3
and the scalar products

(X@)[(H) = [11) = Vals = n)ds(z +n), (2.72)
X@)[(H) +111) = Us(k — n)da(z +n). (2.73)
The calculation is similar to the proof for X,. O

2.2.3 Determinants

In this section, we present our main results for the inhomogeneous
supersymmetric eight-vertex model. They provide explicit expressions for
the functions X, and )_(,jf, and hence for the scalar products Z,, and Zf
These expressions are given in terms of the so-called elliptic Tsuchiya
determinant, which originally appeared as a partition function for the
SOS model [121].2

The elliptic Tsuchiya determinant Let us introduce

h(z,y) = d1(z —y +n)di(x —y —n)Vi(z +y +n)di(z+y—n). (2.74)

We define Hy = 1 and, for each k£ > 1, the function

Hok (@1, - - - T Thrts - - - 5 Tak)
k
Y. . h T, Xj k 1
— Hl,j—l ( 1 J+k) det , (275)
A(J;l,...,ka(azkﬂ,. ..,:L’Qk) 1,7=1 Ih(a;i,:chrk)

2See Chapter 4 for a description of SOS models.
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where

A(l’l, ce l‘k) = H sl (:L‘j — 1'1)191 (:L'j + l’l) (2.76)

1<i<j<k

Fork > 1, Hok(x1, ... Tk Tgt1, - - -, Tog) is an even theta function of degree
2(k — 1) and norm 0 with respect to each z;, i = 1,...,2k. Moreover,
it clearly is separately symmetric in x1,...,2; and xgy1,...,Tok. Less
obvious is that it is symmetric in all its variables [111]. Here, we present
a simple proof based on determinant condensation [63].

Proposition 2.2.10. For each k > 1, Hop(z1, ... Tk; Thy1, .-, Tok) @S a
symmetric function of x1,...,To.

Proof. The case k = 1 is trivial: we have Ha(z1; x2) = 1, which is obviously
symmetric in 21 and xo. Therefore, we consider k > 2. Let A = (aij)f, =1
be a matrix with ax; # 0. We have the condensation identity

k—1 . .

det A = a,;k(kfz) det (det (a” aZk)) . (2.77)
ij=1 akj kg

We apply this identity to the determinant in (2.75), and obtain

IT552 0 b, w4k

A(wl, e ,xk,l)A(karl, e ,1'2]{,1)

k-1 (D—l4(x¢,$k;1’jvx2k)> (2.78)

x det
ij=1 h(wi, zj4k)

How (21, ..., 2k Tpgrs - - o Top) =

We note that

Hy (s, vr; 25, wor) — Ha(s, vog; x5, T) (2.79)
191 (37])191 (:L'l — l’j)ﬂl(l’i + $j)191(l'k - -'132k)"91(xk’ + 1'216)
V1(n)

The right-hand side vanishes since 7 = 27/3. Therefore, we have

Ha(s, xi; 2, wor) = Ha(xs, xor; 5, k). (2.80)
Using (2.78), we conclude that Hox(x1, ..., Tk Tkr1, - - ., Tox) iS Symmet-
ric in x and x9g. Since it is separately symmetric in z1,...,z; and

Th41,- - -, Lok, it is symmetric in all its variables. O
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To stress the symmetry of the function Hog(x1, ..., Zk; Trt1, - . ., Tok), We
omit the semicolon and simply write Hok(x1,. .., z2x). Finally, we note
that in [111] the following reduction relation was established:

Lemma 2.2.11. For each k > 1 and each i = 2,...,2k, we have

2%k
Hop(w1 = 2i+5,. . Tiy. oo, Tog) = H V1 (@i —zj+n)01(zi+x+0n)
i=2.#i

X [H2(k—1) (xg, ey Li—1, Lj41y - - - ) (281)

The functions X,, and X :l—L Theorem A.2.5 provides a way to establish
the equality between two theta functions. We use this theorem to find an
explicit expression for X,, in terms of the elliptic Tsuchiya determinant.
To this end, we define for each k > 0 the functions

—1)k
ng = Mﬂ—bk(ml’ ceey .Cvgk) (2.82)
X [HQ(k-i-l)(xl <oy L2k, ﬁ2> g + K‘)a
(=1 s(k — n)
Yory1 = 940, p2) Hok+1) (21, - -, Tops1, B2) (2.83)

X Hz(kﬂ)(ﬂﬁl T2kt g ).

Lemma 2.2.12. The function Y, obeys the reduction relations of X,
given in Propositions 2.2.8 and 2.2.9.

Proof. The proof is a straightforward calculation using Lemma 2.2.11. [

Theorem 2.2.13. For each n > 0, we have X, =Y.

Proof. The proof is based on a standard induction argument that goes
back to Izergin and Korepin [18,69]. We start by examining the base
cases n = 0 and n = 1. From the expressions given above, we find

V2(k —n)

Yo=1, =02

(2.84)

They are equal to the expressions of Xy and X, given in (2.54) and
(2.55), respectively.
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We now make the induction hypothesis that X,, =Y, for n = m and
n = m — 1, where m > 2 is some integer. For the induction step, we
consider X,,+1 and Y;, 1 as functions of z;. By Proposition 2.2.7, X, 11
is a theta function of degree 2m, nome p and norm 0. The same holds
for Y;,11, by the properties of the elliptic Tsuchiya determinant. By
Lemma 2.2.12 both functions obey the same reduction relations. For x1 =
+(xzj£n/2), j =2,...,m+1, they allow us to express X1 and Y;,, 41 in
terms of X,,,_1 and Y;,,_1, respectively. Likewise, for x1 = 439, they lead
to expressions of X,,4+1 and Y,,+1 in terms of X,,, and Y}, respectively.
Using these expressions and the induction hypothesis, we conclude that
Xmt1 = Yy for 4m + 2 values of 1. We choose o, ..., Zpm41 so that
they contain 2m independent values. By Theorem A.2.5, we conclude
that X;41 = Y1, and hence X,, =Y, for n = m+1 and n = m, which
ends the induction step. The theorem follows. ]

Next, we provide explicit expressions for the functions X',f in terms of
the elliptic Tsuchyia determinant. For each k > 0, we define
Y = vapHogei1) (@1, -+, @2k, 0, Ba)Hogroy 1) (21, - - -, T2k, § + 5, B3)
=+ 6§5€H2(k+1) (Il, -y L2k, 07 63)|H2(k+1) (J"la -y L2k, g + K, /64)7 (285)

and

ot +
Yori1 = Yor Moy (71, - -+ T2k 41, 0)
X [HQ(k-i-Q) (:El’ <oy L2k41, g + K, B3, B4)
+ 5§Ek+1 ”"2(k+1)($1, sy T2k41, g + k)

X Ha(ktoy (15 - -+ Tok41,0, B3, B1).  (2.86)

Here, the coefficients ’yzik, ’yi 4+ and 6;516, 5§Ek 41 are given by

; k . k
= pe + L pe ;
=\ o = 2.
2 <ﬁ4(0,p2)2> o o2k <v94(0,p2)2> %,  (287)
+ pe * + + pe” ’ +
Vok+1 = W 1 62k+1 = W 07, (2.88)
where
7+:2<%®W4ﬂ—m>2 5+:_Qchmwxn—m)2
° 95(0)01(k — )/ 0 92(0)01(m —1))

__ 203(0)94(0)93(k —m)Va(k —m) o _
EC N ([ X e R
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and

+ pe194(0) £ pe My (k — n) 5
0 .

T 9400, 2)0a(k — m)0a(m) 07 7T T 940, p2)94(0)0a (1)

Lemma 2.2.14. The functions Y& satisfy the reduction relations of X*
given in Propositions 2.2.8 and 2.2.9.

Proof. The proof is a straightforward calculation using Lemma 2.2.11. [

Theorem 2.2.15. For each n > 0, we have Y,F = XT.

Proof. As for Theorem 2.2.13, the proof is based on induction. Let us
check the base cases n = 0 and n = 1, using the explicit expressions given
above. For n = 0, we find

Yob=2 Yy =0 (2.89)
Furthermore, for n = 1, we obtain

Vit = 4iHa(@r, § + 5, Bs, Ba) + 6 Ha(21,0, Bs, Ba). (2.90)

We have [111]

pte99(n)

[H4(xay753764) = 192(0)

(9s(z +n)Vs(@ — n)a(y)*
+ Ja(z + n)da(z — n)ﬂg(y)2)- (2.91)

We use this expression, together with the definition of fyli, 6?, and find

o 204(0)94(k — n)03(x1 — n)V3(x1 + 1)
= 72(0)04(0.7%) 299
oo 2093(0)03(k — n)Va(z1 + n)V0a(z1 — 77)'

i 92(0)04(0, 77)

We compare our findings with (2.54) and (2.55) and conclude that Y,F =
XF forn=0,1.

(2.93)

Next, we make the induction hypothesis that X = Y for n = m and
n = m — 1, where m > 2 is some integer. For the induction step, we
essentially follow the proof of Theorem 2.2.13. The only differences are
(1) that we need to use Lemma 2.2.14 and (7i) that the degree of the theta
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functions is now 2(m + 1). Nonetheless, we may choose x2, ..., Zy11 to
find enough independent points for the application of Theorem A.2.5 to

be possible. It allows us to conclude that )_($ 1= Yr,jf +1- The induction
step follows, which ends the proof. O

2.2.4 Polynomials

In this section, we recall the relation between the elliptic Tsuchiya
determinant and a family of polynomials introduced by Zinn-Justin and
Rosengren. Moreover, we discuss the properties of these polynomials that
are relevant to our forthcoming analysis of the scalar products. These
properties can either be found in or easily derived from [78-81,111], but
we prefer to include them here for completeness.

Definition and relation to the elliptic Tsuchiya determinant
Let us introduce

h(w,w') =1 — (34 Aww' + (1 — C)ww' (w + w'). (2.94)
We define Hy = 1 and, for each k > 1, the function®

HQk(wla cee ,U]Qk)

_ I17—1 hwi, wjr) i 1
A(wl, A ,wk)A(wkH, A ,wgk) 3,j=1 h(wi, ijrk)

) . (2.95)

where A(wi, ..., wm) = [T1¢;jcjcm(wj — w;) denotes the Vandermonde
determinant in m variables. Clearly, Hop(w1,...,ws) is a polynomial in
wy, ..., wog and (.

In the next proposition, we recall its relation to the elliptic Tsuchiya
determinant. To this end, we use the elliptic function

~ a(n,p?) 01 (x)?
W) = 520,59 91 le — )o@ L)’ (2.96)

Moreover, in the following we often use the parameterisation of ¢ in terms

of the elliptic nome p provided in (1.30).

3We use Zinn-Justin’s notations. The polynomials Hog (w1, ..., wsk) are related to
Rosengren’s polynomials T'(z1, ..., z2k) by a change of variables [78].
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Lemma 2.2.16. Let k > 1 and w; = w(z;) for each i = 1,...,2k. If
(1.30) holds, then we have

How(z1, ..., 2ok) = f(21,. .., 2ok) Hop(wr, . . ., wa), (2.97)

where

_ 194("771)2) K
flxy, ... x01) = (W)
2k

< [ W1 (@i +n)91(zi —n)* ", (2.98)
=1

Proof. The key observations are the two relations

Da(n, p?)91(n)291(z — y)V1(z +y)
94(0, p?)01(z — )1 (z +n)d1(y —n)d1(y + 1)’

w(z) —w(y) = -

01(n)*h(z, y) '
(91(z — n)V1(z + n)V1(y — n)Y1(y +n))>

They follow from standard identities between Jacobi theta functions. Us-

h(w(z), w(y)) =

(2.99)

ing them together with the definition of Hox (w1, . .., wak) and Hog(x1, . . .,
xok) leads to (2.97) and (2.98). O

The symmetry of the elliptic Tsuchiya determinant implies that Hoy (w1,
..., wqk) is a symmetric polynomial in wy,...,wo for kK > 1. In the
following, we use for each k > 1 and 7 =1,...,2k — 1 the abbreviation

Hgk(wl, e ,w]’) = HQk(’Ujl, AN ,wj,O, ey 0) (2.100)

Clearly, if j > 2 then Hyp(wi,...,w;) is a symmetric polynomial in
wi, ..., Wj.

Determinant formulas We combine the determinant formula (2.78)
for the elliptic Tsuchiya determinant with Lemma 2.2.16. This leads to

I1552) h(wi, wjsr)

A(wl, “eey wkfl)A(warl, e ,wzkfl)

k—1 H ) .
X det ( 4(wlawkawj+kaw2k)>7 (2101)

Hop(wi, ..., we) =

i,j=1 h(wla wj-i-k)
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for each k > 2, where

Hy(wy,...,wg) =34+ (¢* — 1) (w1 + wa + w3 + wy
+ (€% = Dwjwowswy). (2.102)

The determinant formula (2.101) allows us to infer several properties of
the symmetric polynomial Hok (w1, ..., wq) for k > 2 from k = 2. For
instance, we easily find the degree of this polynomial with respect to
each of its variables.

Lemma 2.2.17. For each k > 1, Hop(w1, ..., wa) is a polynomial of
degree k — 1 in w; for each i =1,...,2k. Moreover, we have

. —(k—1

lim ka(_l )H%(wl,...,wgk,l,O)

Wk —1—00

= (¢ = 1)F  Hyg o1y (w1, ..o wage_1y). (2.103)

Furthermore, (2.101) allows us to find a useful formula for Hog(w,w’) in
terms of a determinant of a matrix with polynomial entries in w,w’ and
¢. Indeed, from the method of divided differences [122] we obtain:

Lemma 2.2.18. For each k > 2, we have

k—2
HZk(wawl) = .d.et (H4(w7w/)77i,j

i,7=0

+ (=D (mi1j+mija+ (- 1)ww’ni,1,j,1)), (2.104)

where n;; is a polynomial in ¢ with integer coefficients, given by
min(i,5) nl(3 + C2)3n—(i+j)(g2 _ 1)i+j—2n

= (i—n)l(j —n)!(Bn— (i+4)!

ifi,j 20, andn;j =0 ifi <0 orj <O0.

Nij = (2.105)

The formula given in this lemma is quite practical to explicitly compute
the polynomials Hoy(w,w’) with MATHEMATICA.
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Bilinear identities The polynomials Hog (w1, ..., wq) satisfy bilin-
ear identities. They follow from a Pliicker relation and the well-known
Desnanot-Jacobi identity [63,123], applied to the determinant in (2.95).

Lemma 2.2.19. For each k > 1 and all x,y,u,v, we have

(I - y)h(u7 U)H2(k:+1) (’U)l, -y Y, U)H2k(w17 s ,’U,)
+(y — u)h(x,v) Hygerry (w1, - . ., y, u, v) Hop (w1, . . ., ) (2.106)

+(u — 2)h(y, v) Hy(g1y (w1, - - -, u, 2, 0) Hop (wr, . .., y) =0,
and
(:’U - u)(y - U)HQ(k—l-Q) (wla T, Y, U, U)HQk(wlv cee ,U)Qk)
= h’(x7 'U)h(y, u>H2(k’+1) ('lUl, sy U, U)HQ(k‘+l) (w17 -y I y) (2107)

—h(z,y)h(u, v) Hyp1y (w1, - - -, Y, w) Hygry (w1, - - -, 2, 0).

Fractional linear transformations Finally, the polynomial Hoy(wy,
...,wyk) has a simple transformation behaviour under the fractional
linear transformation ¢ — (’, where

_(+3
=T
It follows from the property h(w,w’)|c—¢ = h(2w/(¢ —1),2w'/({ — 1)):

¢ (2.108)

Lemma 2.2.20. For each k > 0, we have

2 \FD 2wy 2way,
HQk('LU]_,...,’U]Qk”C_)C/:(C_l) H2k<c_177<_1>

2.3 The homogeneous limit

In this section, we consider the case where the inhomogeneity parameters
take the values \; = - -+ = Aop 1 = 0. This is commonly referred to as
the homogeneous limit. To study the homogeneous limit of the vector
|W,,), it is convenient to define

1) = Nu|¥n(0,...,0)),  |¥n) = N, P|¥,(0,...,0)). (2.109)
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Here, N, is a normalisation factor. We choose

N — (_1)LHTHJ 194(07]92) i/ (2 110)
d1(m)"* \ Da(n, p?) ' '

We shall see below that the vectors |¢,) and |¢,) are non-vanishing.

Their definition thus implies that they are linearly independent. They
constitute a basis of the eigenspace of the eigenvalue ©,, = (a + b)>"*! of
the transfer matrix of the homogeneous eight-vertex model [85].

The main goal of this section is to study the basis vectors [t,,) and [t;,)
with the help of the homogeneous limits of the scalar products Z,, and Zﬂf.
We compute these homogeneous limits in Section 2.3.1 and Section 2.3.2,
respectively. This computation allows us to obtain and analyse several
components of the basis vectors. In Section 2.3.3, we exploit the relation
between the eight-vertex model and the XYZ spin chain to compute
the sum of the components of the basis vectors. In Section 2.3.4, we
compare our results to several conjectures by Bazhanov and Mangazeev,
and Razumov and Stroganov.

2.3.1 The homogeneous limit of Z,

In this section, we compute the scalar product

S = ({1 + ()" @ (1) 1) (2111)

from the homogeneous limit of Z,. The results of our computations
naturally depend on the elliptic nome p. We restrict our considerations
to real 0 < p < 1 and state our results in terms of the variable (, defined
in (1.30), and*
1 1 1
Jo = —— Js=—— Jy=——. 2.112
2 %) kel 1= ( )
We have J, = w(f) for k = 2,3, 4, where w(z) is defined in (2.96). We
note that the restriction of the range of the elliptic nome implies that
0< (<.

We divide the section into three parts. First, we find a closed-form
expression for S, in terms of the polynomials defined in Section 2.2.4.

4The parameters J; correspond to the evaluation of (1.31) for n = 27/3, i = 2,3, 4.
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Second, we use this expression to compute and analyse the component
(n)t)-141- Third, we evaluate the scalar product S, in the so-called
trigonometric limit.

Closed-form expression

Theorem 2.3.1. For each k > 0, Sor and Sori1 are polynomials in
and ¢, given by

Sor = (20)* Hop Hajoy 1) (J2, 1), (2.113)

Sorr1 = (200)" (1 + 1) Harr 1) (J2) Hogrrn) (1), (2.114)

where fi = (1 — 1)2/(¢2 — L.

Proof. The proof has two parts. In part 1, we establish the explicit
formulas for the scalar products. In part 2, we show that these expressions
yield polynomials in both p and (.

Part 1: Explicit formulas. First, we evaluate the scalar product Z,, for
x1 =+ =z, = 0. Using (2.32), this evaluation leads to

Zn(0,...,0) = (01(k, p*) V(K + 1,p°))"
X (14 + pAD™" @ (1) 120, 0)), (2115)

where
194(’%1 pz)ﬂl (’i + m, p2)

o 0k, p2) 0+ 1, )

(2.116)

We use Proposition 2.2.7 to write the left-hand side of (2.115) in terms
of X,,. Moreover, we use (2.109) and (2.111) to rewrite its right-hand
side in terms of S,,. Solving for the latter, we obtain

g _ (_ Paln.p*)0(m)?
"\ Wik, p?)a(s + 1,

p2)> N X(0,...,0). (2.117)

Second, we replace N, by its definition (2.110), and X,, by its explicit
expression in terms of the elliptic Tsuchiya determinant, given in Theo-
rem 2.2.13. This step requires to consider the cases n = 2k and n = 2k +1
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separately. We focus on the case n = 2k, where we obtain

o 1 <q94(0,p2)>(2“)k
201 () =D (9, (5, p2) 04 (s + 1, p2))F \ Da(,p?)

X [Hgk((), ey O)D‘Ig(k+1)(0, covy Po, g + K,). (2118)

We now use Lemma 2.2.16 to rewrite the Tsuchiya determinants in terms
of the polynomials of Section 2.2.4. After some algebra, we obtain

o _ (Dm0 B0 s, p%) |
2k = 91(k, p?)294(k + 1, p?)294(0, p?)

X Hop Hy(pq1y(w(Ba), w(k + 7). (2.119)

Here, w = w(z) is the elliptic function defined in (2.96). Moreover, the
polynomials on the right-hand side of this equality implicitly depend on
¢, which is given in terms of p by (1.30).

Third, we simplify (2.119) with the help of several classical identities
between the Jacobi theta functions. For the prefactor, we use

V1 (2)02(0) = 201 (z, p*)4(x, p?), (2.120)
D2(n)a(n, p*) = 202(0)04(0, p*), (2.121)

and the relation (2.116). Moreover, the arguments of the polynomial are
given by
w(Be) = Jo,  w(k+3)=[. (2.122)

Applying these identities, we obtain (2.113).

The proof of (2.114) is similar.

Part 2: Polynomial nature. Lemma 2.2.18 implies that both Hy, and
Hy(41)(J2) are polynomials in ¢. Moreover, one checks that pHy(w, f1)
is a polynomial in w, 4 and {. By Lemma 2.2.18, ukHQ(kH)(w,ﬂ) is a
polynomial in w, , and ¢. Hence, both pkHZ(k_,_l)(,EL) and /LkHQ(k+1)(J2, i)
are polynomials in p and ¢. The polynomial nature of Sy, and Sopy1
follows.

Finally, we comment on the parameterisation (2.116) used in this proof.
By the properties of the Jacobi theta functions, p is a meromorphic
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function of x for all 0 < p < 1. The pole structure of this function implies
that each real p is the image of some 0 < k < 7 under this mapping.
Hence, the statements of the theorem hold for all real u. By analytic
continuation, they hold for all complex u. O

Components

Proposition 2.3.2. For each k > 0, we have the components

(Vor)1y-tit = 2" Hop Hop(Ja), (2.123)
(Vor1)1ptit = 28 HopHy(p1)(J2).- (2.124)

Proof. We present the proof of (2.123). For k = 0 it is trivial. Hence, we
consider £ > 1. We have

(Vo) ty-tit = Sonlumo = 2" Hop i p* gy (2, ). (2:125)

We compute the limit on the right-hand side with the help of Lem-
ma 2.2.17, and find

Jim 1 Hogpny (Jo, 1) = (€2 —1)7" Jm [i " Hygor1y(Ja2, i) = Hop(J2).

This result leads to (2.123). The derivation of (2.124) is similar. O

This proposition implies that the component (¢,)4;...4;4 is a polynomial
in the variable ¢ with integer coefficients. We now compute the coefficients
of its lowest-order and highest-order term. To this end, we recall the
number A(n) of alternating sign matrices of size n given in (1.33). We
also need the number Ay (2n + 1) of vertically-symmetric alternating sign
matrices of size 2n + 1 given in (1.36). Additionally, in the following,
we frequently use the number Ng(2n) of cyclically-symmetric transpose
complement plane partitions in a 2n x 2n x 2n cube [63,114]:

nh (304 1)(66)!(26)!

Ng(2n) = 2.12
3(2n) IJO (@) (4i + 1)! (2.126)
Proposition 2.3.3. For each k > 0, we have
(a)pypir = A(2k) + -+ 2¢FD, (2.127)
(Yok1)tptyr = A2k + 1) 4 -+ (KO, (2.128)

where - - - denotes intermediate powers of (.
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Proof. We compute the coefficients of the lowest-order term through the
evaluation of the components at ¢ = 0. To this end, we use [111]

_ o1k Ak —1)

Hokle—og = Av(2k + 1), Hox(J2)| g Av(2k—1)

. (2.129)

Hence, we obtain

(w2k+1)T¢---T¢T’g:0 = 2% H2k‘g=o H2(k+1)(J2)’<:0 = A(2k +1), (2.130)

(¢2k)N~~~T¢T|§:0 = Qk H2k|<:0 HQk(J2)‘g:0,
_ 2AV(2k + 1)A(2k: — 1)
N Ayv(2k — 1)

= A(2k), (2.131)

where the last equality of the third line follows from Corollary 21 of [124].

To find the coefficients of the highest-order terms of the components,
we analyse the highest-order terms of Hoi(w,w’) for fixed w,w’. For
k =1 this analysis is trivial, since Ho(w,w’) = 1. For k > 2, we use the
determinant formula of Lemma 2.2.18, and find

Hop(w,w') = (1 +w +w') (1 + w)F2(1 +w)E2¢kE=1 1 (2.132)
where ... denotes lower-order terms in (. Hence, we have

Hyp = ¢F*=D Hop(Jp) = 217 k¢h=b) o (2.133)

Using these results, the highest-order terms of the components follow

from the explicit expressions given above. O

It follows from Propositions 2.3.2 and 2.3.3 that the components

(¥n)pe-1ets (@n)rgetir = (1" W) pgtins

do not identically vanish. Hence, the vectors |t,,), |¢0,) do not identically
vanish, as was anticipated above. Their linear independence follows
from the fact that they are, by construction, eigenvectors of the spin-
reversal operator with different eigenvalues: F|i,) = (—=1)"|¢n), Flib,) =

(=1)"* ).
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The trigonometric limit We now evaluate the scalar product S,
for ¢ — 0. This evaluation corresponds to the limit p — 0. After a
rescaling, the weights of the eight-vertex model tend, in this limit, to the
trigonometric weights of the six-vertex model at n = 27/3. Hence, we
refer to it as the trigonometric limit. The trigonometric limit of S,, was
rigorously computed in [125] with the help of contour-integral formulas
for the components of the ground-state vectors of the XXZ chain at
A = —1/2. Here, we show that it also follows from Theorem 2.3.1 and a
few properties of Schur functions and symplectic characters.

Let k> 1 and A = (A1,..., ) be a partition. We recall that the Schur
function sy and the symplectic character y associated with A are given

b
y otk 1( Ajtk— ])
SA(Zl,...,Zk) = b= T , (2.134)
detf ;_; ( J)
and
Aj+k—j+1 —(N\j+k—j+1)
XA(ZL cty Zm) detlj . ( f— 1 — ZZ_(]:_ ‘+1) ) ’ (2135)
det” 1 ( I+ —z )

respectively. Hereafter, we focus on the case where \ is given by the
double-staircase partition Y3, = (| (k—1)/2])%_;. For ¢ = 0, the polynomial
Hop(wy, ..., woy) is related to a symplectic character associated with this
partition [111]. Through the parameterisation

(1
= 2.136
w(z) = 5 e ( )
one obtains the relation
2k
_ _ . 1\ —k+1
Hop(w(21), - - - 7w(22k))\<:0 = 3hk=D) H (1 Tzt z 1)
i=1

X XYy (21,05 221), (2.137)

for each k > 1

The next lemma provides particular factorisation properties of Schur
functions associated with the double-staircase partitions into symplec-
tic characters. It can be proven through elementary row and column
operations in the involved determinants [126].
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Lemma 2.3.4. Let @ = ¢™/3 and k > 0 be an integer, then we have

2k
8y4k+2(21, . ,z%,zl—l, .. ,z;kl,z, 1) = 2k H (1 + z; + zi_1>
i=1
X XYapio (21, -+ vy 22k 2, @) XYy (21, - -+, 22k), (2.138)
and
2k-+1
8Yypa (215 .,z%_,_l,zl_l, .. 722_k1+1=2’ 1) = zk(l-i-z) H (1 + 2z + Zi_l)
=1
X XYapra (21 -+ s 22k4 15 2)XVapso (215 - - Zokg1, @), (2.139)

We now compute the trigonometric limit of .S,,. To this end, we recall
that an alternating sign matrix of size n has a unique +1 in its first row.
In Section 1.4, we denoted by A(n, k) the number of ASMs for which this
+1 is in column k. This number is given in (1.34).

Proposition 2.3.5. We have

Snlemo = > A(n+ 1k + )", (2.140)
k=0

Proof. We evaluate the expressions of Theorem 2.3.1 for { = 0 with the
help of (2.137). This evaluation yields

Sonlo = k1) (2 _ 4 1)k
X XVar (Ls -+ s DX gy (L5 1w, 2(p), (2.141)
Soktile—o = 3R (4 1) (4 — i+ 1)
X XVaany (Ls -0 L)Xy (Lo, 1, 2(p), (2.142)

for n = 2k and n = 2k + 1, respectively. Here, z(u) = (w0 — p)/(uw — 1).

Next, we apply Lemma 2.3.4 and rewrite the products of symplectic
characters in terms of Schur functions. For both n = 2k and n = 2k + 1,
we obtain

Sn|§=0 = 3—n(n+1)/2(@(1 - @M))nSYg(n+1) (17 ol Z(:u)) (2143)

Finally, we note that the Schur function on the right-hand side is a
specialisation of the partition function of a six-vertex model on an
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(n+1) x (n+ 1) square grid with domain-wall boundary conditions [115].
The model’s configurations are in bijection with the set of alternating
sign matrices of size n + 1. This bijection leads to [63]

gn(n+1)/2
Yy (L5 L2(w) = ) Z An+1,k+1)pk. (2.144)
The substitution of this expression into (2.143) ends the proof. O

2.3.2 The homogeneous limit of Zf

In this section, we compute the scalar products

= (1 + D™ @ (] £ (D) ) (2.145)

from the homogeneous limit of Zﬂf. As for the previous section, we divide
this one into three parts. First, we find closed-form expressions for Si.
Second, we use them to compute and analyse the components (¢,)...;|
and (¢, )4...4;. Third, we evaluate the trigonometric limit of S,

Closed-form expression We use the notation

(v -QwC-1)
=1y

Furthermore, for each €, = &, we define

D:

(2.146)

o =(CH )Wt de=v(C+e? de=Crteoi  (2147)
Theorem 2.3.6. For each k > 1, the scalar products S 2% and S’iﬂ are
polynomials in v and C, given by

k
— v 9 _
S = 30 o me =1y (G- Haten () Hagrsn) (Ja. )

— & Hy(s1y(J3) Hagy1 (as 17)), (2.148)

C_C—4 Vk

2(v = Q¢ -

Sy = 1 (Hz k1) (J1) Hogg1) (I3, 7)

— Ho(y 1) (J3) Ho (g4 1) (Ja 17))7 (2.149)
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and

C__I/k

St = 3w — O =T)

(d+H2(k+1)H2(k+2) (J3,J4,7)

— Ay Hy(yn) () Horyo) (3, 1)), (2:150)

k
a— C+4V _
SQk—H = QC(V _ C)(VC _ 1) (d—HQ(k+1)H2(k+2)(J37 Ju, V)

— J_HQ(k+1)(I;)H2(k+2)(J3,J4)). (2.151)

Proof. The proof is similar to the proof of Theorem 2.3.1. We divide it
into two parts. The first part consists of establishing the explicit formulas
for the scalar products. In the second part, we show that they define
polynomials in v and (.

Part 1: Explicit formulas. First, we evaluate the scalar products Zﬁf for
)\1 == )\2n+1 = 0. USng (2.33), we find

ZE(0,...,0) = (=1 (k, p*)V1 (5 +n,p%))"
(M + v UDE" @ (1 £ D) 1Wn(0,...,0)), (2.152)

~ a(k +n,p*)0u(k, p?)

D1(k + 0, p?) 01 (5, p?)

We use Proposition 2.2.7 to write the left-hand side of (2.152) in terms

of XF. Moreover, we use (2.109) and (2.145) to write the right-hand side
in terms of S;. Solving for the latter, we obtain

SE = <— I1(m,1°) >n/\/n)_(§(0, ...,0). (2.154)

(2.153)

" 191('%1])2)191(%—’_777]92)

Second, we replace N, by its definition and X;* by its explicit form in
terms of the elliptic Tsuchiya determinant, given in Theorem 2.2.15. This
step requires to consider the cases n = 2k and n = 2k + 1 separately. As
in the proof of Theorem 2.3.1, we present the details for n = 2k:

gr _ pre” 01 (n,p?) 94(0,p%) | "
2k 01 ()2 \ 91 (K, p2)01 (K + 1, p2)94(0, p2) 94(n, p?)

% (% Hage1) (0, 0, Ba)Hag 1) 0, -, 0,w(rs + 3), 3)

+ 65 Ha(es 1) (0, -, 0, B3)Hai 1) (0, .., 0, w(k + ) (2.155)
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We now rewrite the elliptic Tsuchiya determinants in terms of the poly-
nomials of Section 2.2.4, using Lemma 2.2.16, and find

S = V" (%5 Hagor1) (w(Ba)) Hogr1y (w(B3), w(s + 1))

+ 05 Hagk1) (w(B3)) Ha(r 1) (w(Ba), w(s + §))). (2.156)
We note that
w(fBs) =J3, w(By) =Js, w(k+3)= v zcg)icly); D _ v, (2.157)
and
= i 5 =— = (2.158)
v -1 0 2=~ 1)
Vo = gt g = -tk (2.150)

2(v = Q¢ —1) 2(v=Q)(r¢—1)

These relations lead to the expressions for S’i given above. The derivation
of the expressions for S’étk 41 1s similar.

Part 2: Polynomial nature. We now show that S is a polynomial in v
and (, focussing on n = 2k. Using Lemma 2.2.18, it is straightforward to
show that Hy,1)(J;) and l/ng(kH)(Ji, v) are polynomials in v and ¢
for both ¢ = 3 and ¢ = 4. Hence, g’i is a ratio of polynomials in v and
(. Its denominator tends to zero if and only if v — ( or v{ — 1. The
numerator tends to zero in these limits, too. This is sufficient to conclude
that the ratio is a polynomial in both v and (. The case n = 2k 4 1 is
similar albeit slightly more technical.

Finally, we note that this proof relies on the meromorphic parameterisation
(2.153) of v in terms of k. Similarly to Theorem 2.3.1, one checks that,
under this parameterisation, any real v has a point of its preimage in
0 < k < m. Hence, the theorem holds for all real v, and, by analytic
continuation, for all complex v. O

Components

Proposition 2.3.7. For each k > 0, we have

(Vo) ypy = CFHopHoger1y (I3, Ja), (2.160)
(Pary1)y1y = ' Hoggry (J3) Hagrgr) (Ja), (2.161)
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and
(Yar)rpy = %Ck((l + ¢) Haor(J3) Hy 41y (Ja) (2.162)
+(1— C)H2k(J4)H2(k+1)(J3)),
(Vok41)411 = éCk((l — C*) Ha (s 1) Ho(rr 1) (J3, Ja) (2.163)

+ Hop Ho (1 12)(J3, J4))-

Proof. In terms of the scalar products S, we have

(Gn)py = == (S| _ +5a| _): (2.164)
1, -
— + _ Q-
Wnrts = 5 (S| _y = 8nl,_y) (2.165)
where we used (¢p)]....; = (=1)"(¥n)1..4+ to obtain the first expres-

sion. We compute the scalar products using the explicit expressions of
Theorem 2.3.6. With the help of Lemma 2.2.17, we obtain

. k-1
S o %((1 +¢)? Ho (J3) Hy( 1) (Ja) (2.166)
—(1- C)QHQk(J4)H2(k+1)(J3)>,
_ k-1
%), = CT(l - C2)<H2k(J3)H2(k+1)(J4) (2.167)
- H2k(J4)H2(k+1)(J3)>,
and
_ k=101 —
St o C(2C) ((1 + () Ho(y 1) Hogor1y (J3, J1)  (2.168)
— HopHory2)(J3, J4))7
_ k—1 1
Sokt1|,_y = <(2+O((1 — ()*Hagep1yHogy1)(J3, Ja)  (2.169)

— HopHo 1 y2)(J3, J4))-
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For the components labelled by the polarised spin configuration, we thus
find

k—1
(at)yss = 5 (€ D H () iy (1) (2.170)
+ (¢ = D Ho(Ja) Hoyn) (J3) )
k—1
(Yort1) gy = %(HZkHQ(k-H)(JBa J4) (2.171)

— (1= ¢*) Haros 1) Hager1) (J3, J4))a

for n = 2k and n = 2k + 1, respectively. We simplify these expressions
with the help of the bilinear identities of Lemma 2.2.19. Indeed, we rewrite
(2.170) by using (2.106) with wy,...,we,_1 =0and z = J3, y = Jy, u =
v = 0. To simplify (2.171), we use the identity (2.107), specialised to
wi,..., w9 = 0and x = J3, y = Jy, u = v = 0. These simplifications
lead to the expressions (2.160) and (2.161).

For the components labelled by the almost-polarised spin configuration,

the substitution yields (2.162) and (2.163). O

It follows that the components (¢y,);...;; and (¢p)+..4, are polynomials
in ¢ with integer coefficients. In the next proposition, we provide the
coefficients of their lowest-order and highest-order terms. They follow
from the evaluations [111]

Hy(j1)(J3, J4)‘C:0 = Ay(2k + 1), (2.172a)
Hop(J3)| (=g = Hak(Ja)lc—g = Ns(2k), (2.172D)
and from Lemma 2.2.18, respectively.

Proposition 2.3.8. For each k > 0, we have

(Vo)1 = Av(2k + 1)2¢F + - 4 (FERHD, (2.173)
(Yor41) gy = Na(2k + 2)2¢FH 4o 4 ¢BFDERD, (2.174)

and, where - - - denotes intermediate powers of (, and
(ar) 1.1y = Ns(2k)Ng(2k +2)¢F + - -, (2.175)
(Yors1 )10 = Av(2k + 1) Ay (2k +3)¢F + -+, (2.176)

where - - - denotes higher powers of .
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The coeflicient of the highest-order term of (t)y,)...4) is rather difficult to
compute. The reason is a non-trivial cancellation between several of the
leading powers of the two terms on the right-hand sides of (2.162) and
(2.163). For small n, we observe that the coefficient of the highest-order

1 (2n

term is given by the n-th Catalan number C(n) = ;.55 ('), but we have

no proof for arbitrary n.

The trigonometric limit Finally, we compute the trigonometric
limit of S’ff . It yields simple polynomials in v, in sharp contrast to
the trigonometric limit of S, discussed above. Despite their simplicity,
we have not found them in the literature on the XXZ spin chain at
A=-1/2.

Proposition 2.3.9. For each k > 0, we have

S| o = 24v(2k + 1)Ns(2(k + 1)v*, S'gklc_o —0, (2177

and

Siﬂ\c_o = —Ay(2k + 3)Ns(2(k + 1)) (v F 1)v*. (2.178)
Proof. We use (2.172) to evaluate the closed-form expressions found in
Theorem 2.3.6 for { = 0. The evaluation of Si is straightforward and leads
to (2.177). The evaluation of Si 41 leads, however, to a singular expression.
To compute it, we use the bilinear identity (2.106) of Lemma 2.2.19 with
wy = --- = wgg_1 = 0. Setting x = J3,y = Jy,u = v,v = 0, we obtain

_ 1 _
Hy 1) (J3, Ja) Hop (V) = 5((1 + (1= Qv + v*)Hyjoy1) (i, 7) Hop(J3)

— (L= (L+ O + 1) Hygyy (s, ) Hor (1)) (2.179)

Likewise, setting x = J3,y = Jy,u = 0,v = v, we find

Hy g1y (J3, Ja, V) Hoy,

= 2,/2({4“2_1)((” —1?(1 4 (1 = Qv + v*)Hy(joy1)(J3, 7) Hop(Js)

— (v+1)*(1 = (1 + Qv+ v*)Hygpy1)(Ja, 7) Hop(J3)).  (2.180)
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Applying these relations allows us to simplify the scalar products to

~ vEl(y —1 B
Sk = (2)((1 + V) Hy 1) (Ja) Hogror2) (J3, )
— (L4 v)*Hog1)(J3) Hogy0)(J1, 7)), (2.181)
and
_ Vk—l v+ 1 -
Sokt1 = (2)((1 — )2 Hy(os1) (Ja) Ha(rr2) (J3, 7)

— (14 v*) Hae1)(J3) Har2) (Ja, 7)) . (2.182)

These expressions are non-singular for ¢ = 0. We evaluate them with the
help of (2.172), which leads to (2.178). O

2.3.3 The sums of components

In this section, we compute the sum of the components of the vectors
tn) and [ty), given by

(e (a4

respectively. It is possible to find closed-form expressions for these sums
from the homogeneous limit of a scalar product for the inhomogeneous
supersymmetric eight-vertex model. To find these scalar products, one
needs to follow the strategy of Section 2.2, but with a different solution
to the boundary Yang-Baxter equation [127]. Here, we present a different
approach that exploits the relation between the eight-vertex model and
the XYZ spin chain.

XYZ spin chain and parameter range Recall the XYZ Hamiltonian
H € End(C?)®N defined in Section 1.3. For n = 27/3, its anisotropy
parameters J; are given by (2.112), i = 2, 3, 4. Furthermore, we introduce

n 2
By = - ;1”_(3{;)4 ). (2.184)

The vectors [t,) and [¢,,) span the one-dimensional spaces of solutions

of the eigenvalue problems

Hp) = Eoly), Fly) = (=1)"¢), (2.185)
H[y) = Eoly), Fly) = (=1)""|v), (2.186)
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where [¢) € (C2)®n+1) yespectively [85]. We note that the Hamiltonian’s
eigenvalue Ey has multiplicity 2. For 0 < ¢ <1 (and even —1 < { < 1),
it is its ground-state eigenvalue.

We now use the connection to the spin chain to characterise the vectors
as functions of (:

Lemma 2.3.10. The vectors |1,) and |y,) are rational functions of C.

Proof. The space of the solution of the eigenvalue problem (2.185) is
one-dimensional. Hence, if one fixes one component of [i) then all other
components follow from basic linear algebra. For the solution |v,), we
have shown in Propositions 2.3.2 and 2.3.3 that the component (¢, )4]...411
is a non-vanishing polynomial in . Since both H and Fy are rational
functions of ¢, all the components of |i,,) are therefore rational in ¢. The
rationality of [1,,) follows from the relation [t),) = Pli,). O

This lemma allows us to consider the vectors |¢,,) and |¢,) not only as
rational functions on the interval 0 < ¢ < 1 but on the real line, forgetting
about the initial parameterisation (1.30). We adopt this point of view in
the following and note that the vectors span the eigenspace of Fy for all
¢. The following lemma gives the behaviour of |1,) for large (:

Lemma 2.3.11. As { — oo, we have
[hn) = "D (L )+ (FD) - 1) Fo(1)). (2.187)

Proof. For ( — oo, the eigenvalue problem (2.185) becomes

2n+1 n
(Z ; 02+1> _ 1\?#) Flp) = (=1)"e).  (2.188)

The space of its solutions is spanned by [¢0) = [L -+ 1) + (=1)"[1 --- 1).
By Lemma 2.3.10, |t,,) is a rational function of . We conclude that there
are an integer d, and a complex number a,, such that

[$n) = an¢® (|- 1) + (1)1 - 1) +o(1)), (2.189)

It follows from Proposition 2.3.8 that a, =1 and d, = n(n+1)/2. O
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The sums of components We now compute 3, and ¥,,. Using the
spin-reversal properties F|i,) = (—1)"|1,) and Flib,) = (—1)"H,),
we find the trivial results

Yopr1 =0, Yor = 0, (2.190)

for each k£ > 0. We are going to show that ¥, and 22k+1 are, however,
quite non-trivial. To this end, it will be useful to write them as follows:

Sp =220 MU ), T =272 YU ). (2.191)

Here, U = 2~ N/2 H;-V:l(l + 1032-) is an orthogonal operator on (C?)®V. In
the next lemma, we compute the action of U on the vector [1,) = |1,,(C)).

Lemma 2.3.12. For each n > 0, we have

Ul$n(Q)) = Ba(©) (In(C)) + (=1)" 1 [gn(())) (2.192)
where ¢’ = ((+3)/(C—1), and
(O]
2l (CHIP”

Proof. First, we write H = H({) and Ey = Ey(¢) for the XYZ Hamil-
tonian (1.28) and its special eigenvalue (2.184). One checks that they

B(¢)* = (2.193)

satisfy the relations

m¢yw = (S5 vm@, B = (50) Bl©. @199

2
It follows from these relations that Ui, (()) is an eigenvector of the Hamil-
tonian H (¢’) associated to the eigenvalue Ey(¢’). Since the corresponding
eigenspace is spanned by |4, (¢')) and |10, (¢)), we may write

UW’n(C)) = Bn(C)hﬁn(C)) + Bn(C)’J’n(CI)% (2'195)
where B,,(¢), B,(C) are coefficients.

Second, we compute the scalar product of both sides of this equality with
the basis vectors |1 --- 1) and || --- |). Using (2.191), we find

B = 22 (Bu(Qnl( et + Bl )bt )
= 2" (Bo(C) = Bl O)n()ret 2.196b)
S = 22 (Bu(Qtn ()t + BalO)dn(Crt ) (2.196c)
= 2" 2(B(Q) + Ba()n (). (2.196d)

(2.196a
(
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Here, we applied the relations (¢ ).+ = — (¥ )1ty (Un) 1) = (¥n) 1o,
which straightforwardly follow from [¢,) = P|¢,). We now combine

(2.190) with (2.196), and use the fact that the components labelled by
the polarised spin configurations do not identically vanish (which follows
from Proposition 2.3.8). This leads to

Bak(¢) = —Ba(€), Bag11(¢) = Bar+1(), (2.197)
for each k > 0. Hence, we obtain (2.192).

Third, we compute the scalar product of each side of (2.192) with itself.
Using the fact that U is orthogonal, as well as (1, (¢')[10,(¢")) = 0 and
[0 (C)IIP = [[¢n(¢)II?, we obtain (2.193). O

It is clear from this lemma why we need the continuation of |¢,) to
values of ( outside the range 0 < ¢ < 1. Indeed, if { is in this range
then —oo < (¢’ < —3. Moreover, the lemma shows that to find an
explicit formula for the sums of components we need the square norm of
the ground-state vector |i;,). One of the main results of [111] are the

expressions
[|akl |* = 227 Hop Hygo 1) (2, J3) (2.198a)
Hy 11y (I3, Ja) Hogry1) (J2, Ja),
[[¢ara1]® = 2°FFY) Hygp1) (J2) Hogrr 1) (J3) (2.198Db)

X Hy(y1)(J1) Ha(y2)(J2, J3, Ju),
for each k& > 0. We use them to obtain the following result:

Proposition 2.3.13. For each k > 0, we have

So = 251 (¢ + 3)Y Hor Hy gt 1) (2, J3), (2.199)
Soka1 = 27(C + 3)M T Hygo 1) (J2) Hagg 1) (J3)- (2:200)

Proof. The scalar product of (2.192) and the basis vectors |1 --- 1) and
|4 -+ ]) implies

S = 22KF3/2 By (O)hor (¢) ) (2.201)
Sokt1 = 2252 Bop 1 (Obarr1 (C) oy (2.202)
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To find these two expressions, we used (V)14 = —(¥n )11, (n) )] =
()}, as well as (¢or)1..p = (Y21))...,. We compute the coefficients
Bo(¢) and Bag11(¢) in these expressions by applying the transformation
property of Lemma 2.2.20 to the square norms (2.198). We find

bok C -1 k(2k+1)
Bok(C) = 5172 (2) ; (2.203)
bopr1 (¢ — 1\ FFDEEHD
Bot1(C) = 5172 <2) ; (2.204)
where bog, bop11 = 1 are signs that we fix below. Moreover, using

Lemma 2.2.20 and Proposition 2.3.7, we obtain

, +3\F o2\
Var (¢ )imi = <C ) (C > H2kH2(k+1)(J2, J3), (2.205)

(-1 1
, 3 k+1 ) Qk‘(k’-i-l)
Yor41(C) ) = (é:) (C — 1) HopHy g1 1)(J2, J3).

Hence, the sums of components are
Sok = bor2F (¢ + 3)F Hop Hygpo 1) (J2, J3), (2.206)

Sokr1 = bars 12" (C + 3) T Hy 1) (J2) Ho(g 1) (J3). (2.207)

To find the signs boy, and box11, we consider the limit ¢ — oco. On the
one hand, Lemma 2.2.18 implies

Hop = ¢"F=1(1 4 0(1)), Hop(Jo) = 27K ¢H=D(1 4 (1)),
Hop(J3) = CF*F V(1 +0(1)),  Hox(Ja, J3) = 217Kk (1 1 0(1)),

and therefore

Dok = 2bau P (1 4 0(1)), (2.208)
Sopg1 = b CFTVEEHD (1 4 (1)), (2.209)

On the other hand, it follows from Lemma 2.3.11 that
S = 20MEHD (1 1 0(1)), Spper = 20FHICHD(1 4 o(1)). (2.210)

We compare the coefficients of the leading terms and conclude that
bop = bop1 = 1. O
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Proposition 2.3.13 implies that the sums of components are polynomials
in the parameter ¢ with integer coefficients. As for the components studied
in Sections 2.3.1 and 2.3.2, we compute the coefficients of its lowest-
and highest-order term. For the lowest-order term, we recall the number
Apap(2n + 1) of diagonally and anti-diagonally symmetric alternating
sign matrices of size 2n + 1 given in (1.40).

Proposition 2.3.14. For each k > 0, we have

Sor = 2Apap (4k + 1) 4 - - - 4 2¢FERF) (2.211)
Sort1 = 24pap (4k + 3) + - - - + 2¢FFDERHD), (2.212)

Proof. Both the coefficient and the exponent of the highest-order term
follow from (2.210). To find the coefficient of the lowest-order term, we
compute the sums of components for ¢ = 0:

E2k|(:0 = 2k+13k H2k|<:0 H2(k+1)(<]2, Jg)’ (2_213)

¢=0’

iQk—H‘ = oktightt Hz(k+1)(=]2)’c:0 Hz(k+1)(J3)’<:0- (2.214)

¢=0

To evaluate these expressions, we need (2.129) and (2.172), as well as [111]
Ha(J2, J3)|c_y = 2R AT (43 1,1, 1), (2.215)

where the numbers [114]

= (67— 1)(67 — 3)!

A (4n;1,1,1) = 22 ] :
L em )

(2.216)

appear in the enumeration of alternating sign matrices with two U-turn
boundaries (see Section 1.4). The final expression for the lowest-order
coeflicient is a result of the combinatorial identities

Apap(dk +1) = 35 Ay (2k + 1)AZ) (4k;1,1,1), (2.217)
Apap(4k 4 3) = 3FTINg(2(k +1))A(2k 4+ 1)/Av(2k + 1).  (2.218)

They follow, for example, from a factorisation of Schur functions into
symplectic and orthogonal characters discussed in [117]. O

We note that the lowest-order term also follows from a rigorous result on
the six-vertex model [128].
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2.3.4 Discussion

In this section, we consider the eigenvalue problem
Hl¢) = Eolo),  Plo)=19),  |g) e (C**, (2219

for the XYZ Hamiltonian (1.28). Its space of solutions is one-dimensional
[85]. We work with the solution

|6n) = % (Ihn) + [P} ) - (2.220)

Our goal is to compare our results for |¢,) to several conjectures by
Bazhanov and Mangazeev [73], and Razumov and Stroganov [71], on
their solutions, which we denote by [¢EM) and |pRS), respectively. We
refer to these conjectures as BM-Conjectures and RS-Conjectures. The
comparison to our results suggests that |pEM) = |pRS) = |¢,,), but this
conclusion remains non-rigorous (even if we admit Conjecture 2.1.1).
The main reason is that the normalisation conventions for |¢2M) and
|pRS) differ from the one for |¢,). We recall the normalisation of |¢,,)
is implicitly fixed by (2.16) and (2.17), and by the homogeneous limit
(2.109) and (2.110). In the case of Bazhanov and Mangazeev’s work,
another reason is that the exact link between the families of polynomials
they use and ours is still lacking.

The BM-Conjectures The vector |¢2M) is normalised so that its
components are polynomials in ¢ without a common polynomial factor.
This fixes the vector up to an overall numerical factor. Its value is set by
the additional requirement

(&%) 11 ¢---¢(<:O =1, (6Be1) 1t 4o ‘<=0 =1 (2.221)
2k 2k+1 2k+22k+1

Bazhanov and Mangazeev formulate their conjectures on |¢EM) in terms
of two families of polynomials s,(2),5,(z), where n € Z, with integer
coefficients. These polynomials are solutions to a difference-differential
equation [73]. The polynomials s,(z) are conjectured to possess the
factorisation properties

Sok41(y%) = Cor1Pe(Y)Pr(—), (2.222a)
s2k(Y?) = ConPrr1 (V) ar—1(y), (2.222D)
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for each k € Z. Here, px(y), qx(y) are polynomials with integer coefficients,
and ¢, are known constants. Moreover, we use the abbreviation

_ 1+3y)k(k_1) (y—l)
= - . 2.22
Pr(y) ( 5 P13, (2.223)

In his investigations of BM-Conjecture 1, Zinn-Justin [111] observed for
small k the relations

Hop = ¢*E Vg1 (¢7h), (2.224a)
P Hop(Jo, Js, Jyg) = CFEDg_p(¢7h), (2.224D)
and
Hop(Jo) = ¢FEVp_y s (C_l) ; (2.224c)
Hop(J3/4) = CFF Dy (iC_l) : (2.2244)
25 Hog(Jo, Jaya) = CFEDp g (¢, (2.224e)
25 Hop(J3, Jy) = KD (¢7h). (2.224f)

We assume that they hold for arbitrary k, and use them to discuss
BM-Conjecture 2, 3 and 4.

BM-Conjecture 3 provides the explicit expression

(@M = ¢TI, (C72) (2.225)

n

for the component labelled by a polarised spin configuration. Using
Proposition 2.3.7, we obtain the same component for the vector |¢,). For
each k > 0, we have

(62k) 1 = C"HopHoer1)(J3, Ja), (2.226)
(B2kr1) g = CFT Hogp) (J3) Hogrr) (Ja)- (2.227)

From the factorisation properties (2.222), the relations (2.224), and
Cok1 = 1, Gop, = 27F for k > 0 [73], we conclude that

(@) gt = (D) gy (2.228)

Likewise, BM-Conjecture 4 gives an explicit expression for the component
labelled by an alternating spin configuration: for each k > 0,

(@5 )1yt = 25 Ip_ oy (CNar-1 (¢, (2.2292)
(5N D gty = 25 p_r(C an—a (¢, (2.229b)
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Similarly, we infer from Proposition 2.3.2 (and from the invariance of
|¢n,) under translations [85]) the components

(dok)11-111 = 2° Hop Hog (Ja), (2.230)
(G2r1)1ss = 25 Hop Ho(r ) (J2)- (2.231)

We use (2.224) to compare these expressions to (2.229), and find

(B 1pts = D2kttt (Do) ttbety = (D2k1) ety (2:232)

Since the space of solutions to the eigenvalue problem (2.219) is one-
dimensional, the equalities (2.228) and (2.232) suggest that |pEM) = |#,,).
A proof of this equality would imply that all the components of |¢,,) are
polynomials in . This proof is, however, beyond the scope of this thesis.
Nonetheless, it is interesting to explore the consequences of this equality.
In BM-Conjecture 2, Bazhanov and Mangazeev claim that

(68M) . = L

)T”'N T on 4+ 1<n(n—1)/2§n(<_2). (2.233)

We obtain the corresponding component of |¢,,) from Proposition 2.3.7.
For k£ > 0, we find

(P )1ty = %Ck((l + Q) Hox(J3) Ha(k11)(Ja) (2.234)
+(1- C)sz(J4)H2(k+1)(J3)>,
(Sota)rets = 5¢H (1= ) Hgipn) Hogron) (s, J3) (2.235)

+ Hop Hor12)(J3, J4)>,

respectively. We match these expressions to (2.233) and find, for k > 0,

s21(67) = SoEL (0 + () - (L= s (o)
sa () = ot (0 = D)t ) + 50 0P )

These relations resemble the factorisations (2.222) for s,(y?). To our best

knowledge, they have not been reported in the literature.
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The RS-Conjectures The vector [¢RS) is normalised so that its
components are polynomials in  without a common polynomial factor,
too.> Razumov and Stroganov argue that this normalisation convention
implies that the component of highest degree is (qﬁs) .-y~ According to
RS-Conjecture 4.2, its highest-order term is

(@F}S)imi — angn(n-f'l)/Q + (2.236)

where a,, is non-zero and - -- denotes lower-order terms. Razumov and
Stroganov consider a, = 1, which fixes the remaining overall numerical
factor in their normalisation. By RS-Conjecture 4.4, this choice implies

(S50) 1y = Av(2k + 12¢H 4 4 (FORHD, (2.237)
(@5r1)y-1 = Na(2k +2)°¢FH! 4. 4 (BFDERHL, (2238)

Using Proposition 2.3.8, we find exactly the same expressions for the
components (¢pag) ..., and (k1) , which suggests (but does not prove)
the equality |¢R5) = |¢,,). Another property supporting this equality is
the sum rule

D (B (Q)a =27 MR- DGy, (2:239)
[e%
where ' = (¢ + 3)/(¢ — 1), which is formulated in RS-Conjecture 5.2.
It, indeed, holds for |¢,) as well, which straightforwardly follows from
Proposition 2.3.13 and its proof.

2.4 Conclusion

In this chapter, we have investigated several scalar products involving
a particular eigenvector of the transfer matrix of the inhomogeneous
supersymmetric eight-vertex model with periodic boundary conditions.
We have found explicit expressions for them in terms of the elliptic
Tsuchiya determinant. In the homogeneous limit, they allowed us to
compute the scalar products S, and S involving the basis vectors
19, [¥n) of the eigenspace for the transfer-matrix eigenvalue ©,, of the

SRazumov and Stroganov do not explicitly mention the absence of a common
polynomial factor, but this assumption appears to be implicit in their work.
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homogeneous eight-vertex model. Our main results are Theorems 2.3.1
and 2.3.6. They provide new and explicit expressions for these scalar
products in terms of special polynomials introduced by Zinn-Justin and
Rosengren. We have used them to compute several components of the
basis vectors, as well as the sum of their components, establish their
polynomial nature and compute their trigonometric limit.

We now discuss several open problems and generalisations of the present
work. First, our results assume that Conjecture 2.1.1 holds. The proof of
this conjecture remains a challenge, which would undoubtedly provide
even more insight into the properties of the eigenvector |¥,) and its
homogeneous limit. Second, the comparison of our results to the investiga-
tions of Bazhanov and Mangazeev [73], and Razumov and Stroganov [71],
strongly suggests that all the components of |i,,) are polynomials in ¢
with integer coefficients. Proving the polynomial nature in ¢ would be
a step forward to settling most (if not all) of their conjectures. Third,
we observe for small n that the integer coefficients of the powers of ¢
in a given component of |¢,,) all have the same sign. This observation
suggests that they could have a combinatorial meaning. We note that
Hietala has recently found a combinatorial interpretation of the polyno-
mials Hoy, Hop(J3) and Hop(Jy), in terms of a partition function of the
three-colour model [82,83]. Similar results for Hoi(J2), Hor(Js, Jj), - - -
remain to be found. Fourth, the results of this chapter suggest that an
exact finite-size computation of the emptiness or boundary emptiness
formation probability for the supersymmetric eight-vertex model could
be possible. In the trigonometric limit, these correlation functions are
known [128,129]. Recently, Hagendorf and Rosengren made progress in
this regard by computing nearest-neighbour correlation functions [77].
Finally, we mention that there is a conjecture for a simple eigenvalue of
the transfer matrix of the inhomogeneous supersymmetric eight-vertex
model with open boundary conditions [130]. A characterisation of its
eigenspace, similar to Conjecture 2.1.1, is still to be found.



Chapter 3
Higher-spin elliptic models

Recall that the microscopic degrees of freedom of vertex models are
labels, or spins, located on the lattice edges. So far, these spins have
taken the binary values £1. It is this feature that characterises the 6V
and 8V models as spin-1/2 models. One natural way to generalise them
would be to allow the spins to take a broader range of values. Doing so
in a prescribed way leads to higher-spin vertex models. Let £ € Ny, one
describes a spin-£/2 vertex model on the lattice by considering spins in

(—0,—0+2,...,0-2,0}. (3.1)

To fully define the model, one then has to assign statistical weights, as
prescribed by statistical mechanics.

In the algebraic formulation, the higher-spin vertex models can be con-
structed from R-matrices, solutions to the Yang-Baxter equation. The
fusion procedure offers a systematic way to build them, starting from a
spin-1/2 R-matrix [86-88].

To this day, higher-spin versions of elliptic integrable models remain less
understood than their trigonometric counterparts [54,92,93,131-136]. In
this thesis, we shall be particularly interested in the spin-1 generalisation
of the 8V model, the forty-one-vertex (41V) model, as well as its related
spin-1 XYZ chain.

Throughout our study of the periodic eight-vertex model, we have come
across many intriguing properties. First, we witnessed the existence of

77
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a remarkably simple eigenvalue for its transfer matrix [85]. Second, we
noted that the related eigenvectors display surprising connections to
supersymmetry [84], and special polynomials related to combinatorics
[78-81,111]. The catch is: all these elegant features occur only for n = 27/3,
and for odd system sizes N = 2n + 1.

The question that naturally arises is: how do these properties generalise
to the 41V model? The work of [136] suggests that the quasi-periodic
41V transfer matrix could possess a remarkably simple eigenvalue for any
value of its crossing parameter and any system size. Moreover, Hagendorf
proved the supersymmetric nature of the associated eigenvector. In its
components, he also observed the polynomials Hay, (w1, ..., wan), as
well as combinatorial properties [136]. Although promising, these initial
results are, for the most part, conjectural. Thus, one of our goals for
the remainder of this thesis is the rigorous analysis of the remarkable
eigenvalue of the quasi-periodic 41V model, and its related eigenspace.

Finally, it is worth pointing out that a similar investigation was successfully
performed on the trigonometric limit of the 41V model. Among other
results, Hagendorf and Morin-Duchesne established relations between
special eigenvectors of the quasi-periodic nineteen-vertex (19V) model
and generating functions of symmetry classes of ASMs [92].

The chapter is structured as follows: in Section 3.1, we get acquainted with
the two higher-spin vertex models that shall be our focus, the forty-one-
and eighteen-vertex models. After describing them on the lattice, we move
on to the construction of their R-matrices via the fusion procedure. We
consider these models with quasi-periodic boundary conditions along the
horizontal direction, and define their transfer matrices. Incidentally, the
matrices commute, and can thus be diagonalised simultaneously. Through
simple algebraic arguments, we show that they possess remarkably simple
eigenvalues. In Section 3.2, we introduce a spin-1 XYZ chain. We show
how its Hamiltonian relates to the transfer matrix of the 41V model.
Furthermore, we prove that it possesses the eigenvalue E = 0. Finally,
we provide conjectures regarding the degeneracy of this eigenvalue and
its position within the spectrum.
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3.1 The eighteen- and forty-one-vertex models

Higher-spin elliptic vertex models One can easily generalise the
definition of the 8V model of Section 1.1 in order to describe higher-spin
elliptic vertex models. Let £ € N,, to define the spin-¢/2 model, we allow
the spins located on each lattice edge to take values in

(=0, —0+2,...0—2,0}. (3.2)

The interactions remain local and governed by the generalised ice rule.
That means that, around a vertex

4]
—aJﬁ’Y—: (33)
g
the following relation holds:
a+f=v+6 (mod4), (3.4)

with o, 8,7,0 € {0, —0+2,...,0—2,(}.

In the remainder of this thesis, we shall be particularly interested in
spin-1 models. For £ = 2, the ice rule allows for forty-one local vertex
configurations. Thus, the resulting model is called forty-one-vertex model.
Similarly to the 8V model, there exists a graphical representation for
vertices in terms of arrows. It follows from the dictionary

2:#\,%:, 0: , —2:%,:@. (3.5)

See Figures 3.1 and 3.4 for examples.

5 N y

7 7
N /H\ N /H\ N
Figure 3.1: A configuration of the Figure 3.2: A configuration of the

41V model 18V model
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Mixed-spin vertex models One can generalise even further by con-
sidering hybrid models that use two different types of spin. Let m,n € N,,
we allow the spins on the horizontal, and vertical, edges to take values in

{-m,....m—2,m}, and {-n,....,n—2,n}, (3.6)

respectively. The generalised ice rule still applies. Clearly, for m = n,
one just gets back the spin-m/2 model as described above. In our work
below, we shall encounter the mixed-spin model with (m,n) = (1,2). In
this case, eighteen possible local vertex configurations are allowed (see
Figure 3.3). The resulting model thus bears the name of eighteen-vertex
model. Figure 3.2 depicts an example of configuration of the 18V model.

3.1.1 Fusion of the eight-vertex model

The fusion procedure is a way to systematically build a family of R-
matrices, R™()\) acting on C™*! @ C™*!, that fulfil the YBE [86, 87]:

RY™ (M2) R (A3) RS2 (Aas)
— RSP (ag) RS (Ai3) RS (M2),  (3.7)

with m,n,p € N,. The construction relies on the existence of an elemen-
tary R-matrix, typically R(Ll)()\), with appropriate degeneration points,
i.e. values of A for which the matrix does not have maximal rank.

The goal of this section is to review the work of [89]. We choose our
elementary R-matrix to be that of the 8V model. We use the fusion
procedure to define the matrices R(4? () and R*2?)(\) from it. These
matrices allow one to assign statistical weights to the vertices of the 18V
and 41V models described above.

We start this section with an explanation of our notations and conventions,
then we move on to the fusion procedure. Afterwards, we state some
useful properties and symmetries of the new R-matrices.

Notations and conventions The Hilbert space of a single spin-1 is
C3. We label the elements of its canonical basis as

1 0 0
im=1{0], o=|1], H=]0[. (3-8)
0 0 1
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We refer to the tensor product space (C3)®V as the spin space. It possesses
the basis vectors

g --an) = 1) @ - ®|an), @ € {04}, i=1,...,N. (3.9)

To describe the interactions and properties of the models, we use the
following spin operators, obtained from the spin-1 representation of su(2):

0 10 0 —i 0 10 O
d=2 01 o01], 2= o S|, #=]00 o
V2 010 V2 0 i 0 0 0 —1

We also define the spin-1 twists,
0 01 0 0 1 -1 0 0
A=—]0 10|, @2=]0 -1 0|, =0 1 0
100 1 0 O 0 0 -1

(3.10)

We refer to Q123 as the anti-diagonal, mired and diagonal twist, respec-
tively. Furthermore, we denote by s{ the operator s%, a = 1,2, 3, acting
on the i-th factor C3 of the spin space,

=10 0ls"®Ix---xl, i=1,...,N. (3.11)
—_——— —_————
1—1 N—1

Finally, we follow the conventions of Appendix A.1 for the Jacobi theta
functions. In particular, we use the shorthand notations

9:(0) =95, Vi(z,p%) = 9i(2]2w) = 0i(2),  0;(0) =1;,  (3.12)

for i = 1,...,4. Throughout our work, we often omit the computational
steps that rely on the application of identities between Jacobi theta
functions.

R-matrix of the 8V model We choose the elementary matrix R ()
as the R-matrix of the 8V model. We opt for the following convention:

2

RV = pR(N), = —,
(A) = pR(}) =

(3.13)
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where R(\) is as in (1.16). As a preliminary step to fusion, we describe
several useful properties of R(LD()).

First, we note that the R-matrix fulfils the YBE (3.7) for (m,n,p) =
(1,1,1). Second, it obeys the symmetry:
(1,1) a_a) _ _
RV (), 0%08] =0, a=1,23. (3.14)

The third property is an essential ingredient for fusion. To state it, we
recall that C? ® C? decomposes into a symmetric and an antisymmetric
subspace [137],

C? ® C? = Sym(C2%,C?) & (C? A C?). (3.15)
We denote by P(NE the projectors onto these respective subspaces. They
read
10 00 0 0 0
01 10 1{fo 1 -10
P+ — 2 2 pO— == 3.16
03 3 of’ 210 -1 1 0 (3.16)
0 0 01 0 0 0 O

For \ = £, the matrix RV (\) becomes one of these projectors, up to
multiplication by an operator. The precise statement involves the two

parameters
91 (2n) 91 ()01 (2
_ 1?1( 77)A?94(77)7 v — 1?1(77)1?1( n) (3.17)
U1(n)Y4(2n) Va(n)V4(2n

Proposition 3.1.1 (Degeneration points). We have

A

ROD(y) = LD pp0)s - RO () = 20, (PO, (318)
4

where

(3.19)

<o o
O O NN O
o N O O
<o o~
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Fusion of the eight-vertex model We now construct R(1?)()\), using
RMD()) as a building block. First, we examine the operator

1 1,1 1,1
PGTREV O+ mREV (). (3.20)

By the YBE (3.7), we find that it annihilates C? ® (C? A C2), while it
leaves C? ® Sym(C2, C?) invariant. Therefore, we restrict (3.20) to this
last subspace. To this end, we introduce the following matrix:

10 0 0
9
v |V > @ O o2 = 1) (3.21)
00 0 1 01(2n)
0 a —a 0

The matrix U is the change of basis between the canonical basis of
CZ@CZ {1, 11), 11,41}, and the basis related to its symmetric
and antisymmetric subspaces,

{i, se@o+im, Wb oot -n). 622

We choose the value (3.21) for «, as it simplifies some expressions below.
We also introduce the restriction matrix

1000
Q=010 0 (3.23)
0010

We define the new R-matrix as

RN = 91 (A + 1) Qa3Uss
x [PGTREV O+ mREV (V)] Uss' Qb (3.24)

In the basis {11, [10) , 14 , 141, 140) , [L1)} of €2 @ €2, it reads

e 00k 0 g O
0 f 05 03
o2 — L |k 0 e 0 g0 (3.25)
9,10 g 0 e 0 k|’
j 04 0 f0
0 g 0 kK 0 e
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with
e(A) = Da(n)2D1 (A + 2n)Da(N), (3.26a)
FON) = 0404(20) 01 (X + 0)Ds(X + n), (3.26b)
g(\) = a1y ()04 (n)d1 (N1 (A + 21), (3.26¢)
J(A) = adady (2n)04(X + )2, (3.26d)
k(A) = D1 ()?01 (X + 2n)0a(N) (3.26¢)

We obtain €, g, j, k from e, g, j, k, repectively, through the transformation
D1(-) <> 94(-) applied to the A\-dependent Jacobi theta functions. This
R-matrix gives rise to a vertex model with eighteen allowed local configu-
rations (see Figure 3.3). We read the corresponding statistical weights in
the non-zero entries of R(%?()). One checks that this model is the 18V
model described above. Furthermore, the R-matrix R(2)(\) fulfils the
YBE (3.7) with (m,n,p) = (1,1,2).

i
0 1

¥

J

e

R

T

Figure 3.3: Nine of the eighteen allowed vertices of the 18V model, and
their statistical weights. Dotted double lines correspond to the 0 spin
state of C3. Reversing the arrows of any depicted vertex gives another
allowed vertex of same weight.

We apply the fusion procedure a second time, and define

R®D(N) = QuaUis[PY) T REP (WREY (A = U QL. (3.27)
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In the basis {|f1), [110), [1}), [01),[00), [04) , [44) , [40), [44)} of C* @

C3, it reads

G 0 A OB O A 0 H

0 F 0 C 0C 0D O

A 0 G 0 B 0 H 0 A

210 C 0 F 0 D 0 C 0
R(“)—(f)) I oI 0 E o0 I 0 I|, (329

Vs 0 C 0D O F 0C 0

A 0 HO B 0O G 0 A

0O D0 CO0OC 0 F 0

H O A0 BO A 0 G

with
AN) = 01.(m) D1 (20) 0404 ()01 (M) D4 (A) D1 (A + 2n), (3.29)
B(A) = a1 (n)0494(n)D4(20)01 (\)*Da(N) D1 (A + 2n), (3.29h)
C(N) = D91(20)9304(20)9a(N) 2D (A + 1) Da(X + 1), (3-29¢)
D(A) = 91 (2)*9301 (\)D4(\) 1 (A + n)da(A + 1), (3.29d)
E(\) = 01(n)91(20)0494(n) [91 (A = n)dr (A + m)? (3.29¢)
+Da(A = mda(r +m)*| + F (),

F(X) = 9394(20)201 (AN Da(A) D1 (A + m)da(X +n), (3.291)
G(A) = 94(A)V1 (A + 21) [@1(77)4?91()\ —n)Ya(A+1n) (3.292)

+ D) DA+ m)da(A =),
H(A) = 91(n)01(20)0404(n) 91 (N)*01 (A + 2n), (3.29h)

10 = a?[z%(znm]?gﬁ; (9102048 + )2 + Da () (A + m)?]

Similarly to the previous case, we obtain A, B,C, D, G, H, I from A, B, C,
D,G, H, I through the transformation 191() > 34(-) applied to the -
dependent Jacobi theta functions. This R-matrix gives rise to a vertex
model with forty-one allowed local configurations (see Figure 3.4). We
read the corresponding statistical weights in the non-zero entries of
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RZ2)()). This model is the 41V model described above. We check that
the R-matrix R(>?)()\) fulfils the YBE (3.7) with (m,n,p) = (1,2,2) and
(2,2,2).

G H 1

Figure 3.4: Thirteen of the forty-one allowed vertices of the 41V model
with their statistical weights. Reversing all the arrows of any depicted
vertex yields another allowed vertex of same weight. Reversing the vertical
arrows of a vertex of weight A, B,C, D, G, H, I yields another allowed
vertex of weight A, B,C, D, G, H, I, respectively.

Properties of the fused R-matrices The R-matrix of the 18V model
obeys the following symmetry:

[Ri5” (V). 0705] = 0, a=1,2,3. (3.30)

It is possible to relate R(m)(/\) to its partial transposes. The property is
called crossing symmetry. To state it, we introduce the following matrix:

—a%Y 0 —a2X
M = 0 1 0 , (3.31)
—a?2X 0 —-a?Y

where X and Y are defined in (3.17).
Proposition 3.1.2. We have
1,2 1,2
RGP = —02RGY (=) — 2n)02, (3.32)
Rz (V)" = ~MaR{y™ (<X — 2m)M; ", (3.33)
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where ' denotes the transposition with respect to the j-th factor of C2®C3,
j=12.

Proposition 3.1.2 hints at the possibility of symmetrising R(?) (). Let
us define W € End(C3) as

By 0 -
w=|o0o 1 0], (3.34)
p- 0 B4
with
| an)ds Da(n) | |93(n)
Br=a 299002 <\/ 0 i\/ E» ) (3.35)

This matrix fulfils the relation

W2 =-MQ2 (3.36)
Proposition 3.1.3. The matriz WQR%’Z)()\)ng is symmetric.
Proof. The proposition follows from Proposition 3.1.2, (3.30), (3.36). O
The product of two 18V R-matrices of specific arguments is proportional

to the identity operator.

Proposition 3.1.4 (Unitarity relation). We have!

REDNRED (=X =) = =1 (A= mi(A+20).  (337)
The unitarity relation indicates that R(1?)()) is invertible except at
A= —2n,n (mod 7, 7w).

The following lemma proves useful for establishing a relation between
the transfer matrices of the 18V and 41V models:

Lemma 3.1.5. We have

REPOVREP N =P =0 — oA+ 29)PY) 7. (3.38)

'The right-hand side of this equality is a multiple of the identity matrix on C* @ C3.
We often omit such identity matrices to lighten the notation.
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Proof. Let us set \j2 = —n in the YBE (3.7) with (m,n,p) = (1,1,2). By
Proposition 3.1.1, R%m()\)R%’Z)()\ —n) leaves (C? A C?) ® C? invariant.
We determine the action on C? through a direct computation, and obtain
(3.38). O

We move on to the properties of the R-matrix of the 41V model. The
matrix fulfils the following symmetry:

(RPN, 5904 =0, a=1,23. (3.39)

The R-matrix also obeys a crossing symmetry.
Proposition 3.1.6. For each j = 1,2, we have
2,2 , 2,2 _
Ri5Y (V' = MR (<) — )M, (3.40)
where M is defined in (3.31).

Moreover, it can be symmetrised by a similarity transformation.

Proposition 3.1.7. The matrix W1W2R§22’2)()\)W1_1W2_1 is symmetric.

Proof. The proposition follows from Proposition 3.1.6, (3.36), (3.39). O

Let P@ denote the permutation operator on C* ® C?, i.e.

PP |aB) = |Ba), Vo, B € {1,0,}. (3.41)
For A =0, R(Z’Q)()\) is proportional to this permutation operator.

Proposition 3.1.8. We have

RE2)(0) = v (n)v1(2n) PP (3.42)
Similarly to the previous case, the product of two 41V R-matrices of
specific arguments is proportional to the identity operator.

Lemma 3.1.9 (Unitarity relation). We have

REDV)RPD(=N) = 91 (A + )01 (X — )91 (A + 2091 (A — 2n). (3.43)
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The unitarity relation implies that R(>?)()\) is invertible, except at A =
+n,+2n (mod 7, Tw).

Let P~ denote the projector onto the subspace of C3 ® C? spanned by
the singlet

|s) = [1) — 100) + [441) . (3.44)
For A\ = —n, the symmetrised R(>?)()) is proportional to this projector.

Proposition 3.1.10. We have

WA R ()Wt wy ! = 301 ()9, (2P~ (3.45)

3.1.2 The transfer matrices

In our pursuits below, we work with inhomogeneous vertex models. To
this end, we introduce inhomogeneity parameters \j, it =1,...,N. We
associate one to each factor C? of the spin space. We refer to the limit
A1 =...= Ay = 0 as the homogeneous limit.

We define the monodromy matrix of the 18V model as

)
N
A(Xo)  B(Xo)
Mo(ho) = [T RSP () = : 3.46
( ) ]_]:[1 07 ( ]) C()\O) D()\O) o ( )
Here, 0 labels the auxiliary space C2, first factor of the spin space.
Moreover, the v over the product indicates a reversal of the product
order. The transfer matrix of the 18V model with quasi-periodic boundary
conditions is
TW () = trg (0o Mo(N)) (3.47)
where trg denotes the trace over the auxiliary space, and o = ¢" are the
Pauli matrices, x =1, 2, 3.
Similarly, the transfer matrix of the 41V model with quasi-periodic
boundary conditions is

)

N
T (Ag) = tro [ Qo [T RS (Moj) |+ (3.48)
j=1
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where the auxiliary space is now C3, and Q = QF are the spin-1 twists
defined in (3.10), k = 1,2, 3.

In this section, we present a few properties of the transfer matrices,
mostly related to their diagonalisability. We follow with a short argument

proving the existence of remarkably simple eigenvalues for T(l)()\) and
TA(N).

Properties We define the functions
N
D(A) =[] (X = N)), AN =D\ + 27). (3.49)
j=1

Proposition 3.1.11. We have
My(\)oRMy(A — 1)%02 = A)D(A - 1), (3.50)

where tg denotes the transposition with respect to the auxiliary space.

The 18V transfer matrix fulfils the following symmetry, where we use the
standard curly bracket notation for the anticommutator of two operators:

Proposition 3.1.12. Let a = 1,2,3, a # k, we have

[T(l)()\), (m)®N] =0, {T(l)(/\), (Q“)®N} =0. (3.51)

Proof. The symmetry follows from (3.30), the cyclic property of the trace,
and c"c%" = —0°. ]

We deduce the equivalent symmetry for 7)(\) from (3.39).

Proposition 3.1.13. For each a = 1,2,3, we have

[T, (2)=N] = 0. (3.52)

The two transfer matrices form a family of commuting matrices.

Proposition 3.1.14. For each m,n = 1,2, we have

[T (A), T ()] = 0. (3.53)
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Proof. We show (3.53) by using the YBE, the invertibility of R(™™ ()),
and the similarity invariance of the trace [138,139]. O

In the case where the transfer matrices are diagonalisable, Proposi-
tion 3.1.14 ensures that we can find a common eigenbasis of T} ()\) and
T ()), independent of their spectral parameter [102].

Next, we relate the transfer matrices to their transposes via a simi-
larity transformation. To this end, we highlight their dependence on
the inhomogeneity parameters A = (A1,...,Ay) by writing them as
arguments.

Proposition 3.1.15. For each m,n = 1,2, m # n, we have
T (X A) = (—1)™N MENTOD (X — gy ~X)(MY)EY, (3.54)

with M as defined in (3.31).
Proof. The property (3.54) follows from Propositions 3.1.2 and 3.1.6. [

From Proposition 3.1.15, we establish the diagonalisability of the transfer
matrices in a certain regime.

Proposition 3.1.16. For each m = 1,2, real \,n,p and \y = ---

Ay = 0, the transfer matriz TU™ (X) is unitarily diagonalisable.

Proof. In linear algebra, a matrix with complex-valued entries is said to
be normal if it commutes with its (complex) conjugate transpose. Normal
matrices are diagonalisable by means of a unitary transformation [102].
The idea of this proof is to show that, for Ay = --- = Ay = 0, the
symmetrised version of 7" ()) is normal. We make the reasoning explicit
for m = 1, the other case is similar.

First, we consider Propositions 3.1.12 and 3.1.15, and the relation (3.36)
to obtain
(WENTO s X) (W=
= (=) WENTW (X — 20 —X)(WHBN . (3.55)
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Using (3.55) with A\ = -+ = Ay = 0 and Proposition 3.1.14, we compute
the following commutation relation:
WENTO) (3 0) (W)Y, (WENTO) (3 0) (W)Y
= ()N WENTW (X;0), T (=) — 2n; 0)) (W1 EN
0. (3.56)

This relation establishes that the symmetrised transfer matrix commutes
with its transpose for A\ = --- = Ay = 0.

Second, for real A\, n,pand A;, 2 = 1,..., N, the entries of the symmetrised
transfer matrix are either real numbers (k = 1, 3), or pure imaginary num-
bers (k = 2). Moreover, from their definition in (3.35), one deduces that
B+ are either real numbers, pure imaginary numbers, complex conjugates,
or opposite thereof. Respectively, W* = W, W* = WQ3, W* = —WQ!, or
W* = —WQ'Q3. By Proposition 3.1.12, we deduce that the symmetrised
transfer matrix is equal to its complex conjugate, up to a sign. Therefore,
for Ay =--- = Ay =0, it is normal, and unitarily diagonalisable. O

It is likely that Proposition 3.1.16 still holds for Ay,..., Ay sufficiently
close to zero.

We now relate the two transfer matrices via the fusion relation.

Proposition 3.1.17. We have

TONTHN =) =THN) + AND —1n). (3.57)

Proof. Let us consider

)

N
TWN)TM (N — 1) = troo |iogioh [[ RS (M0)) RS (Moi — 1)

i=1
We insert the identity operator loy = Péé,) o+ Péé,) * inside the trace
on the left. The linearity of the trace leads to two contributions, one
for each projector. First, we transform the term associated to P(gé,) .
The successive use of the cyclic property of the trace, Lemma 3.1.5, the
definitions (3.49), and the equality

troo iogiaglpéé,)f =1, (3.58)
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yields the equality

f\

trogr PO(O’) 10’0 10'0/ H RO )\OZ)R(()},LQ) ()\Oz - 77)
=1

= A(A)D(Ao — 7). (3.59)

Second, we work on the term associated to Péé,) *. We observe that
[Péé,”, ogog] = 0. Moreover, by the YBE,

PTREDVRGD (N =) = PO)TREP (VRS (- ) PG (3.60)

We use this equation, along with the similarity invariance of the trace, to

rewrite
B n
my%mwwﬂ% (o)) R (Moi — ) (3.61)
=1
[ 8
= troor | Qoo Uowiogiol [ P éé/HR(()i’Q)(AOi)R(()}f)()\m— MUy Qbor | »
=1

where @ and U are defined in (3.23) and (3.21), respectively. Next, the
definition of R(?)(\) and the relation

QU (io" ®@ic™) U1Q" = Q~, (3.62)
lead to the equality
trogr Péo,)JrlaOlUO, H R(1 2) )\OZ-)Ré}Z?z)()\oZ- )| =T@ (). (3.63)
i=1
Combining (3.59) with (3.63) establishes the proposition. O

Proposition 3.1.17 indicates that one can solve the eigenvalue problem of
T (X\) by working on that of 7™ ()) instead.

Simple eigenvalues We now use the properties derived above to prove
the existence of remarkably simple eigenvalues for the transfer matrices.
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Proposition 3.1.18. When diagonalisable, the transfer matrices T (X)
and T(Q)(/\) possess the respective eigenvalues

0N =0, and  0PDN)=—-ANDN—1n). (3.64)

Proof. Let |¥) be an eigenvector of TM () with eigenvalue 6()\). By
Proposition 3.1.12, we have

TONNQM)EN ) = =0 (Q)*N [), (3.65)

for each a = 1,2,3, a # k. Hence, —0()\) is an eigenvalue of the transfer
matrix as well. The number of non-zero eigenvalues is thus even. However,
dim(C3)®N = 3N is always odd. Therefore, 8V (\) = 0 must be an
eigenvalue of T(l)(/\) with odd degeneracy. From Proposition 3.1.17,
we deduce that 6 (\) = —A(A)D(A — ) must be an eigenvalue of
TP (N). O

Proposition 3.1.19. For each a = 1,2,3, a # k, and diagonalisable
transfer matrices, the non-zero part of the spectrum of T(z)()\) restricted
to the subsectors where (242N =1 and (Q%)®N = —1 coincide, including

degeneracies.

Proof. Let 1) be an eigenvector of T () with eigenvalue 8(\) # 0. By
Proposition 3.1.12, (2%)®N [¢)) is an eigenvector of 7™M (\) with eigenvalue
—0(\) # 0. From Proposition 3.1.17, we have that [¢/) and (Q%)®V |+)) are
both eigenvectors of T?)(\) with same eigenvalue. This is also the case
for the linear combination |¢+) = (1£(Q%)®N) ) /2. Moreover, the 1))
belong to the eigenspaces of (Q2%)®V of eigenvalue +1, respectively. [

3.2 The spin-1 XYZ chain

Like its lower-spin counterpart, the 41V model is related to a one-
dimensional integrable quantum spin chain. In this case, it is the spin-1
XYZ chain, first described by Fateev [91]. In this section, we are inter-
ested in solving the eigenvalue problem of its Hamiltonian. We present
preliminary our results in this regard. We prove the existence of the re-
markably simple eigenvalue 2 = (0. Furthermore, we examine the related
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eigenvector, which we conjecture to be the ground-state eigenvalue for

most system parameters.

In Section 3.2.1, we define the spin-1 XYZ Hamiltonian. We present
its relation to the 41V transfer matrix, and some of its symmetries.
In Section 3.2.2, we point out properties of its spectrum, including a
conjecture regarding the degeneracy of the eigenvalue £ = 0 and its
position within the spectrum.

3.2.1 The Hamiltonian

Definition We study the Hamiltonian of a spin-1 XYZ chain [90,91]:

N 2 2
HoY S (s () ()

i=1b=1,2,3
— ApestsSst, (s¢ 3.66
bcsisisi 132' 1 ( . )

b,c=1,2,3

The anisotropy parameters J, and Ap. obey the relations
Abc = Acb; Abb = Jb, b, Cc = 1, 2, 3. (3.67)

We parameterise them in terms of two real parameters, denoted by X
and Y,

J1 =1+ XY, App=1-Y? (3.68a)
Jo=1-XY, A3 = (X — 1)(1 + Y), (3.68b)
Js =14+ (X2 +Y?%)2, Az = (X -1)(1-Y). (3.68¢)

The choices (3.67) and (3.68) make the spin chain integrable. We note
that the limit Y = 0 recovers the spin-1 XXZ chain [90,92].

We are interested in a spin chain with quasi-periodic boundary conditions.
We impose these by specifying how sl]’\,+1 relates to sl{,

shrar = Qo st b=1,2,3, (3.69)
with Q = Q% the spin-1 twists defined in (3.10), Kk = 1,2, 3.

We note that for real X,Y, and for each twist, the Hamiltonian is Hermi-

tian. It is thus diagonalisable with real eigenvalues.
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Relation to the 41V model In this paragraph, we express the spin-1
XYZ Hamiltonian as a logarithmic derivative of the transfer matrix of
the 41V model.

As a first step, we write the logarithmic derivative of the 41V transfer
matrix as a sum of local operators. We recall the definition R(u)(x\) =
77(2)R(2’2)(/\), with P the permutation operator on C3 ® C3.

Lemma 3.2.1. We have

=0

(FOWTON )|y

= (01 (n)91(2n))~ (Z R (0) + QT RGY (O)Q*f> . (3.70)
where the ' denotes the derivation with respect to \.

Proof. First, we use Proposition 3.1.8 and the relation trg Pé? =1; to

compute
(TP oo = ra ) PEPE . PROL (371
Second, we use the product rule to derivate the transfer matrix. We
obtain
(TO"0)| 1z = @rtmpor (2™ (QTR&%’&”(O)PSV)_l L PEPE
-~ @ @ p@ O
+ Z RZY 0)5P) ... P2 PR P ) (3.72)
We multiply (3.71) by (3.72), which yields (3.70). O

As a second step, we rewrite the Hamiltonian as

N—-1
H = hiit1+ QL hnQf, (3.73)
=1

where h;11 is the Hamiltonian density

2 2
ooy <5b®sb+ (sb®|]) + (I]@sb) )
b=1,2,3

— > Aps’st®sbsC, (3.74)
b,c=1,2,3
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acting on sites i, i + 1. We then show that the symmetrised R(Q’Q)’(O)
commutes with the Hamiltonian density.

Lemma 3.2.2. For real n,p, and X,Y as defined in (3.17), we have,
(91 ()91 (2m) " WAWR R )W Wy = vhis(X,Y) = (v — ),

where

L ' Da(2n) 74 (2n)
D4 01(2n)

(3.75)

Proof. The proof relies on the explicit computation of the left- and
right-hand sides. We provide the entries of R(2’2),(0) as a substep:

A'(0) = D1(n)91(20)* 930 a(n)d1, A(0) =0, (3.76a)
B'(0) =0, B'(0) = a1 (n)03Da(n)da(2n)*0},  (3.76b)
C(0) = 9y ()1 (20)D404(m)da20) ( s Z‘*Ezg) L (376
C'(0) =0, D'(0) = 01.(n) D (20)*030a(m) 5, (3.76d)
E'(0) = 01(n)d1(20)0304(n)04(2n) + F'(0), (3.76¢)
F'(0) = 91(m) 9304 (n)da (2n)>95, (3.76f)

A A

G'(0) = I1(1)91(20) 0404 (n)[91(n)* + Da(n)*] (

+ 01 (n)0194(n)da(2n)01 (2n), (3.76g)

G'(0) = —D1(m)030a(n)da(2n)* D1, (3.76h)
H'(0) =0, H'(0) = D1(n)d1 (2n)0304(n) D4 (2n),  (3.76i)
I'(0) = 2029 ()91 (2n)*9304 ()5, (3.76))

r'0) = a2M [ﬁl(n)‘* + 194(77)4] 9. (3.76k)

B1(1)04(n)

The rest of the computation is straightforward albeit tedious. O
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Finally, Lemmas 3.2.1 and 3.2.2 lead to the following:

Proposition 3.2.3. For real n,p, and X,Y as defined in (3.17), we
have,

WEN (T )@Yy WY =vH ~ N —p),  (3.77)
Xi=0

where W and v, i are defined in (3.34) and (3.75), respectively.

Proposition 3.2.3 indicates that it is possible to solve the eigenvalue
problem of the spin-1 XYZ Hamiltonian by considering that of the 41V
(or 18V) transfer matrix instead.

Symmetries The XYZ Hamiltonian enjoys several symmetry properties
useful to our work. We detail them in this paragraph. The first one is a
Z5 symmetry.

Proposition 3.2.4. For each a =1,2,3, we have

[H, (Q")®N] = 0. (3.78)

To state the second symmetry, we define E% = exp(ins®/2), a = 1,2, 3.
This unitary operator implements a rotation of angle 7/2 in the single
spin space C3. We now show that the conjugation of the Hamiltonian with
(E*)®N changes its twist and its parameters X, Y. The transformations

on the parameters are

24 X-Y 2-X+Y
X.Y)= .
o) = () (3.79)
24 X+Y 24 X+Y
03(X,Y) = (X,-Y). (3.79¢)

We also define the functions

(X +Y)?
4 )

(X -Y)?

fl(Xay): 4 )

f(XY) = f5(X,Y)=1. (3.80)
We highlight the dependence of the Hamiltonian on the parameters X,Y

and the twist Q*, by writing H = H*(X,Y), k = 1,2,3.
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Proposition 3.2.5. For each a,b=1,2,3, we have
(EM)*NHY (X, Y)((B") )N = fij(X,Y)H (9p(X,Y)),  (3.81)

where either a = b= ¢, or {a,b,c} = {1,2,3}.

Proof. We recall the rewriting of the Hamiltonian in terms of the Hamil-

tonian density h = h(X,Y") (3.73). First, we check through direct com-
putation the transformation:

(E)®?R(X,Y)((E") )% = fo(X,Y)h(ps(X,Y)).  (3.82)

Second, we consider the commutation relation E*Q*(E®)~! = Q°, where
c is defined as in the statement of the proposition. With these two
considerations, we establish:

(B2 (1@ QM)A(X,Y)(1© Q*)(B") )
— (X, V) (12 Q)h(py(X, V) (1@ Q°). (3.83)

We combine the decomposition (3.73) with (3.82) and (3.83) to obtain
(3.81). 0

We introduce a fourth unitary transformation

. ei7r/4 0 e—iTr/4
E'=—| 0 v2 o0 |. (3.84)

\/é e—iﬂ'/4 0 ei7r/4

In the next proposition, we show that the conjugation of the Hamiltonian
with (E9)®N exchanges the X,Y parameters, with (X,Y) = (Y, X).

Proposition 3.2.6. For each a = 1,2,3, we have
(BN HY(X,Y)(BY) PN = H(po(X,Y). (3.85)
Proof. The transformation (3.85) follows from
(E0)®2h(X7 Y)((E0)71)®2 = h((po(X, Y)), (386)

and the commutation relation Q®*E? = E°Q¢, for a = 1,2, 3. ]
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The set {901‘}?:0 generates a group of point transformations on the XY-
plane. We define the fundamental domain

A={(x,v)e uﬂo <X <20<Y <min(X,2-X)}. (387
Elementary geometric arguments lead to:

Lemma 3.2.7. The image of A under the group generated by {gpi}fzo is

R>.

Therefore, Lemma 3.2.7 presents us with two options to simplify our
investigation of the eigenvalue problem of H. First, we can study the
Hamiltonian with (X,Y’) € A for the three twists. We obtain any result
outside this domain from Propositions 3.2.5 and 3.2.6. Second, we can
consider the Hamiltonian for all values of X, Y € R but focus on a single
twist. We obtain results for the other twists from Proposition 3.2.5.

Moreover, we observe that the fundamental domain A is in the image of
the parameterisation of X, Y (3.17).

Conjecture 3.2.8. The application
[0,7/2] x [0,1] = A, (n,p) = (X,Y), (3.88)

is a surjection. Here, A is (3.87) and X,Y are as in (3.17).

3.2.2 The spectrum

We start the analysis of the spectrum with the existence of a remarkably
simple eigenvalue.

Theorem 3.2.9. The Hamiltonian H possesses the eigenvalue E = 0.
Proof. We exploit the relation between the Hamiltonian and the 41V
transfer matrix. By Propositions 3.1.14, 3.1.16 and 3.1.18, for values

of A\,n,p and Ay, ..., Ay for which the transfer matrix is diagonalisable,
there exists a non-zero [¢f!) independent of \ such that

TN [7) = 6P () [9F). (3.89)
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For \ # —2n,7n (mod r, 7w), |¢%) is also an eigenvector of T ()\) and
TP (X)~! with eigenvalue #”(\) and 62 (X\) 1, respectively. We compute

g(2)'()\)

0(2) (A) | x=0
Ai=0

=—N(v—p). (3.90)

By Proposition 3.2.3, we deduce that W&V | #) o is an eigenvector
of H with eigenvalue F = 0, for X,Y as in (3.17). ZBy Conjecture 3.2.8,

this holds for all X,Y € R. ]

Now, we turn to the non-zero part of the spectrum. The Zo symmetries of
Proposition 3.2.4 indicate that it is possible to diagonalise the Hamiltonian
in eigenspaces of the Z, operators.

Proposition 3.2.10. For each a = 1,2, 3, with a # k, the non-zero part
of the spectrum of H restricted to the subsectors where (Q24)®*N =1 and
Q98N = 1 coincide, including degeneracies.

Proof. The proposition follows from Propositions 3.1.19 and 3.2.3 and
the commutation relation [W, Q%] =0, b= 1,2, 3. O

Next, using MATHEMATICA, we investigated the spectrum of the Hamil-
tonian with diagonal twist. We considered system sizes N =1,2,...,5,
for several fixed values of Y € [0,10]. In Figure 3.5, see examples for
N =3 and Y = 1/2,3/2. Based on our observations, we formulate the
next conjecture, which generalises a conjecture issued for the spin-1 XXZ
chain by Hagendorf and Morin-Duchesne [92].

Conjecture 3.2.11. For each N = 2n, and X,Y € R, E = 0 is the
ground-state eigenvalue of the Hamiltonian with diagonal twist. It is
non-degenerate except for (X,Y) = (0,0), where it has degeneracy N + 1.

Foreach N=2n+1,n>1,and X> +Y?2>20r X?=Y?%2, E=0is
the ground-state eigenvalue of the Hamiltonian with diagonal twist. In
the rest of the XY -plane, it is the energy of the first excited state. The
etgenvalue is non-degenerate except in the two following cases:

(i) for (X,Y)=(0,0), its degeneracy is 2N + 1;
(ii) for X?> =Y? or X2 +Y? =2, its degeneracy is 3.
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\ X
-2 -1 1 2
8
. / ¥
-2 )\ 1 2

—0.

Figure 3.5: Spectrum of the Hamiltonian with diagonal twist for size
N = 3, with fixed values of Y. On the left, Y = 1/2, on the right, Y = 3/2.
On the bottom, magnification of the spectrum for E € [-0.2,0.2].

N =2n

Degen.: 1 *N+1

N=2n+1

L 5

1 1 3 *2N+1

Figure 3.6: Degeneracies observed for the £ = 0 eigenvalue of the
Hamiltonian with diagonal twist in the XY -plane. In the coloured region,
FE = 0 appears to be the ground-state eigenvalue. In the white region, it

appears to be the energy of the first excited state.

Figure 3.6 provides a graphical summary of Conjecture 3.2.11.

The equivalent of Conjecture 3.2.11 for the anti-diagonal and mixed twists

follows from Proposition 3.2.5.



Chapter 4

Dynamical vertex models

Historically, the elliptic integrable models that we have described so far
have been more difficult to treat within the QISM framework than their
trigonometric counterparts. For instance, the 8V model has notoriously
eluded the algebraic Bethe Ansatz, as it lacks the global reference state
necessary for its application [19].

To overcome this issue, Baxter related the 8V model to another model of
statistical physics, the eight-vertex solid-on-solid (8VSOS) model [45,48].
The latter belongs to the class of interaction-round-a-face (IRF), or face
models [101]. Its configurations are the assignment of real numbers, called
heights, to each face of the square lattice. Its interactions are local, and
take place between the four faces surrounding each vertex. The 8VSOS
model has the advantage of being more readily accessible to the standard
techniques of integrability. The relation between 8V and 8VSOS models
was dubbed vertex-IRF' or vertex-face correspondence. Thanks to this
correspondence, Baxter managed to compute the eigenvectors of the
periodic 8V model, for an even number of vertical lines N = 2n. His
proofs relied on the Bethe Ansatz analysis of the 8VSOS model [45,48].

Many investigations around the 8V and 8VSOS models followed in the
wake of Baxter’s work [131,132,135,140], most often under the need of
some constraints. For instance, Takhtadzhan and Faddeev developped
the generalised Bethe Ansatz [32,133,134]. This Bethe Ansatz variant
integrated the idea of the vertex-face correspondence as a built-in feature
to systematically find a family of valid reference states. Their technique

103
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has been effective on the 8V model for periodic boundary conditions
and N = 2n. Another example of constrained cases for which exact
computations could be performed are height-restricted SOS models.
These include the restricted SOS (RSOS) or ABF models, and cyclic SOS
(CSOS) models, which have notably found connections to conformal field
theory [141-146].

Furthermore, the 8VSOS model was shown to be equivalent to a dynamical
siz-vertex (d6V) model [45-47]. Tt could therefore be studied using the
algebraic formalism of vertex models [12,18,19,147]. Namely, it was
associated to an R-matrix, solution to a dynamical Yang-Bazter equation
[46,148]. Since we use this vertex formalism in our work below, we favour
the terminology dynamical six-vertex model.

Recently, Niccoli, Terras and Levy-Bencheton have successfully applied
Sklyanin’s quantum Separation of Variables (¢SoV) method to analyse the
d6V model with anti-periodic boundary conditions [58,59,94]. Using the
vertex-face correspondence, they managed to characterise the complete
set of eigenvalues and eigenvectors of the 8V model under several (quasi-)
periodic boundary conditions. In particular, their results included the
case of periodic boundary conditions with odd system sizes N = 2n + 1,
which had long resisted other methods.

In Chapters 4 and 5, we investigate a dynamical nineteen-vertex (d19V)
model, with the objective of transposing our findings back to the 41V and
18V models. The vertex weights of the d19V model are defined through
a solution to the dynamical Yang-Baxter equation. This solution can
be obtained by applying the fusion procedure to the d6V model [89].
The fusion procedure naturally leads to an intermediate dynamical ten-
vertex (d10V) model, which will be at the core of our investigation. We
consider the transfer matrices of both models with anti-periodic boundary
conditions along the horizontal direction. For these boundary conditions,
the two transfer matrices mutually commute. In Chapter 5, we generalise
Niccoli and Terras’ qSoV approach in order to characterise their spectra
and compute their common eigenvectors [58,59,94].

The goal of this chapter is twofold. On the one hand, we introduce the
models, and lay the foundations necessary to our gSoV analysis. On the
other hand, we describe the vertex-face correspondence between the d10V
and the 18V models. Here is the structure we follow: we begin Section 4.1
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with a review of the d6V model and its algebraic description. Moreover,
we recall how to apply the fusion procedure to this model, which allows
us to construct the vertex weights of the d10V and d19V models. In
particular, we discuss in detail the properties of the monodromy matrix
of the d10V as an operator on the spin-dynamical space. The latter
is an infinite-dimensional Z-graded space. On one of its subspaces, we
construct a family of commuting transfer matrices for both the d10V and
the d19V model with anti-periodic boundary conditions. In Section 4.2,
we present the vertex-face correspondence between the 8V and d6V
models. We apply the fusion procedure to find its equivalent for the
higher-spin models of Chapters 3 and 4. Lastly, we use it to relate the
transfer matrices of the d10V and 18V models.

4.1 Dynamical ten- and nineteen-vertex models

The purpose of this section is to recall the definition of the dynamical ten
and nineteen-vertex models. Section 4.1.1 is a reminder of the dynamical
six-vertex model. In particular, its algebraic description allows us to
introduce key notations and conventions we use throughout the chapter.
In Section 4.1.2, we apply the fusion procedure to the d6V model to
construct the R-matrices of the d10V and d19V models, whose properties
we analyse in some detail. Section 4.1.3 introduces the so-called dynamical
space, which allows us to define the monodromy matrix of the ten-vertex
model. We devote much of the section to the study of their properties,
which will be crucial to our qSoV analysis of Chapter 5. We define these
transfer matrices and analyse their properties in Section 4.1.4.

4.1.1 The dynamical six-vertex model

Lattice formulation The dynamical six-vertex model is equivalent to
the eight-vertex solid-on-solid model [45-47]. The latter belongs to the
class of interaction-round-a-face (IRF), or face models.® We consider this
face model on the square lattice. Its configurations are the assignment of
real numbers, called heights, to each face of the lattice. The interactions

!See [101] for a very pedagogical introduction.
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are local. They are controlled by the rule that heights on two adjacent
faces t,t’ differ by a fixed step value n > 0,

[t —t| =n. (4.1)

We refer to the collection of heights on the four adjacent faces surrounding
any given vertex as a local height configuration. Fixing the height in
the upper left corner to ¢, the rule (4.1) allows for six local height
configurations (see Figure 4.1). We associate a statistical weight to
each of them, which typically depends on ¢ [45,101]. The weight of a
configuration is the product of the statistical weights of the local height
configurations within it.

t ‘H—n t ‘t—i—n t ‘t—i—n t ‘t—n

t ‘t—n
t+n‘t+2n t+n‘ t t—n‘ t t—n‘t—Qn t—n‘ t t+77‘ t
a b C a b

Figure 4.1: Local height configurations of the 8VSOS model and their
statistical weights.

Baxter noticed that the condition (4.1) allows one to map each local
configuration of the 8VSOS to a vertex of the six-vertex (6V) model [45].
The mapping is constructed by moving clockwise around a vertex. If the
height increases from one face to the next, the edge in between is assigned
an outgoing arrow. Conversely, if the height decreases, the edge is assigned
an ingoing arrow. See Figure 4.2 with «, 3,7,6 € {£1} for a graphical
depiction. The resulting vertex configurations can be read on Figure 4.3.
This correspondence is a bijection, provided that we keep track of one
height, which we choose on the upper-left face. The resulting six-vertex
model is called dynamical because of the possible height-dependence of
the vertex weights. We depict an example of 8VSOS configuration and
its d6V image in Figure 4.4.

Finally, note that (4.1) implies that all heights belong in ¢y + nZ. Here,
ly is a reference height, which we allow to be complex. We will set its
value below.
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‘ t' =t +nd,
t 0
—af- U'=t+n(0+y)=t+nla+p),
B {=t+na.

Figure 4.2: Correspondence between local height configurations and
vertices. The coherence between the two values for ¢ enforces the ice
rule, a4+ B =6+ 7.

Ay Ay b s b oY
N OYE TR S TR

a b C a C

Figure 4.3: Local configurations of the d6V model and their statistical
weights. In grey, equivalent local height configurations of the 8VSOS.

0112 (3]|2]|1 t
¢
ST
1127112 ]1]0
¢
ST
2111210 |-1
AN N 2 <
<X
312 (10 |-1|-2

Figure 4.4: Left: A configuration of the 8VSOS model in terms of face
labels. The height associated to a label a is t + an. Right: The corre-
sponding configuration of the d6V model.

Algebraic description The correspondence between the local height
configurations and the vertex configurations of the six-vertex model,
decorated by a height, allows us to work with the algebraic description
that is customary to vertex models [12,18,19,147]. To this end, we follow
the notations and conventions presented in Section 1.2.1.
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We encode the statistical weights of the d6V model in an R-matrix. In
the basis {|11),[1), [11), [\4)} of € @ C?, it reads

0

R — (4.2)

o O O w
S 0ol T O
S Tl o

v O O O

We express the weights a, b, b, ¢, in terms of the Jacobi theta function
91(\) = 91(A, p).2 Our parameterisation depends on the spectral parame-
ter A, the height parameter t, the crossing parameter n, the elliptic nome
p=e™ andy € {0,1}. Throughout, we allow all the parameters to be
complex numbers, with the constraints

t # 0 (mod 7, Tw), 2n # 0 (mod 7, 7w), Imw > 0. (4.3)

The parameterisation is

a(A) =N +n), a(\) = a(A), (4.4a)
b(\|t) = eiywl(A)W, b(\|t) = e—iywl(x)w, (4.4b)
) =) 5N, el = o ()

Note that, by the parity of the Jacobi theta functions, the weights
b(\|t), €(A|t) follow from b(A|t), c(A|t) through the substitution ¢ —
—t,y — —y. Throughout, we write R(:1) = RILD(\|¢).

Properties of the R-matrix In this section, we provide several useful
properties of the R-matrix. To this end, we introduce some notations.
First, recall that, in the standard tensor-leg notation, we write

RED ) = 12070 @ RED (A1) @ 12V, (45)

for the action of R(:D(A[t) on the factors i and i + 1 of (C2)®N, § =
., N—1. Second, let p* = (1+03)/2 be the projectors on the canonical
basis vectors of C2. We write

RVt +n0d) = RVt +mpt +REVAE—n)ps (4.6)

2See Appendix A.1 for definitions and useful properties. Throughout our text, we
often omit substeps of computations that involve identities between Jacobi theta
functions.
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for the action of the R-matrix on the first two factors of C? ® C? ® C2,
with a dynamical shift of the height parameter that depends on the third
factor.

The R-matrix RGD(\|t) fulfils the dynamical Yang-Baxter equation
(dYBE) on C* @ C* @ C? [45,46,148].

Proposition 4.1.1 (Dynamical Yang-Baxter equation). We have,

Riz" (Miaft + nof)R “”LMﬂtR%’—&ﬂt+noﬂ
— RV QaslREY (st + nod)REGY (Aalt), (4.7)
where N\ij = X\i — Aj, foralli,j =1,2,3.
The dynamical Yang-Baxter relation is one of the key properties of the
parameterisation (4.4), and plays a central role in the analysis of the d6V
model. In addition, the R-matrix possesses several important properties.

We state them without proof and refer the reader to [58,59,101] for
details.

Proposition 4.1.2. The R-matriz commutes with the total spin operator
of C? ® C?,
11
[R5V (A[t), of + o8] = 0. (4.8)

Moreover, it possesses the following pseudo-periodicity properties :

REVAJE+ ) = REV (A1), (4.92)
R ”(Ayt +ymw) = 0102R(1 Y(\~t)olad. (4.9b)

We denote by P the permutation operator on C2 @ €2, i.e
PW ap) = |Ba) Va,8€ {14} (4.10)
It allows us to define
RV = POREY (AP (4.11)
Proposition 4.1.3 (Unitarity relation). We have?

REEVOORSY (=A[8) = 91(n — N1 (n + A). (4.12)

3The right-hand side of this equality is a multiple of the identity matrix on C? @ C2.

We often omit such identity matrices to lighten the notation.
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The unitarity relation implies that the R-matrix is invertible, except at A =
+7n (mod 7, mw). We examine its behaviour at these values. To this end,
we recall the decomposition of C? ® C? into symmetric and antisymmetric
subspaces (3.15). For A\ = %7, the matrix R(D (A[t) becomes one of the
projectors PWE (3.16), up to a multiplication by a diagonal operator.

Proposition 4.1.4. We have
RAD(0]) = 01 ()P, (4.13)
and
RUD(—nlt) = —2PW c(noflt),  RUD(@lt) = G P, (4.14)
where c(A|t) is defined in (4.4), and

G(t) = diag (91(20), 2b(n]t), 2b(nlt), 91(20)) . (4.15)

4.1.2 Fusion of the dynamical six-vertex model

In this section, we apply the fusion procedure to the R-matrix of the d6V
model [86,88,89,95,135], which allows us to define the R-matrices of the
d10V and d19V models. We discuss some of their key properties, such as
the dynamical Yang-Baxter equations, symmetry, and pseudo-periodicity.
They will be of great importance in our forthcoming analysis. We conclude
the section with a short discussion on the trigonometric limits of the
R-matrices, establishing a link with previous work.

The dynamical ten-vertex model We construct the R-matrix of the
d10V model through the fusion of the R-matrix of the d6V model [95]. Let
us recall some of its key steps. We specialise the dynamical Yang-Baxter
equation of Proposition 4.1.1 to Aja = A, A\13 = A + 1, A2g = 1 and use
Proposition 4.1.4, which allows us to write

D+(1,1 1,1

Py Ri5V A+ nft + no)RizV ()
= Gos(t) "REV Ot + nod)RED (A + nft)Gas(t + nod) PAT. (4.16)

It follows that the projector P2(§)_ annihilates the operator

Rass(A[t) = PATREV O+t + o) REV(AE),  (4.17)
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both from the right and the left. Hence, it can be seen as an operator on
C? ® Sym(C2?,C?). As a function of ), its entries are theta functions that
vanish at A = —n (see Appendix A.2). Indeed, by Proposition 4.1.4, we
have

Ruzs(—nlt) = ~201(n) Py PisPly’~c(not)
= 201 ()P " Py “Puaclnoflt) =0 (4.18)
Hence, by the factorisation properties of theta functions, Ri23(\|t) is the

product of 91 (A +n) and an operator on C? ® Sym(C2, C?), whose entries
are theta functions, too. Motivated by this observation, we define
_ UnsRaas(AH)Usg!

RU2) (A1) = 4.1
L NP (4.19)

where U is the change of basis defined in (3.21). We may identify the
basis vectors of the symmetric subspace with the canonical basis vectors
of C3, and thus consider Rgl(é?)()\\t) as an operator on C? @ C3. Its matrix
representation with respect to the canonical basis follows from

1,2
ROD(A[) = QaaR{ (53 (A1) Q5. (4.20)
where () is the matrix defined in (3.23).

Explicitly, in the basis {[14), [10), [14), [4) . [L0) , [L)} of €2 @ €3, the
fused R-matrix reads

e 00000

0 fO0j 00
Rt _ [0 0 h 0 g OF (4.21)

0 g 0h 00O

00 j 0TfoO

00000 e

with

e(\) = 91(2n + N, (4.22a)

iy U1 (A + )01 (t + 2n)
F(A£) = ™ , 4.22b
(Alt) =e Tt (4.22b)
g(Alt) = ity 1) V1A + ) (4.22¢)

a Oi(t—mn)’
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h(A[t) = eQiWW, (4.22d)
JA[t) = eMa 191(217)W. (4.22¢)

As previously, g(A[t), h(A[t),j(A|t) follow from g(A|t), h(A|t),j(A|t), respec-
tively, through the transformations ¢ — —¢ and y — —y.

The R-matrix R(1:2)(\|t) possesses ten entries that are not identically zero.
We interpret them as the weights of the vertex configurations, decorated
with a height ¢, of the dynamical ten-vertex model. In these configurations,
the horizontal edges carry spin-1/2 labels, whereas the vertical edges
carry spin-1 labels. Around the generic vertex of Figure 4.2, that means
a,v € {£1}, and 3,6 € {0,+2}. Graphical representations in terms of
arrows follow from the dictionaries (1.1) and (3.5), and can be read on
Figure 4.5.

) G ALV t\“/r‘fm/ tpt-2p ot Tt

t+n/Mt+3n  t+n t+n t—n

St t+n t—n f77//w\f+'/
e f J

t

g
it t+f+2// t ANth2p  t

t—m Y t—=3n t—n t—n t+n t+n t—n M t+n /+71+ t—n
e f g h j
Figure 4.5: Local configurations of the d10V model and their statistical
weights. In grey, equivalent formulation as local height configurations of
a face model.

We note that this model still fulfils the ice rule. Indeed, for each decorated
vertex of the d10V, the relation a4+ g = v 4 § holds. Furthermore, the
decorated vertices are in bijection with the local height configurations of a
face model (see Figure 4.2). For this model, the possible height differences
between two vertically adjacent faces are +7. For two horizontally-
adjacent faces, they are 0, +27. Figure 4.6 illustrates the correspondence
between a height configuration of this face model and a dynamical vertex
configuration.
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0l=2/0]0]-2|-4 t
Zll /
> T < <
1 l=1]-1]-1]=3]=5
Zl /
7 17 1T N N
o |0 |—2/-2]-4]—6
Zl /
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3|1 |-1]-3]=5]=7 \H/

Figure 4.6: Left: A configuration of the face model in terms of face labels.
The height associated to a label a is t + an. Right: The corresponding
configuration of the d10V model.

The dynamical nineteen-vertex model A second application of
the fusion procedure allows us to construct another R-matrix, which is a
linear operator on C3 ® C3,

R(2’2)()\\t) = Q12U12
x [P RGP AORED (A = nlt +109)] U Q. (4.23)

Explicitly, in the basis {|ft) , [110) , [fN}) , [01),100), [04) , [U1) , [V0), [U4)}
of C? ® C3, the fused R-matrix reads

pp 0 0 0 0 0O 0 0 0
0O po 0 pg 0O O O O O
0 0 ps 0 ps 0O ps O O
0 pr 0 pg 0 0O 0O 0 0
RZ2 =1 0 0 pp 0 po O py 0 0 |, (4.24)
0 0 0 0 0 ps O pr O
0 0 ps 0 ps O ps O O
0 0 0 0 0 p3s O p2 O
00 00O 0 0 0 0 p
with
p1(A) = J1(A + )1 (A + 2n), (4.25a)
91 (N1 (X + ) (¢
pa(r) = 2 LA+ DI+ Sn) (4.25b)
J1(t +n)
: 01()\+77>191(t+)\+77)
At) = e (2 , 4.25
p3( ‘ ) € 1( 77) ﬂl(t"i_n) ( C)
(NN = )91 (E + )01 (t + 2
p4()\\t) — oliyn 1( ) 1( 77) 1( + 77) 1( + 77) (425d)

D1 ()91 (t —n) ’
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oy(A21) J1(n) 91(A)I1(t + N)I1(t +n)

ps(Alf) = L), (4.250)
pe(A[t) = ¥ 91 (n)v1(2n) ﬁl(t; 32318 J_r 2)_ n, (4.25¢)
pr(Ae) = gy 2 O D), (1.258)

psA[t) = ¢ 27 ﬁl(Awlﬁg?(jf);zl(t )y (4.25h)
) — e 2D A= N 2)

9i(n) N+t -n)

and lastly,

1
Pro(Alt) = 201 ()91 (t + )01 (t — )

X (01 ()91 (2n) [0 (£ + N)I1(t +n)I1(t — X —n)
+01(t = X)) (t =)0t + A+ n)] + 91 (A9 (A +1)
x [91(t — 2001 (t +0)% + 91 (t + 2001 (t — n)?]). (4.25))

As previously, the expression for p;(A|t) follows from p;(A|t) through the
transformations ¢ - —t and y — —y, for each i = 1,..., 10.

The R-matrix R(>2)(\|t) possesses nineteen entries that are not identically
zero. Their interpretation as local vertex configurations, decorated with
a height ¢, naturally leads to the dynamical nineteen-verter model on the
square lattice. For this model, the horizontal and vertical edges carry the
spin-1 labels 0, 2. We represent them graphically as oriented double
lines or unoriented dotted double lines according to (3.5), see Figure 4.7.

From Figure 4.2, with «,3,v,5 € {0,£2}, we see that the ice rule
o+ 8 =+ 6 holds for the decorated vertices of the d19V. Moreover, it
allows one to identify the dynamical nineteen-vertex model with a face
model in which the possible height differences between adjacent faces are
0, £2n.

Properties of the fused R-matrices We now provide several proper-
ties of the R-matrices R(H2 (\[t) and RZ2) (\|t) that will be important in
our analysis of the d10V and d19V models. To this end, we generalise
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Figure 4.7: Local configurations of the d19V model and their statistical
weights. In grey, equivalent formulation as local height configurations of
a face model.

the notation (4.6) for the action of R-matrices with a dynamical shift of
their height parameter t. On C? ® C? @ C3, we write

Ry (At + 2n>ﬁ3+
+ R12 (/\|t)P3 + R

RSV (At + 2ns3) =
2 (At —2n)py, (4.26)
where

pt = diag(1,0,0), p° = diag(0,1,0), p~ = diag(0,0,1). (4.27)

We use the same notation for the action of R(? (A|t) with a dynamical
shift, as well as for other operators.

Proposition 4.1.5 (Dynamical Yang-Baxter equations). We have
REY Ozt + 2nsHRE? (s lRS? (Nas|t + o)
= R%Q)()\23\t)R(13’2)(/\13\t +nof)RGY (Aalt), (4.28)
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on C?®C?®C3, and

RIE? izt + 2ns3)R1Y (s [) RS (Aot + mo?)
— R (Maa| ORI (st + 2ns)RG? (Malt),  (4.29)
on C?2® C3 @ C3.
Proof. The proof of both (4.28) and (4.29) follows from the dynamical

Yang-Baxter equation for the d6V model, given in Proposition 4.1.1, and
the fusion procedure. We only sketch the proof of (4.28).

First, by Propositions 4.1.1 and 4.1.2, we have the following relation on
CPeC?eC?eC2%
RV Ozt + (03 + o))REY (s + nlt + o) R (Aalt) (4.30)
x RE5Y (as + nft + (0% + od)RE Y (Aaalt + 50%)
= R§3 )()‘23 +nlt + 77‘74)R(1 b (A24]t)
x REEY (s + lt + (03 + o)REY alt + nod)REY (Aalt).

We set Ay = A3 in this equality, multiply both sides from the left by PélH,

and use (4.19) to obtain the following relation on C? ® C? ® Sym(C?, C?):

RE Y zlt +n(03 + o)RYED slORG ) aslt + no?)
= Rl Oasl )R (st + nod)REY (aft). (4.31)
It remains to use (4.20), and

Q34Usa(03 + 03Uzt Q% = 257, (4.32)

to express this equality as a relation on C? ® C? ® C3. O

The following commutation relations follow immediately from the matrix
representations of RV (\[t) and R(Z2)(\|t), given in (4.22) and (4.25):

Proposition 4.1.6. We have

1,2
R (), 0303] = 0, (4.33a)
REP ), 0808 =0,  (4.33b)

R (1), 07 + 253]
2,2
REZD (A1), 53 + 3]

0
0
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and the pseudo-periodicity properties
RED (At +7) = RED (A1), (4.34a)
RED (At + yrw) = ot QAR (N — £)01 Q3. (4.34b)
We now address the analyticity and pseudo-periodicity properties of

R(12)(A[t). Both are a straightforward consequence of the properties of the
Jacobi theta functions (see Appendix A.1, in particular Proposition A.1.2).

Proposition 4.1.7 (Pseudo-periodicity and analyticity). The matriz
RUL2(N|t) is an entire function of \.* Moreover, it fulfils

RV +7ft) = —(o3) RED (At (03, (4.35)
Ri5™ (A + mwlt) = —ple™ e 2 bried) ot 2t} (4.36)
()\|7f) nfa1 —y01 /2

We use the permutation operator P? of C? @ C? to define
2,2 2) 5(2,2
R (A1) = PRI (AP (4.37)
Proposition 4.1.8 (Unitarity relation). We have
REZ > AIRSE™ (= A[£) = W1 (A 2n)91 (A+ )91 (A=) (A —217). (4.38)

The unitarity relation implies that R(>2)(\|t) is invertible, except at
A = 41,421 (mod 7w, 7w). As for the d6V model, it is interesting to
examine the behaviour of the R-matrix at these values. We focus on
A = —n, where the R-matrix has rank one. To this end, recall P@= the
projector onto the subspace of C3 ® C3 spanned by the singlet state

|s) = [14) —[00) + [U11) . (4.39)
The following proposition straightforwardly follows from (4.25).
Proposition 4.1.9. We have

R (—nlt) = 301(2n) c(nsi|t) PA~d(nsio), (4.40)
where c(\|t) is defined in (4.4), and
U1 (4 2))
_ o3iya vl
d(A\t) =e FACEE (4.41)

4Throughout, the analyticity properties stated for matrices or vectors are understood
to hold for each entry individually.
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The trigonometric limit The dynamical six-, ten- and nineteen-vertex
models defined above are commonly referred to as elliptic, as their weights
are defined in terms of Jacobi theta functions (which can be thought of
as the building blocks of elliptic functions).

For an appropriate choice of reference height ¢y, which we will specify in
Section 4.1.4, taking the limit w — ico yields trigonometric models [59].
For y = 0, the limit yields the trigonometric dynamical six-, ten- and
nineteen-vertex models. Conversely, for y = 1, we obtain the corresponding
trigonometric non-dynamical models, which allows us to connect the
present work with [92,93]. In the following proposition, we provide the
limit for the weights of the dynamical ten-vertex model:

Proposition 4.1.10. Lety =1 and t = t' + ww/2, where t' is a fived
complex number, then

1 .
lim =e ™/4e()) = sin(\ + 2) (4.42a)

w—ioco

and

1, 1
lim —e ™/4f(Alt) = lim §e_”r“/4f()\\t):sin()\—|—77), (4.42b)

w—rico 2 w—ioo
wlLr{lm %e*im/zlg()\ﬁ) = wlLr{lm le*i”“/4§;(>\|t) = ; sin 7, (4.42¢)
Jim e ™ (A = lim %e*iw/‘lﬁ(w) — sin\, (4.42d)
Tim. %e—im/ﬁ(w) ~ lim_ %e—m/ﬁ(w) — Bsin2n, (4.42¢)
where .
g2 =20 (4.43)

sin 2n’
Proof. From Proposition A.1.3, we have the identity
D1\ + mw/2) = ie TN, ()), (4.44)
and from Definition A.1.1, we have the limits

lim }e’i”w/‘lﬂl()\) = sin ), lim 94(\) = 1. (4.45)

w—rioco w—rioco

The proposition follows from applying them to the vertex weights. [
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4.1.3 The monodromy matrix

In this section, we define and analyse the monodromy matrix of the
inhomogeneous d10V model, which is one of the focal points of this chapter
and the next. The monodromy matrix takes the height dependence of the
vertex weights into account. We closely follow [58,59,94], and implement
this dependence through the definition of the monodromy matrix as an
operator on the spin-dynamical space, which is an infinite-dimensional
vector space. We study the properties of the monodromy matrix in
great detail. First, we establish several algebraic relations between its
operator entries, issued from the Yang-Baxter algebra associated with the
d6V R-matrix. Second, we analyse their behaviour under the exchange
of inhomogeneity parameters, examine their analyticity and pseudo-
periodicity properties, and discuss a recursive structure. We conclude the
section with a note on graphical calculus.

The spin-dynamical spaces In Section 4.1.2, we have been considering
the R-matrices only as operators on tensor products of C? or C3. We now
extend our algebraic description to take the model heights into account.
We introduce height states |t), for all t € £y + nZ, with £y the reference
height discussed in Section 4.1.1. The dual height states are given by (k|,
for all k € ¢y + nZ. We name the spaces that they span the dynamical
space and its dual, respectively. They are formally defined as the following
infinite-dimensional vector spaces:

Do = €P Clto + jm), Dy = P C (o + jnl. (4.46)
A jez

The dual pairing of Dfj and Dy is the bilinear form defined through
(klt) = k4. (4.47)

We introduce dynamical operators, 7 and TTi. The operator 7 is diagonal
on the height states,

T|t) =tlt), (k| 7=k (K|. (4.48)
The operators T act as ladder operators on the height states,

T |ty = |t F n), (k| T = (k£ 1], (4.49)
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From (4.48) and (4.49), we deduce the following commutation relation:
T*r = (1 £ 0)T7. (4.50)

Moreover, the dynamical operators commute with all spin operators.
Below, we consider the spin-dynamical space and its dual,

Dy = (C*)® @ Dy, D% = (C*)®V* @ D}, (4.51)

The canonical basis elements of these spaces are respectively given by
the tensor products between canonical basis elements of (the dual of)
(C*®N  and (dual) height states.

Finally, we note that the actions of operators given in this chapter
naturally generalise to the spin-dynamical space. As an example, we show
how using this space allows us to implement the heights in our evaluation
of the vertex weights of the d10V model. We consider the vertex at the
right of figure 4.2, with o,y € {£1} and 3,6 € {0,42}. Algebraically,
the corresponding vertex weight is

loa

3
(0] ® {t] Rl AIDT7 o) @ 10)
= (0] ® {t] Riy” (A1) o) © [¢ —na) . (4.52)
where we used (4.49) and (4.48). We thus see that (4.47) now enforces
{=t+na.

The monodromy matrix Let us introduce the operators
ST =", j=1,...,N, (4.53)

and S° = 0. In particular, S = S denotes the total spin operator on
()N,

In our analysis below, we work with the inhomogeneous d10V model. For
this purpose, we introduce inhomogeneity parameters Ai,...,An € C,
each associated to a factor of the tensor product (C3)®V. For all \q € C,
we define the following operator on C2 ® (C3)®V:

A

N
Mo(Xo[t) = T RE;™ (Aoj [t + 205771, (4.54)
j=1
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where A\gj = Ag—Aj, = 1,..., N, and the curved arrow over the product
indicates a reversal of the product order. Moreover, the 0 subscripts label
the auziliary space C2.

It is common to consider Mg(A[t) as a 2 x 2 matrix in the auxiliary space,
with entries acting on (C3)®V. We write this matrix representation as

_ (AQE) B(AJE)
Mo()\]t)_<c()\’t) D(A!t))o' (4.55)

follows:

The monodromy matriz of the inhomogeneous d10V model is the linear
operator Mo(A) on C? @ Dy, defined as

Mo(N) = Mo(A[r)TE0. (4.56)

As for Mg(A|t), it will be useful to consider the matrix representation
with respect to the auxiliary space,

AN BN (ANPTE BT
)O_ <C(A|T)T+ D(A]T)T)O' (4.57)

T T

The entries A(X), B(A),C()\) and D(\) are operators on Dy and Dj. We
refer to them as monodromy-matriz entries. Together, they constitute a
representation of the dynamical Yang-Baxter algebra, an operator algebra
associated to the elliptic quantum group E- ,(slz) [47,149]. We devote the
remainder of this section to the study of the properties of the monodromy
matrix and its entries.

Algebraic relations We now derive commutations relations between
the monodromy-matrix entries. These algebraic relations follow from an
application of the dYBE (4.28) to a product of monodromy matrices.

Proposition 4.1.11. We have
R oo |7+ 208) Mo (M) Moy (M)
= MO'(AO')MO(AO)R&{/D()\OO'!T) (4.58)

on C2@ C?2® Dy, where 0 and 0’ are the labels of the first and the second
factor C?, respectively.
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Proof. By (4.28) and (4.55), we have

R(()%)”l) ()\00/|T + 2778)M0(>\0|’T + 7’]0'8/),\/'0/()\0/‘7’)
= Mo (Ao [7)Mo(hol7 + nod)REY (Ao 7). (4.59)

3 g3
We multiply both sides of this equality on the right by 7r°7T, % . Using
the fact that

3 0—3/ o3 UB/
RUEDA ) TZOT = 1T RED (A7), (4.60)
which, crucially, follows from the height-independence of the weight a(\),
we obtain (4.58). O

Writing out the matrix representations of both sides of (4.59), with respect
to the factor C? ® C? of the two auxiliary spaces, straightforwardly leads
to sixteen relations between the monodromy-matrix entries. In the next
proposition, we gather the relations that will be important in the following.

Proposition 4.1.12. Let 1, puo be complex numbers and pio = p1 — po,
then

[A(p1), A(pz)] = [B(pa), B(p2)] = 0, (4.61)
[C(11), C(p2)] = [D(p1), D(p2)] = 0, (4.62)
and

b(pi2|T + 20S)C (1) Alpz) = A(p2)C(u1)a(12) (4.63)

— (p2|7 + 2n8) A(1)C(p2),
b(pz|m 4+ 2nS) A(p1)C(p2) = Cp2)A(p)a(p2) (4.64)

— c(pr2|T + 20S)C(p1) Alp2),
D(p2)C(p1)b(p2|T) = a(p12)C(p1)D(p2) (4.65)

— C(p2)D(p1)e(p2|7),

C(p2)D(p1)b(pr2|m) = a(p12)D(p1)C(pe2) (4.66)

— D(p2)C(p1)c(p12|7),

Furthermore, we have

b(12]7)B(p2)C (1) = b(pa|T + 209)C (1) B(pa)
+ c(p12|T + 2nS) A(p1)D(p2) — A(p2)D(p1)c(paz|T), (4.67)
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and

C(u2)B(p)b(p12|7) = b(pr2|7 + 208)B(11)C (u2)
+ c(paz|T + 2nS)D (1) Alpz) — D(p2) A(pr)c(pz|7). (4.68)

Since we study a particular representation of the dynamical Yang-Baxter
algebra, additional relations hold that do not immediately follow from
Proposition 4.1.11. Some of them follow from the so-called inversion
formula, which relates the monodromy matrix and its transpose (with
respect to the auxiliary space).

Proposition 4.1.13 (Inversion formula). We have

e~ 2V1S ), (7
Mo(N) cgMo(A =)ol = 191(T+2177(5§

where A(X), D(X\) are defined in (3.49), and to denotes the transposition
with respect to the auxiliary space.

AMDA=n),  (4.69)

Proof. We relegate the proof of this formula to Section 4.A. It is based on
a similar formula for the monodromy matrix of the dynamical six-vertex
model, whose combination with the fusion procedure allows us to establish
(4.69). O

Writing out the inversion formula for the entries of the monodromy matrix
allows us to compute the so-called quantum determinant dety Mo(X) of
the dynamical Yang-Baxter algebra [47,149] for the representation that
we consider. This quantum determinant is defined as

dety M(X)
_ Weﬁyns (AMNDA—n) —BANC(A—mn)), (4.70a)
1\T
_ Wemyns (DA —n) —C(NB(A—mn)). (4.70b)
1\T

The equality of the two expressions for the quantum determinant follows
from the algebraic relations of Proposition 4.1.11. They also imply that
the quantum determinant belongs to the center of the dynamical Yang-
Baxter algebra. In the representation that we consider, it acts as a

multiple of the identity matrix.
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Corollary 4.1.14 (Quantum determinant relation). We have

dety M(X) = A(A)D(X — 7). (4.71)

Exchange relation We will need an additional algebraic relation that
involves the monodromy-matrix entry C(A). To this end, we define the
R-matrix of the d19V model

R (\t) = PORED(\). (4.72)

The multiplication of the monodromy matrix by this operator allows
one to swap two of its inhomogeneity parameters. We sometimes need
to exclude certain singular choices for these parameters, or treat them
separately. To this end, the following terminology will be useful:

Definition 4.1.15. We call the inhomogeneity parameters A1, ..., AN
generic if
Xij —nh #Z 0 (modw, Tw), (4.73)

forall1<i<j< N and heZ.

Throughout, the inhomogeneity parameters are generic unless stated
otherwise.

We now prove the exchange relations for the monodromy matrix. To this
end, we write Mo(A\g) = Mo(Ao; A1,. .., An) to stress the dependence on
the inhomogeneity parameters.

Proposition 4.1.16 (Exchange relations). For eachi=1,...,N, we
have
Iv?l(ii)l ()\i,i—i-l ’7’ + 27]5'1.71) M0(>\0; co )\7;, )\7;_;,_1 cee )
= Mo(o; -+ Aipr, A= RG] (N 7+ 205771) . (474)
Proof. We consider the left-hand side of (4.74) and use (4.54) and (4.56)

to replace the monodromy matrix by a product of R-matrices, multiplied
on the right by the dynamical shift operator. The R-matrix commutes
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with the N — ¢ — 1 leftmost factors of the product of R-matrices. Hence,
we move it to the right of their product and encounter the term

IVQZ(%_?I ()\i,z'+1 ‘7’ + 2nSi_1> R&i)l ()\O’i_i_l ‘7‘ + 2778’)
x REGD (Mo | +208™1) . (4.75)

By Proposition 4.1.5, this term is equal to

1,2
Rg),i—&-)l ()‘O,i

7+ 295") RES? (Ao |7 +20877)

X I?{E,sz-)l ()\i,iJrl ’7‘ + QnSi_l + 770'3) . (476)

The remaining 7 — 1 factors of the product of R-matrices commute with
the R-matrix, too, thanks to Proposition 4.1.6. Moving the R-matrix to
their right, we encounter the term

~ (2.2 - 3 3. 29 -
K2 (o -+ 205 o) 728 = TR (v 205

where we applied (4.50). Using again (4.54) and (4.56), we note that
commuting the R-matrix to the right yields the monodromy matrix with
A; and A;11 exchanged, which leads to the right-hand side of (4.74). [

The exchange relations are instrumental in proving a host of properties
that involve the inhomogeneity parameters. As a first application, we use
them to establish the vanishing of a triple-product of monodromy-matrix
entries.

Proposition 4.1.17. For each j =1,..., N, we have

C(A)C(A; —n)C(A; — 2n) = 0. (4.77)

Proof. First, we examine the case j = N. We expand the product of
operators C according to their definition. The resulting expression contains
the factor

((Wogrgr © DRSR (0 ’7’ + znstl) R (—77 ‘T +ongN-1 4 "7)
x Ryix (—277 \T +2nsN T+ 2n) =0, (4.78)

which follows from a direct computation.
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Second, we combine this result with the exchange relations to prove (4.77)
for j =1,...,N — 1. We write C(\g) = C(Ao; A\1,...,An) to stress the
dependence on the inhomogeneity parameters. Using Proposition 4.1.16,
we find

N-1

R (M [+ 208871) eOy)e(y = mey —20)

Bl
Il
<

=C(Nj3- - AN, A)C(Nj — 05 AN, A5)C(Aj — 215+ A, Aj)

NZ1
< [T RS2, <)‘j,k+1 ’T+2nsk—1) . (4.79)
k=j

From the case ;7 = N studied above, the right-hand side vanishes. Hence,
we obtain

2
N-1
H R§,2]7—2i-)1 ()‘i,j-f—l ’7’ + 27]Sj71) C()\z)c(/\z - U)C()\z - 277) =0 (480)
j=i

The product of R-matrices on the left-hand side is invertible by Propo-
sition 4.1.8, for generic inhomogeneity parameters. By continuity, this
implies (4.77) for j =1,..., N — 1 and arbitrary inhomogeneity parame-
ters. O

Analyticity and pseudo-periodicity We now investigate the an-
alyticity and pseudo-periodicity properties of the monodromy matrix.
First, we characterise the monodromy matrix as a function of its spectral
parameter. To simplify our presentation, we will often attribute a property
to the monodromy matrix (or its entries) if this property holds for all its
matrix elements with respect to the canonical basis of C2 ® Dy (or Dy).

Proposition 4.1.18. The monodromy matriz M(X) is an entire function
of the spectral parameter X. Moreover, it fulfils

Mo(A + ) = (=1)™(a5)! Mo(A)(95)", (4.81)

MO(/\ + 7Tw) _ (_1)716721(/\+7]))N62i Z;V:l AjprS/Qe*i(T+27)S)O’S (4.82)
% MO(A)eiTJS’p—yUS’/Qe—in‘
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Proof. The analyticity follows from Proposition 4.1.7 and the definition
of M(A). For the pseudo-periodicity, we apply Proposition 4.1.7 to each
R-matrix in the definition (4.54). It yields

Mo(A + 7ft) = (—=1)¥ (o) Mo(Alt) ()", (4.83)
Mo(A + 7rw|t) _ (_p—le—Qi(/\-i-n))N 212 1 yaO/Q (t+2775)08’

x Mo(Alt)el@dpyo0/2 (4.84)

The proposition follows from the commutation relation (4.50). O

Corollary 4.1.19. The monodromy-matriz entries B(A) and C(\) are
entire functions of the spectral parameter A. Moreover, they fulfil

B\ +7) = (—1)NYB(N), (4.85)
B+ mw) = pY(—p le AN A T NS g3y (4.86)
CA+m) = (=DNTYe(N), (4.87)
CON+ mw) = p¥ (—p Lo M) N4 2iSr 0\ (4.88)

Furthermore, we characterise M(\) as a function of the inhomogeneity
parameters. To this end, we introduce the following operators:

3

[V = Q2(r+2nS7 DsiH2in(s)? pysi s N (4.89)

Proposition 4.1.20. The monodromy matrix M(X) is an entire function

of each inhomogeneity parameter. Moreover, for each i = 1,..., N, it
fulfils

Mo(X0)|x, aar = —(8) Mo(X0)(27)Y, (4.90a)

Mo(X0) 5 o, sme = —P 1B (DD T M (M) TV (4.90b)

Proof. The only dependence of the monodromy matrix on the inho-
mogeneity parameter \; appears in the R( (Noi| T + 2nS*~1Y) in (4.54).
The analyticity follows directly from Proposmon 4.1.7. For the pseudo-
periodicity, we focus on the proof of (4.90b). The reasoning behind (4.90a)
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is similar. We consider

j—V\ .
MO()\O)’)\'L*))\'L‘FWOJ = H R[();Q) (Aoj ‘T + 2775]_1)
Jj=i+1
)

i—1
x RG? (0 = molr + 2081 TTRG? (Ao |7+ 2057 7) T2, (4.91)
j=1

%

Propositions 4.1.6 and 4.1.7 allow us to rewrite the factor involving
0 (Alt) as

RS (Aoj — 7wlr)

= —p~ 'O () LRG| 170, (4.92)

where 7/ = 7+ 1571, Next, we commute (I')~! and [%e?79357 to the left
and right of the products of R-matrices in (4.91), respectively. Finally,
using (4.50), we obtain (4.90b). O

Recursive structure In (4.54) and (4.56), we defined My(A|t) and
Mo () as operators acting on C2 ® (C3)®V and C? ® Dy, respectively.
Let us highlight the size of these spaces by writing N as superscript on
the operators and their entries. Moreover, we denote by MY ~1(\) @1
the natural embedding of M} ~'()\) into End(C? ® Dy) that acts like
the identity on the N-th factor of (C3)®V. This notation naturally
carries over to the monodromy-matrix entries. The following proposition
expresses AV (\) = A(\) and CY(\) = C()\) in terms of AN "1(\) ® 1 and
N1 @I

Lemma 4.1.21. For each N > 2, we have the following decompositions:

AN (X)) = AL (Non|T + 208N H (AN T (N) @ 1) (4.93)
+ By (Mo |T + 29S8V (EN T (Ao) @ D),
CN(Xo) = Ciy(Ron|m + 205V (AN () ®@1) (4.94)

+ Dy on|T + 208V H (N (M) @ 1),

Proof. We focus on the proof of (4.93). The same logic applies for (4.94).
Using (4.54) and (4.56), we write

MY (Ao) = RED Qow |7 + 208V (M (o) @1). (4.95)
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We consider the monodromy-matrix entry

AN (No) = (To ME (M) 1) (4.96)
= (1o RI% owlm + 208N (MY T o) @ 1) 1) (4.97)

Inserting 1 = 1), (T|o + [4)o (4|, right after the R-matrix in (4.97), we get

AN (20) = (1o RS Qon | + 208V 1) 110 ((Hlo MY (X0) [1)g @ 1)
+ (Ho RSN on 7+ 205V =1 [ 1) (g MO (No) [1)g @ D). (4.98)

Finally, we evaluate the various matrix elements of the right-hand side
with the help of (4.54) and (4.56). O

Diagrammatic calculus Below, we sometimes resort to graphical
arguments. This common technique in the theory of planar lattice models
provides a convenient way to visualise and manipulate algebraic expres-
sions. The building blocks of our graphical expressions are the R-matrices.
Recall that the d10V R-matrix is an operator on C? ® C3. We represent

it as
t
RED(\—plt) = A J’r (4.99)

L

The single line represents the space C2, and the double line the space
C3. Assigning orientations to vertex edges corresponds to evaluating a
matrix element of the R-matrix. For instance, we have

t

JO = plt) = (10] RE2 (A — paft) [44) = A W (4.100)

1

When combining R-matrices, any inner edge without an arrow obeys an
implicit summation rule: the diagram corresponds to the sum over all
orientations of this edge. Let us take the graphical representation of the
operator C as an example,

£ — Z A o - —- - -

Qe
any_1==%

)\1 )\2 /\N /\1 /\2 )\N
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The elements of the spin-dynamical space and its dual are respectively
represented as

004)) @ [t) = L \H/ \H/ ; (4.101)

(Mol & (k| = IWH\ /H\ | \H/ : (4.102)

Lastly, the right-to-left order of application in dual pairings translates to
diagrams drawn from bottom to top. Here is an example:

u3
(MO B(ps) A(p2)C (1) [0044)) = p2 . (4.103)

H1

Al A2 A A3

4.1.4 The transfer matrix

In this section, we define the transfer matrices of the inhomogeneous
d10V and d19V models with anti-periodic boundary conditions. For this
purpose, we view the spin-dynamical space and its dual as Z-graded vector
spaces. We analyse the transfer matrices on the subspaces of homogeneous
elements of degree 0. In particular, on these subspaces, we establish the
existence of an infinite family of commuting transfer matrices. Moreover,
we establish the so-called fusion relations, which connects the transfer
matrices of the two models.

Spin-dynamical space decomposition Recall that the definition of
the dynamical vertex models involves a reference height ¢y, that we have
not used so far. Below, we focus on the case where

T W
by = x— — 4.104
0 X2 +vy 9’ ( )
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with
(x,y) € {(1,0),(0,1),(1,1)}. (4.105)

The integer y explicitly appears in the weights of the R-matrices of the
dynamical ten- and nineteen-vertex models. Conversely, x only occurs
through the action of certain operators, such as the entries of the mon-
odromy matrix, on the spin-dynamical space or its dual.® The limitation
to (4.105) guarantees that the height parameter of any vertex weight
always respects the constraint (4.3), which implies that the vertex weights
are always well-defined.

Following [58,59,94], we introduce the operator
Sr=1+nS. (4.106)
on Dy and D%. This operator is diagonalisable, with eigenvalues
N+ x5 + Yy, Vrel. (4.107)

We denote by ID%) the corresponding eigenspace, and by [D%)* its dual.
The elements of their canonical basis are respectively given by

lo) @ [tas) (o ® (tasl, a < {1,0,4}V, (4.108)

where
tay = N(r — sa) + x5 +y57, (4.109)

and s is the magnetisation of a, defined through S|a) = sq|a). The
space Dy is a direct sum of the eigenspaces of S,

Dy = QDY v =@y (4.110)
reZ reZ

Thus, we can think of Dy and its dual as Z-graded vector spaces, with the
integer r playing the role of the grading of the homogeneous subspaces.
We now study the action of the monodromy-matrix entries on these
subspaces. To this end, we use the following lemma;:

5Studying this action reveals that the pair (x,y) can be thought of as the charac-
teristics of certain theta functions. We will, however, not develop this point of view in
this chapter.
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Lemma 4.1.22. We have the commutation relations

[A(N),S] =0, [B(N), S] = B(N), (4.111a)
[C(A),S]=—C(N), [D()),S] =0, (4.111b)

and
[A(N), S7] =nA(N), [B(N),S:] =0, (4.112a)
[C(N),S:] =0, [D(A), S7] = —nD(A). (4.112b)

Proof. By Proposition 4.1.6, (4.54) and (4.56), we have the commutation
relation
[Mo(N), of +2S] = 0. (4.113)

We obtain (4.111) by writing out this relation for the monodromy-matrix
entries. Moreover, the relations (4.112) follow from (4.111) and

[AQA), 7] = nA(N), [B(A), 7] = —nB(X), (4.114)
[C(A), 7] = nC(N), [D(A), 5] = =D (N), (4.115)
which are a straightforward consequence of (4.50). O

An immediate consequence of this lemma, is:

Corollary 4.1.23. For each r € Z, we have

AMDY c DUHY, BMDY c DY, (4.116)
c(ADY ¢ DY, MDY c DUY, (4.117)

and
D" AN c DUV, DU B(A) ¢ DY, (4.118)
D{*e(r) c Dy, DG D(A) € DT (4.119)

The transfer matrix The transfer matrix of the inhomogeneous
dynamical ten-vertex model with anti-periodic boundary conditions is
the linear operator 7(\) on Dy defined by

T = trg (53 Mo(N)) = BOV) +C(N), (4.120)
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where trg denotes the trace over the auxiliary space. By Corollary 4.1.23,

the transfer matrix preserves the homogeneous subspaces of Dy and DY .

Its action on IDE\?) and [Dgg)* is particularly interesting. We now discuss

several important properties of the transfer matrix on these subspaces.
First, we establish that the d10V transfer matrix defines a one-parameter
family of commuting operators on these subspaces.

Proposition 4.1.24. For all \, X', we have the commutation relation
[T, T(\)] =0 (4.121)

on IDg\[;) and IDg\?)*.

Proof. By (4.120), we have
T()‘O)T()‘O’) = tI‘OQI (O’éO’é/MO()\O)MOI()\W)) . (4122)

Let Aoy Z £n (mod 7, 7w). We use Proposition 4.1.11, as well as the
invertibility of the R-matrix of the d6V model, inferred from Proposi-
tion 4.1.3, to get

T(No)T (Nor) = troy (agag, REGY oor| ™ + 209) !
x MOI()\OI)MO()\O)R(()B’,U(/\00,]T)). (4.123)

The cyclic property of the trace allows us to move the rightmost R-matrix
to the left of the trace. By (4.60), its height parameter stays unchanged,

T(Ao)T(Ao/) = trool (Réldll) ()\00/|7‘)0'éo‘é, R(()Bvll) ()\00/|T + 27”5)_1
xMO/(AOI)Mo()\O)). (4.124)
Using the symmetries of Proposition 4.1.2, we obtain
1 1p(11)
T()\())T()\O/) = troor (O’OUO/ ROO’ (/\00/’ — T+ XT + y7rw)
x R (oo |7+ 208) " Mo (Ao ) Mo(o) ). (4.125)
Note that on IDES)*, we may replace 7+ 2nS = —7 4+ x7 + ymw. Therefore,
we have T(Ao)T (Aor) = T (Ao)T (Ag) on IDS\(;)*. By continuity, the com-

mutation relation holds for Aoy = +7n (mod 7, 7w), as well. Moreover, it
also holds on IDE\(;) by duality. O
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Second, we characterise 7 () as a theta function of the spectral parameter.
Lemma 4.1.25. The operator eY T (\), restricted to IDE\?) or IDS\(;)*, s a

theta function in X of order N, nome p, and norm Z;-V:l()\j —n)+x5+yT2.

Proof. By Corollary 4.1.19, the transfer matrix is an entire function of .
Moreover, we obtain the following pseudo-periodicity relations:

eiyAT(A)\HM = (—D)NeT(N), (4.126)

ely)\T()‘)‘)\%)\—Hrw - <_1)Nely)\p_N+ye_21 Z]‘:l()\—i_n_)\]) (4127)
x (pe 7 B(\) + pYetSC(N))

To simplify the second equality, we note that S, commutes with B(\) and
C(\) by Lemma 4.1.22. Hence, on IDES), we may replace S; by x§ +y%&*.
The second pseudo-periodicity (4.127) simplifies to

AT, = ()P e PR O AGAT (). (4.198)

The proposition follows from (4.126), (4.128) and Definition A.2.1. [

Third, we examine a spin-reversal symmetry of the transfer matrix. The
spin-reversal operator F on (C3)® is

F = (-1D)N@HeN, (4.129)
Its generalisation to the spin-dynamical space is
F. =FT7%5, (4.130)
We find that F; preserves [Dg\?) and IDSS)*.
Lemma 4.1.26. We have
F.B(A\) =C(\)F;, F.C(\) = B(\)F:, (4.131)

on IDg\[;) and IDg\?)*.

Proof. Since F? =1 on [Dg\?), it is sufficient to prove the first equality.
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First, we compute
COVF = CAIFIT F = (1o Mo(Al) 1)y FT (4.132)
— (o AMoNIT)GAF W T, (4.133)
Using the symmetry properties of Proposition 4.1.6 and the defini-

tion (4.54), it is straightforward to establish the commutation relation
Mo(\|7)o$F = ol FMo(A\| — 7 + x7 + ymw), which yields

CNEF = F (t[gMo(A| = 7+ x7 + yrw) [1)g ToF (4.134)
= FB(\| — 7+ x7m + yrw)T.F. (4.135)

Second, let a € {1, 0,{}}"V. We use the following shorthand notation for

the elements of the canonical basis of IDE\(;):
ey = @) @ [tayo) - (4.136)
We examine the action
CONE, [e0)) = CAr) P25+ [e(0)) (4.137)
= FB(A| — 7 4 x7 + ynw)T-25F1 |e0)y | (4.138)

where the last equality follows from (4.135). Moreover, by (4.50), we have

CNEy [e)) = FB(A| — 7 + x7 + ymw) T 251 e0)y
= FT7 26 DB\ — 7 — 2n(sq — 1) + x7 + ymw) T [ . (4.139)
Since 7T |e£,9)> = (ta,o +1)T7 \e,@) and, crucially, to,0 = —18a + x5 +
y%5’, we may rewrite this expression as
CNE: [ef)) = T2 VB (Atao +0)T; le))
= FT 26 DB(\|T) T [0y = FT726=1B(A) [eD)) . (4.140)
By Lemma 4.1.22, we may replace the action of T;Q(Sa_l) by 729, which

yields
COVF, [e) = FB(A) e) (4.141)

This equality holds for any spin configuration e, which proves F;B(\) =
C(ANF, on DY, On DY it follows by duality. 0

The spin-reversal symmetry of the transfer matrix follows straightfor-
wardly from the previous lemma.

Proposition 4.1.27. We have [T (), Fr] =0, on IDE\(;) and IDS\?)*.
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The fusion relation We now show how to obtain the transfer matrix
of the d19V model from that of the d10V. This property allows us to
focus our analysis on the d10V model. We use the superscripts (1) and
(2) to distinguish between quantities of the d10V and d19V models,
respectively.

By analogy with (4.54) and (4.56), we define the monodromy matrix of
the inhomogeneous d19V model as the following operator on C? ® Dy:

N ,
MO () = <H R (Aoj |7+ 2n577) )Tfsg. (4.142)
j=1

Here, the auxiliary space labelled by 0 is the space C3. The transfer
matrix of the inhomogeneous d19V model with anti-periodic boundary
conditions is defined as

TAM) = —tro (UMP (V). (4.143)
We now write this transfer matrix in terms of the 7(\) = T (A).

Proposition 4.1.28 (Fusion relation). We have the identity

ef2iynS,l91(7_)

TAN) = TONTON =n) + AND — n)m. (4.144)
Proof. Using the identity | = P+ 4+ P~ we may write
TON)TV (Ao — 1) = O (A) + O~ (o) (4.145)
with the two terms
OF (M) = troo (bl Py "M Qo) MG (o —m)) . (4.146)

We treat these two terms separately.

First, it follows from (4.50), (4.54), (4.56), and the symmetry properties
of Proposition 4.1.6, that

N
O+ (\o) = trow <0305,P§32+ I1 (R%”(Aojh +2psi—h
j=1

31,3
o +JO,

x R (Agj =l + 208971 + 08))TT ) (4.147)
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As a straightforward consequence of Propositions 4.1.4 and 4.1.5, we
have, for each j =1,..., N,

1 1,2 1,2
Poy Rey” Qag )Ry (hoj = it + o)
2 1,2 1
= PY R s [)RS P (Noj — nlt + o) Py (4.148)
Using this identity, we rewrite

N 1 1,2 ;
O (o) = troo <a(1)aé/ H (PéO,HR(()j’ )(/\oj]T + 208771

j=1

3 3
fer +00,

X R (Aoj =l + 20571 + 08>)TT ) (4.149)

Moreover, from (4.148), and the commutation [U(l]dé/,Péé,) +] = 0, the
operator inside the trace in (4.149) trivially vanishes on (C? A C?) ® Dy
and its dual. This property and the similarity invariance of the trace
allows us to write

1 _1q77—1
O+()\0) = trool <Q00/U00/0'00'0,U00, QSO’
)

N
< 11 (Qoof Unor Py TR (Nojl7 + 275771
j=1

1,2 i _
X Ré,j )()\oj — |t +2nS71 4 US’)UOG}QBO/)

08—1—03,

x Qoo Uoo T7 " ° UOO}QEOI), (4.150)

where @ and U are defined in (3.23) and (3.21), respectively. Using (4.23)
and the identities

Qoo Uoo a3ty Ugy Qb = —Q1, (4.151)
Qoo Unor (0] + 03 ) U Qb = 25°, (4.152)

leads to
Ot (Xo) = TP (No). (4.153)

Second, a direct computation reveals

O~ (M) = — = (Aa)D(Ao — 1) — BONC(Ao — 1)

2
+D(Ao)A(Xo — 1) = C(Ao)B(Xo — 1))
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On the right-hand side, we recognise, up to a factor, the quantum determi-
nant (4.70) of the dynamical Yang-Baxter algebra. Using Corollary 4.1.14,

we find .
e 2159, (1)

(T + 27]5) ’
which ends the proof. O

O~ (Ao) = —A(Ao)D(Ao — 1) (4.154)

4.2 Vertex-face correspondence

In order to compute the partition function of the 8V model, Baxter
related it to the 8VSOS model by means of intertwining vectors [45].
This relation later came to be known as the vertez-IRF transformation
or vertex-face correspondence [47,89]. In the description of the 8VSOS as
a dynamical vertex model, the transformation relies on an operator to
connect the R-matrices of the 8V and d6V models [32,46,47]. In this
section, we present this vertex-face correspondence. Then, we apply the
fusion procedure to generalise it to the higher-spin models of Chapters 3
and 4. Finally, we use it to relate the anti-periodic d10V transfer matrix
to the quasi-periodic 18V transfer matrix.

Let us define the matrix [94]

Da(=A+1) DaA+1)\ 1yt—ro?
VIOAR) = | 22 it iy(t=2o%)/2, 4.155
() (193(—)\+t) ds(A+1)) © (4.155)

This matrix allows us to formulate the vertez-face correspondence [45-47]:

Proposition 4.2.1. We have

REY ) Vi ) VD alt + not)
= VI Q) VY Ot + no)RED (Aialt).  (4.156)

We show that for generic values of its arguments, V(D(\|t) is invertible.

Proposition 4.2.2. For each \,t # 0 (modn, 7w), the matriz VI (\|t)
is invertible.

Proof. By the addition formula of the Jacobi theta functions (A.12),
we compute det VID(At) = e¥'9;(\)d(¢), which is non-zero for all
At # 0 (modm, mw). O
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Given the parity and pseudo periodicity properties of Jacobi theta func-
tions, the matrix V1) (A[t) obeys:

Lemma 4.2.3. We have

WA =) = VD(At)ole VEHAT") (4.157)
WAt + xm + yrw) = (—1)i(io1)Y (10 VO (A[p)e YEAT") | (4.158)

To derive the vertex-face correspondence relating the R-matrices of the
18V and d10V models, we need the following result, obtained from two
consecutive applications of Proposition 4.2.1:

Lemma 4.2.4. We have
RV ) REY ) VO O [0V (st VD Ot
12 (A12)Ryg ™/ (A3) V7 (M) Vg ( 3 +7701) 2 ( 2] +77(U1+0'3))

(1)()‘3|t)‘/2 (>\2|t + 770'3)V1 (/\1’2& + 7’](0’2 + 0'3))
x R (Aot +1od)REY (Asft). (4.159)

4.2.1 Fusion of the vertex-face correspondence

We apply the fusion procedure described in Section 4.1.2 to VD (A|t) in
order to build its spin-1 generalisation. It reads

D (At) = QuaUn[PL VIV NOVEY (A — it +no}) U Ql,. (4.160)

with U and @ as in (3.21) and (3.23). A direct computation involving
identities between Jacobi theta functions leads to the explicit expression:

®(At) =

Do (t—=A)Do(t—A+21) « 1192( Mo (t4A) Do (t+A)Do(t+A—21)
o (1) Do (t—A+n) Ua(t)02(A) aﬁz( )2(t+A=n)
Da(t=A)Ds(t=A+2n) a D3(t=N)D3(t+)  Ds(t+1)Ds(t+A—2n)

x Y (H=Ns%) (4 161)

This matrix allows us to formulate the vertex-face correspondence between
the R-matrices of the 18V and d10V models.
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Proposition 4.2.5. We have

R u2) Vi ) VA alt + not)
= VP )V [t + 2nsHRED (Apo|t). (4.162)

Proof. To prove the statement, we apply transformations to (4.159)
until the definitions of R (\j5) and R(M2)(A19|t) appear. We specialise
(4.159) to A3 = A2 — 1, and multiply it by R%’l)(mt + no?) on the right,
Ry 2 REEY iz + ) Vi)
1 1 1,1
< VA" g = nft + o) V5 Qualt + m(o? + o3RS (nlt + no?)]
= vV i)y’ ><A2\t+nog>v1 <Alrt+n<@ +a3))
Ri" (Mialt + nod)Ris” (Misl)Rs ™ (nlt + o). (4.163)

xRy

We denote by X7, and Xg the left- and right-hand sides of (4.163), respec-
tively. First, we work on Xy,. We apply the vertex-face correspondence
(4.156) on the bracketed product, then the YBE. We obtain

Xy = [REV ) REY 2 + )R a2V (A t)
x [P VY alt + 0o Vi (g — nft + (o + 03))]. (4.164)
Second, we work on Xi. We apply the dYBE on the bracketed product

Then, we use (4.8) to commmute R% (n|t) to the left of V1 ()\1|t +
n(o3 + 03)). Lastly, we use the vertex-face correspondence (4.156) to get

X =[RSV )V o) VD g — gt + 5oV Ot + n(od + 03))
x [P TREY (Mg + nlt + nod)RGY (Aa]t)]. (4.165)

By Proposition 3.1.1, and the definitions (3.25) and (4.160), we find

A~

4 1 1t
————— Q23U FEy3 X1,Usys Q53
91(n)V4(2n)

= R D)V O ) Ve (st + o). (4.166)

We apply the same transformations on the right-hand side. We use
Proposition 3.1.1, the definitions (4.21) and (4.160) and the relation

Q12U12(O'? + U%)U{ngIiQ = 255, (4167)
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We obtain

194 —1 -1t
—————Q23Ua3E55 XrUsys Q53
V1(1)94(21n)

= V2 )y VI |t + 20sHRED (\o]t).  (4.168)

Finally, equating (4.166) and (4.168) yields (4.162). O
We define N
V() = [T VP Oyt +20577Y). (4.169)
j=1

This operator Vq@) allows us to formulate the vertex-face correspondence
relating the monodromy matrices of the 18V and d10V models.

Proposition 4.2.6. We have

MoWVI AV (4 nod) = V) VD (At + 205)Mo(A[t). (4.170)

Proof. The relation follows from N successive applications of Proposi-
tion 4.2.5. O

One can reproduce the reasoning of Proposition 4.2.5, starting from
(4.170) for N = 2, to derive the fused vertez-face correspondence.
Proposition 4.2.7. We have
Ri3Y (a2 IO V2 Qalt + 20s)
= VP Q) VP (At + 20s)RGY (Aalt). (4.171)
To conclude this subsection, we state analyticity and pseudo-periodicity
properties for V() (A[t) and Vq(z) (1).

Proposition 4.2.8. The matriz V) (\|t) is an entire function of .
Moreover, it obeys the following pseudo-periodicity relations:
VAN +7t) = —QPVEA ) (%), (4.172a)

VO + qwlt) = —p e 2V @) (A[t)eits 2% =y (4.172D)
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From the previous proposition, we deduce analyticity and pseudo-periodi-
. . 2)
city properties for V; ().

Proposition 4.2.9. The matriz Vq(2) (t) is an entire function of each in-
homogeneity parameter. Moreover, fori =1,..., N, it obeys the following
pseudo-periodicity relations:

VAW, _, .=~V m@y,
—1,-2i\ i =1 s342in(s3)?, —ys?
Vq(2)( ) NIV 1o QAZQ}Vq(Q)(t)g (t+2nS* ) s} +2in(s})? p—ys]

Moreover, Vq(z) (t) possesses an exchange relation, deduced from Proposi-
tion 4.2.7:

Proposition 4.2.10. For eachi=1,...,N — 1, we have

R (i1t + 2081, (4.174)

RPN ) VA () = V(1) @2

)\¢<—>)\¢+1

4.2.2 Relation between transfer matrices

Let us introduce a projector P : Dy — (C3)®V such that for each
o) @ |t) € Dy,
Pla)®|t) =|a). (4.175)

Naturally, we have
PT* =P. (4.176)

Moreover, when restricted to [DSS), P is an isomorphism. We define an

operator V4 € End(C?)®" such that, restricted to the subspace [DS\?), we
have

qu(2) (1) = V,P. (4.177)
On each element |a) of the canonical basis of (C3)®¥ | the operator acts

as

Vyla) = VP (tap) o), (4.178)
with tq,0 as defined in (4.109).

The following assumption is essential to establish that the restriction of
V,P to IDS\?) is invertible. In turn, this operator proves useful in relating
the eigenvalue problems of the transfer matrices of the anti-periodic d10V
and the quasi-periodic 18V models.
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Assumption 4.2.11. The operator V, is an automorphism of (C3)®V.

The main obstacle to proving this assumption resides in the non-local
nature of the operator V,, brought on by the S~ in (4.169) and by the
dependence on tq o in (4.178). Note that an inductive argument for the
spin-1/2 equivalent of Assumption 4.2.11 was presented in [94]. However,
its rigorous adaptation to the present case has revealed to be a challenge.
We assume that Assumption 4.2.11 holds throughout the remainder of
our work.

The operator VP relates the anti-periodic d10V transfer matrix 7 (\)
to the quasi-periodic 18V transfer matrix T (\). Each choice of the
parameters (x,y) corresponds to a choice of boundary conditions for the
vertex model. To reflect this relation, we re-label the twists of (3.47) and
(3.48) in terms of (x,y) as

io = (i)Y (i0®)*, Q= (QhHyY ()~ (4.179)
The twists (4.179) for (x,y) = (0,1),(1,1),(1,0) are equal to ic", QF,
with kK = 1,2, 3, respectively.
Proposition 4.2.12. In the subspace [Dg\(;), we have

TONV,P = (-1)YiV,PT(\). (4.180)

Proof. We use Propositions 3.1.11 and 4.1.13 to rewrite Proposition 4.2.6
as

VOO V2 + na T Mo (o3 1205 +(f)’75 ) s
1

= g Mo(N) a3V (r)V N+ nlr + 208). (4.181)

The idea behind this proof is to apply algebraic operations to this equation,
until the definitions of 7 () and T()\) appear. First, due to (A.4), we
(0)
note that on Dy,
91(1T +215) 9ips
S S e VPN —
V1(7)

We thus remove this operator from (4.181). Second, by Lemma 4.2.3, we

1. (4.182)

have

VA = 7 4 x4+ yrw) = (=1)i(ic) )Y (o VIO (N 7)o, (4.183)
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We use this relation on the matrix Vo(l)()\ + n|7) in the left-hand side of
(4.181), and obtain

Vo(l)()\ +n| — 7+ xm+ yTrw)JéV;]@) (T + nUS)ngagMo()\)toag
= (—1)i(ie")Y (i) og Mo\ o3 V2 (1) Vi (A + ml7 + 208). (4.184)

By Proposition 4.2.2, the matrix Vo(l)(/\ + n|T + 2nS) is invertible in
Ct® ID%)) for A # —n (mod 7, 7w). Indeed, the canonical basis of IDS\(?)
is an eigenbasis of 7 + 21S with eigenvalues in x5 + y&? + [-N, N]n.
Therefore, the evaluation of 7 + 2nS on the basis is never congruent to
0 (mod 7, 7w). We multiply (4.184) on the right by I/()(l)()\+77|7'+2175)_1,
then take its trace with respect to the auxiliary space,

tro (Vo(l)()\ +n| — 74+ xm+ ym,u)a(l)Vq(Q) (T 4 nop)
x T o3 Mo(N) a3 Vi (A + nlr + 205) ™)
= (=1)Yitxo ((i03)? (i05) o3 Mo(N) 003 ) V2 (7). (4.185)

Let us denote by X1, and Xy the left- and right-hand sides of this equation,
respectively. We work on them separately, starting with Xy. Using the
similarity and transposition invariance of the trace, and the commutation
relations of Pauli matrices, we find

Xp = (—1)¥itrg (of(i08)! (103 o3 Mo(V)" ) V2 (), (4.186)
= (= 1)itwo (((103)Y (i))0 Mo () ) Vi (), (4.187)
_ (—1)1+yiT(1)(>\)V;Z(2) (7). (4.188)

We apply P to the left of the expression. By (4.177), this yields

PXg = (—1)iTO NV, P. (4.189)

We now turn our attention to Xi,. A direct computation reveals that the

quantity
o3 DAT+n) —BW\T+n)
T2 oi Mo(\) 002 = ( (4.190)
° P \-CAIr =) AT ) )
does not involve the operators T*. Moreover, in [Dg\?), T+2nS=—-17+

xm + ymw. These remarks, along with the cyclic property of the trace,
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allow us to simplify the operators V(! in Xp,. It becomes
0.3
X1, = tro <03TT0Vq(2> (r)agMo(A)foag) : (4.191)

where we used (4.50). We apply P to the left of the expression. The
properties (4.176) and (4.177), the similarity and transposition invariance
of the trace, and the commutation relations of Pauli matrices lead to

PX;, = V,Ptrg ((030303)° Mo(N)) = =V, PT(N). (4.192)

Equating P X1, to PXR establishes (4.180) for A # —n (mod 7, 7w). By
continuity, the relation holds for all A € C. O

By Assumption 4.2.11, we have the following result:

Proposition 4.2.13. We have

TON) = (- iV, PTO)[V,P] L (4.193)

This last proposition indicates that we can solve the eigenvalue problem
of the quasi-periodic 18V transfer matrix by considering that of the
anti-periodic d10V transfer matrix instead.

4.A Inversion formulas

In this appendix, we provide a proof for the inversion formula of Proposi-
tion 4.1.13. First, we state and prove a similar inversion formula for the
d6V model. Then, we apply the fusion procedure to it in order to obtain
that of the d10V model.

For the dynamical six-vertex model Let us introduce the operators
A as

N =0}, j=1,...,N, (4.194)

and AY = 0. In particular, A = A" is the total spin operator on (C?)®V.
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We define the monodromy matrix of the d6V model as

Mo(%) = MO()“T)TTUSv Mo(Xo[t) = H R(l b ()\()j ‘t + nAjfl) :

(4.195)
This matrix possesses an inversion formula [58,59], which implicitely
relates its inverse to its transpose with respect to the auxiliary space.

Proposition 4.A.1. We have

o eV (1)

MoX) o Mo(h = )00 = TPl EAQ = mDO ). (4:196)

Elements of its proof can be found in [58,101]. In this appendix, we
expose the full reasoning. The first intermediate result is the crossing
symmetry of the R-matrix of the d6V model, which we obtain through
direct computation. Recall the notation

RISV (At) = PUREY (A1) Pl (4.197)
Proposition 4.A.2. We have

D (Ar) = ~17963 (R (-A — nfr)778) " o3

V1719 (7 4 o)
V1(7)

(4.198)

Another useful equality relates the transpose of the monodromy matrix
to a product of transposed R-matrices.

Lemma 4.A.3. We have

—ad -~ N —ad (1,1) i1 o3 to
T OMo()\O)tO = H T ° R0j7 ()\Oj ‘7‘ /A )TTO) . (4.199)
j=1

Proof. We proceed by induction on system size N. We start the proof
with two preliminary considerations. First, we recall the projectors on
the canonical basis vectors of C2,

P = 1(ﬂ +0%). (4.200)
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For any A € End(C?), the decomposition of the identity as | = p* + p~,
and (4.50), allow us to write

Ao(T +n0?) =Xy p§Ao(T + ne), (4.201a)
T;US(AO(T)T:S)tO = >t PoAo(T —ne)’. (4.201Db)

Second, we recall some useful commutation relations. One checks that
the following equalities hold:

(REV ), 05 a3l =0,  [(REVA)), 0308 =0, (4.202)

where the second one follows from the first one. From these, we deduce
that

(REVOI), pp5] =0, Voee{+.—}, 6 #¢, (4.203n)
(RO, piwf +prpz) =0. (4.203b)
We now move on to the inductive proof. For N = 1, the definition of

Mo(\) ensures that (4.199) holds. Let us assume that the equality holds
for N =L — 1, with L > 2. We decompose

HT ( ()\0] |7+ qad 1) 77 )to (4.204)

—of (1) o\ —od [ AN
=T, °° <R (Ao1|T)Tr ) " <M0,2~--L(>\0|T+UU1)TTO> )

where Mo ..., (A|t) is the size-(L—1) monodromy matrix that acts non-
trivially on the auxiliary space 0, and the factors of C? of the spin space
labelled by 2,3,---, L.

We apply the decompositions (4.201) to the right-hand side of (4.204).
This yields

S 3 RSV Qotlr = 17)™ pp§ Moo (ol + (e — 6)). (4.205)
v,0,e==%

We note that for § = € = 4, the summands multiplying the projectors pépi
have the same expression. By virtue of (4.203), we can therefore commute
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the projectors pdp5 to the left of the R-matrix for all 6,& € {+, —}. After
simplication, (4.205) becomes

> Bi RS ot — 08)"0Moa..r.(ol7 + n(e — 8))™.  (4.206)
d,e==

By property of the transposition, and (4.201), this expression equals
_~3 ~
T, 7 Mo(Xo)*, which concludes the proof. O

Proof of Proposition 4.A.1. Proposition 4.1.3 establishes

=5

N
(R (7 7) TR (o)

= (—DNYAM\ =)D\ —n). (4.207)

We recognise the definition (4.195) and use Proposition 4.A.2 on the
elements of the rightmost product. We obtain

~ _o3 N o3 ) 8 to
Mo(M)T; 7 J] 770 (R&"l) ()‘Oj -1 ‘T + nAJ_l) TTO> op
7=1

e—iynAlgl (7’)

= T AP =) (4.208)

3 _ 3
Finally, the property o3 70 o3 =T 70 along with Lemma 4.A.3, lead
to (4.199). O

For the dynamical ten-vertex model We now prove the inversion
formula for the d10V model. To this end, we apply the fusion procedure
to the inversion formula of the d6V model.

Proof of Proposition 4.1.13. Let us consider (4.196) for system size 2N,
and with spectral and inhomogeneity parameters specialised to

A=X), A1 =X, Ay=XN—n,  i=1,...,N.  (4.209)
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We denote by X1, and Xy the left- and right-hand sides of the equation,
respectively. The left-hand side is

xp = TR (M + 0 +0a2 ) RS, (M, |7 +9A26-0) 720

=

Il
—

J
9 v (1,1) 2j—1
X 00<HR07§]- ( 0 ‘T+77A j* )
=1
to
. o3
X R(()fé?_1 ( 63' -1 ’T—F??AQ(]A)) TTO> 0(2)- (4.210)

We multiply it on the left by P2(11\;,J2FN—1 e P2(11 + . We observe that, for all
t € C, the operator

1)+ 1,1 1,1
PQ(i,)ZiflR[(),Qi) ( 0 + 1 ’t + 77031‘—1> Régi),l (Ao [t) (4.211)

leaves invariant the left symmetric subspace of the 2i and (2i—1)-th factors
C? in the spin space. Moreover, the projector obeys the commutation
relation

[Piibi1, 0% + 0% 4] = 0. (4.212)

Therefore, the expression of PQ(}\;’JQFN_l e P2(11)+XL corresponds to (4.210),
with an extra operator Pz(;,);]r'q on the left of the j-th factor of both
products. We conjugate with the appropriate change of basis (3.21) and

restriction operator (3.23), and find

)
N L L 1)+ N 7r—1 t
{szl Q2]72]—1U2]72]—1P2j,2j71 XL j=1 U2j,2j71Q2j,2j71

= D)D) + 1) Mo(Ny) oe Mo(Ny — n)002, (4.213)

where we used (4.167). We reproduce all these operations on the right-
hand side. We obtain

')
N L L (H+ N -1 t
|:Hj1 QQ],QJ—IU2j,2j—lp2j72j_1:| XR [Hj:1 Ugjjgj_lQQj,Zj—l}

e_2iy775191(7')

= 9 1 2ns) RPR)DXo + MDA — 7). (4214)

The simplication of (4.213) and (4.214) allows us to reach (4.69). O
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Chapter 5

Dynamical ten-vertex model
via quantum Separation of
Variables

Separation of Variables (SoV) is a solving technique that has kept its
relevance throughout the ages [150,151]. At its core is a simple concept:
the reduction of a multidimensional problem to a series of one-dimensional
ones [50]. One of its noteworthy successes occurred in the context of
Liouville-classical integrability, where SoV was used to greatly simplify
the Hamilton-Jacobi equations of certain systems [152]. Ultimately, this
inspired Gutzwiller [153], and then notably Sklyanin to apply the idea
to the realm of quantum integrability [49,50]. This new version was
originally devised as a type of Bethe Ansatz, the functional Bethe Ansatz.
The technique later came to be known as quantum Separation of Variables
(¢SoV), and has stayed an active topic of research ever since [51-59].

The strategy behind the qSoV approach! relies on the introduction of a
new basis of the space of states, the gSoV basis. In this basis, the eigenvalue
problem of the transfer matrix reduces to a set of lower-dimensional linear
systems. Solving them leads to a complete (albeit implicit) description
of the spectrum and eigenvectors. On the one hand, eigenvalues are
characterised as a certain class of functions that fulfil a set of discrete

"We provide here a brief symptomatic description, for a more complete review, see
for example [154].

151
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equations. On the other hand, the entries of the eigenvectors in the qSoV
basis are shown to possess a factorised form.

The gSoV approach presents some advantages compared to the algebraic
Bethe Ansatz (ABA). The first advantage is that qSoV has been success-
fully applied to models where the ABA could not, notably because of the
lack of an appropriate reference state. Examples include the anti-periodic
spin-1/2 XXX and XXZ spin chains [51,52], and higher-spin general-
isations [53,54]. Additionally, Maillet and Niccoli recently proposed a
variant of qSoV, meant to broaden its scope of application to higher-rank
models [55]. The second advantage is that qSoV provides a complete
characterisation of the spectrum and eigenvectors as an inherent feature.
In contrast, in the ABA, the proof of the completeness of the spectrum
description is often an issue [19]. Finally, the qSoV approach has proven
effective at obtaining determinant formulas for scalar products of separate
states®, and for form factors® [51-53,59]. These quantities have been
used as stepping stones in the computation of correlation functions [155].

Another type of models where qSoV was successfully applied are solid-on-
solid, or dynamical vertex models [56-59]. In this chapter, we follow [58,59],
and exploit qSoV to investigate the eigenvalue problem of the transfer
matrix of the anti-periodic d10V model. We now detail the steps that we
take in order to solve this problem.

In Section 5.1, we introduce a set of vectors, defined from the repeated
action of the monodromy-matrix entry C(\) on reference states.* We
call them ¢SoV states. We derive a number of properties for these states,
notably the action of monodromy-matrix entries on them, and the dual
pairing between any two states. This last result allows us to prove that
the qSoV states form a basis of the space of states.

In Section 5.2, we consider the eigenvalue problem of the anti-periodic
d10V transfer matrix. Its solution follows the qSoV program described
above. In particular, we compute one eigenvalue explicitly and show

2Separate states are a class of vectors with factorised components in the qSoV basis,
which includes the eigenvectors of the transfer matrix.

3Form factors are matrix elements of local operators in the eigenbasis of the transfer
matrix.

4The qSoV approach also makes use of reference states, not to be confused with
those required by the ABA.
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that it possesses a remarkably simple form. We find an expression for a
quadratic sum rule involving its associated eigenvectors as a determinant
formula. Finally, we exploit the qSoV formulation and derive a series of
properties of these special eigenvectors that characterise them implicitly.

5.1 The qSoV basis

We begin our investigation in Section 5.1.1 with the definition of the left
and right ¢SoV states. In Section 5.1.2, we examine the actions of the
monodromy-matrix entries on the qSoV states. These are relatively simple
compared to the actions on the canonical basis vectors. In Section 5.1.3,
we compute a formula for the dual pairing between any left and right gSoV
states. From it we deduce the main result of this section: for each integer
r, certain subsets of the right and left qSoV states form a basis of the
subspace IDEG) and its dual, respectively. The purpose of Section 5.1.4 is to
analyse the qSoV states as functions of the inhomogeneity parameters. In
particular, we discuss their pseudo-periodicity and analyticity properties,

and establish exchange and reduction relations.

5.1.1 Left and right qSoV states

Bold letters of the Latin alphabet h, k stand for elements of {0, 1,2}, un-
less stated otherwise. We write b = (hq,--- , hy), and use the conventions
0=(0,---,0)and 2 =(2,---,2).

We consider the following right and left reference states:

”27T>> = |‘U T l» X ’tZ,r> ) la
(0,7 = (- @ (o, 5.1b)
with
N
th,r = 77(7“ — Sh) + X% + y%, Sp = Z(l — h]‘). (52)
j=1

(r)
N

They belong in D}/ and its dual, respectively.
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We build the qSoV states through the repeated action of the monodromy-
matrix entry C(\) on the two reference states. In order for them to be
well-defined, it is crucial that the inhomogeneity parameters be generic,
as defined in Definition 4.1.15.

Definition 5.1.1. For each h € {0,1,2}" and r € Z, we define the right
and left qSoV states respectively as’

n(h
[k, 7)) [H H hil))))

=1 h=h;

12,7, (5.3)

Jj=1

_ T C<A ).

where D(X) is defined in (3.49

The qSoV states are eigenvectors of both S and 7. This property follows
from the definition of the monodromy matrix and the reference states, as
well as from Lemma 4.1.22.

Proposition 5.1.2. We have
Tlh,r) = thrlh, 7)), ((h,rllT = thr(h, (5.5a)
S|k, 7)) = snllh, 7)), (h,r||S = sn((h, 7. (5.5b)

Combining this proposition with the definition of S;, we immediately
obtain:

Corollary 5.1.3. We have ||h,r)) € IDEG) and ((h,r| € ID%)*.

5.1.2 Action of the monodromy-matrix entries

We now examine the actions of the monodromy-matrix entries B(\),C())
and D(A) on the left and right qSoV states ((h, r|| and ||k, r)). We find that
D()) acts as a shift operator on the r, while it leaves the h unchanged.
Conversely, B(A) and C(A) act as weighted sums of shift operators on the
h, while the r remains unchanged. The proofs of these results are often
similar for the left and right qSoV states. Hence, we only present them
for the right qSoV states. If necessary, we point out the modifications for
the left gSoV states.

SWe follow the convention that products over empty sets evaluate to 1, i.e.

[T f(h) =12 f(h) =
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Action on the reference states Before addressing the general case,
we start with preliminary results regarding the reference states. Recall
that we write IV as superscript on the monodromy-matrix entries to stress
that they are operators on Dy . In the next proposition, we evaluate the
actions of AX(\) @ 1PWN=L) BL(X\) @ 1®(N=L) and DL(N\) @ 1®(V=L) on
the reference states, L = 1,..., N. These operators are the respective
natural embeddings of A*()\), BX(\), D()) into End(Dy) that act like
the identity on the last (N —L) factors of (C*)V. It will also be convenient
to introduce

D)) = ﬁ 91N = N)), AN =DE(N+2n).  (5.6)
j=1

Note that D¥(A) = D(A\) and AV ()\) = A()), as defined in (3.49).
Proposition 5.1.4. For each L=1,...,N, and t € {y +nZ, we have
V1(t)

(AP @PNV=E) g @ |t) = A e orT) (5.7)
x DEQ) U Wy @ [t —n),
(BE) @1 =B) |4 @ |t) =0, (5.8)
(PPN @IPW=D) [y gy @ [t) = AEQ) [ Wy @t +n),  (5.9)
and
(@ (¢ (AR) @IPVD) = AXQ) (- @ (4], (5.10)
(- le i (BX ) @ 191 =, (5.11)
(-l @ (t] (DH(V) @121 _e—QiynLﬁl(tT(;(;L”)_ oy (12

x DEQ) (- @ (t — ] .

Proof. We focus on the proof of (5.7). The reasoning behind the other
identities is similar. Graphically, we have

(AL Qo) 1PV g 1) @ Jt)

SIS I I 1IN
_O%\H/\H/;H:‘H"H’;H;()

t
A
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The ice rule forces the first L vertices on the left to be of type h. Thus,
the only non-zero entry of (5.13) reads

t n I
= [T h(oslt =n(25 —1)). (5.14)
j=1

Using (4.22), the product on the right-hand side simplifies to

V1(1)

mDL(A), (5.15)

L
H (Mojlt —n(2j — 1)) = e2ynl

which establishes (5.7). O

Action on the qSoV states We study the action of D(\) on the qSoV
states ||k, 7)) and ((h,r||. It acts by shifting the parameter .

Proposition 5.1.5. We have

D[k, 7)) = dpys1(N)[[hy 7+ 1)), (5.16)
<<h’7 THD()‘) = dh,'r—l()‘) <<h7 r—= 1”7 (517)

where

191 th r
V1(t2,r)

N
dp,(N) = e yn(N+sn) H (A=A + 1hy). (5.18)

Proof. The proof is based on a standard technique of the Quantum
Inverse Scattering Method [19]. Its idea is to explicitly write out the
qSoV state, using Definition 5.1.1, and commute D(\) to the right of the
product of operators C. After this commutation, we use Proposition 5.1.4
to compute the action of D(A) on the reference state.

By Proposition 4.1.12, the commutation of D(A) and C(u) is a linear
combination of C(A\)D(u) and C(u)D(A). This property allows us to
identify three possible contributions to the action of D(A) on the qSoV
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state:

D(A)

N 1 L
meom = (s T 5555053

N [T Ty Cu=nt 1)) (O =m T, DO = 20)
! kz_:th’k ]Hl hl__{,- D(Aj =n(h+1))] <D()‘kz - 77)) C()\)D()‘kz —2n)
J#k
N[ eyt 1), COw — 21) D(Ak—m)
+1§1Yhyk-j1;[1hgj D(Aj —n(h + ))_C()\)D(Ak—Qﬁ)D(Ak—T}) 12,73
J#k

Here, Xp,,Yn 1 and Yh,k are computable coefficients, well-defined for
generic inhomogeneity parameters. We now analyse each contribution
individually.

The second contribution in the sum trivially cancels. Indeed, we show
that the factor D(A\; — 21)||2,7)) = 0, by Proposition 5.1.4, and since
AN\, —2n) =0, foreach k =1,...,N.

The third contribution never occurs, i.e. }_/h’k = 0. For hy = 1, 2, the claim
is clear. For hy = 0, we deduce the cancellation from the commutation
sequence necessary to obtain such a term. We start from the following
rewriting, due to Proposition 4.1.12:

C(A —n) C(A\x — 2n)
D(Ar —n) D(Ax — 2n)

D[k, 7)) =D(A)

N CO\ —n(h 1)
" jllllhl:_[hj D(/\Jj—n(h+1)) 12,7). (5.19)
ik

First, we need to commute D(A) to the right of C(A\r —n) while exchanging
their arguments. Second, we need to pass the operator D(A\; — 1) to the
right of C(A; — 2n) while keeping their respective arguments. However, we
see from (4.66) that this last commutation is impossible, since a(—n) = 0.

Therefore, the first contribution is the only one that remains. From (4.50)
and Proposition 4.1.12, we compute the coefficient

Xh _ e_iyn(]\u_sh) 191 (th,r + 7’) H§V:1 191(>‘ - >‘j + nh])
Y1(ter +1) A(N)

(5.20)
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Using Proposition 5.1.4, we find
D)k, ) = XpAN) [, r + 1)) = dpria (W), r + 1)), (5.21)

which establishes (5.16). O

We now consider C(\) and B()). They act on the qSoV states ||k, r)) and
{(h,r|| as weighted sums of shift operators on the h. Foreachi =1,..., N,
we define TijE :ZN - 7N as

Ei(hlv"’ 7hi7'” 7hN>:(h17”' 7h’Lj:17 7hN) (522)

We note that Tii does not preserve {0,1,2}". By convention, we set
|k, 7)) = 0 and ((k,r| = 0 for each k € ZV\{0, 1,2}".

Proposition 5.1.6. We have

_ ?91(—)\+/\'—77h'+thr)
V) = S YO Haky) j — 1%+ th, 5.23
Ml Z T2 () (5.23)
91\ = Ap + nh B
T O AEI) 1,
k;ﬁj )‘ nhjk’)
h THC Zefly (A=Xj+nh;) 191(_A + >‘j — 77hj + thﬂ") (524)

ﬂl(th,r)
sl ()\ — A, + nhk)
V1(Ajk — nhj)

D(Aj —n(h; +1){(T} R, 7|,
iy

where hj, = hj — hy.

Proposition 5.1.7. We have

_ yO1(=A + A = nhy +th, )
h iy(A=Xj+nh;) J J ) 5.95
Ak, ) Ze 1 (tn ) (5.25)
H 791 A=A+ nhk>
k;éj )\ nh‘]k)

A, O = 1) IT; B, 1),

_ V1(=A+Xj —nh; +th_,)
h r B e iy(A=Xj+nh;) J J ) 5.26
(hrlB) = 3 el (5.20)

7=1
V1(A — A +nhy)
1(Njk — nhik)

Ag—p (X = n(hy = 1))(T; h, 7,
. J
k#j
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where

_ inyr ﬁl(thﬂ")
Apr(\) = =1 T (thﬂ)A(A). (5.27)

To prove Propositions 5.1.6 and 5.1.7, we characterise the actions of B(\)
and C(\) on the qSoV states as theta functions of the spectral parameter
A (see Appendix A.2).

Lemma 5.1.8. The vectors
()|, 1) and M (R, rC(N)

are theta functions in X of degree N, nome p, and norm Z;VZI Aj +tor-
The wvectors

e_iy’\B()\)Hh, ) and e_iw‘((h, r||B(N)

are theta functions in X of degree N, nome p, and norm Z;-V:l Aj—ta,.

Proof. The lemma straightforwardly follows from the definition of theta
functions A.2.1, Corollaries 4.1.19 and 5.1.3 and Lemma 4.1.22. O

By Proposition A.2.4, we can interpolate the vectors
MCN) Ry, (b, r[IC(A), e B[Ry, e (R, BN,

provided that we know their expressions at N independent values of A.
Here, we select these values in terms of the qSoV state on which the
operators act. They are given by

)\:)\j—nhj, j=1,...,N. (5.28)

These points are independent in the sense of Definition A.2.3. Indeed, for
generic inhomogeneity parameters, we check

N
Xij —nhi; # 0 (mod 7, Tw), Z Ai —nh; #t (mod 7, 7mw), (5.29)
i=1

with ¢t = Z;-V:l Aj +to, or Zé\f:l Aj — t2,. The non-congruence on the
right-hand side crucially follows from (4.3) and (4.105).

The purpose of the two following lemmas is to explicitly compute the
actions of B(\) and C(\) at the specific values (5.28).
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Lemma 5.1.9. For each j=1,..., N, we have

C(Aj = nhj)llh,r)) = D(X; — nhy) [ T; h, 7)) (5.30)
(R, 7IC(N; = nhj) = DN; = n(h; + 1)(T; h,r|. (5.31)

Proof. For hj = 1,2, the equality (5.30) straightforwardly follows from
Definition 5.1.1 and the commutativity of the operators C, as established
in Proposition 4.1.12. For h; = 0, we find

CG)CA; —n)C(A; — 2n)
D(Aj —n)D(}; —2n)

N 1 +1))
]:[ 11 Gy |12 632

CAj)llh, ) =

The triple product of operators C in the prefactor vanishes by Proposi-
tion 4.1.17, which concludes the proof of (5.30). O

Lemma 5.1.10. For each j =1,...,N, we have
B —nhy)[hr) = Agey (N = nhy) T ), (5.33)
(. 7IB(A; = nhj) = Ap—p, (Aj = 0y = 1))(T5 R 7). (5.34)
Proof. We examine the three possible values h; = 0,1, 2 separately, using
QISM arguments.
First, we consider h; = 2. By Proposition 5.1.4, we have
B(\; —21n)||2,7) = 0. (5.35)

For h # 2, let i = 1,..., N be the largest integer such that h; # 2. By
Lemma 5.1.9, we have

C(Ai —n(hi +1))
D(Ai = n(hi + 1))
We commute B(A\; — 2n) right of C(A; — n(h; + 1)) in this expression. By
Proposition 4.1.12, we identify three possible contributions,

B(Aj —2n)|[h, ) = B(Aj — 2n) IT; 7). (5.36)

B(A; = 2n)[[h, 7)) = (XC(Ai = n(hi +1))B(X; — 2n)
T+ YA — 2D — (ks + D) IT R 7)),
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where X,Y,Y are computable coefficients, well-defined for generic in-
homogeneity parameters. By Proposition 5.1.5, the two last terms are
proportional to dT+h r1(Aj —2n) =0, and dT+h 1A= n(hi +1)) =0,
respectively, so that

B(Aj —2n)||h, 7)) = XC(Ai — n(hi + 1))B(X\; — 2n) | T h, ). (5.38)

We iterate this equation and obtain

! >\k— +1))
B(X\j —2n)||h, 7)) B(\;j —2n)||2,7)),
( ol kl_[lh]:i[ hT1) ( ml2,r)

where X is another computable coefficient. Using (5.35), we find B()\; —
2n)||h,r)) = 0, which establishes (5.33) for h; = 2.

Second,we consider h; = 1. As above, we use Lemma 5.1.9 to rewrite

C(Aj —2n)

By = mlihr)) = By =55 s

HT;rh, ). (5.39)
The quantum determinant relation of Corollary 4.1.14 allows us to write

B(xj —n)C(A; —2n) = A(X; —n)D(A; — 2)

efQiynSﬁl(T)
(T +2nS)’
By Proposition 5.1.5, the action of the first term of the right-hand side
of this equality vanishes on HTjJrh, )

— A\ —n)D(N; —2n) (5.40)

D\ = 2)| T} h,r)) = Arpra (A )T h,r)) =0.  (541)

Only the action of the second term of (5.40) remains. We find

f21ynsT+h
(] (t +h )
B(Aj —n)l|h, 7)) = —A(X\; —n) IT; h, 7)), (5.42)
(1 (twh i~ 2773T.+h>
J ’ J

where we used Proposition 5.1.2. Further simplifications follow from
the pseudo-periodicity of the Jacobi theta functions and the identity
thy + 208y = —tp,—r + X7 + ymw, which is an immediate consequence of
(5.2). These simplifications lead to (5.33) with h; = 1.

Finally, the proof for h; = 0, albeit more involved, follows the same lines
as for hj = 1. O
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Proof of Propositions 5.1.6 and 5.1.7. The propositions follow from the
elliptic interpolation of the vectors

Ny, (b, rC(N), e ABM|R, ), e (A, rIB(),

based on their values at the points A = A\; —nh;, j =1,..., N, provided
by Lemmas 5.1.9 and 5.1.10. O

5.1.3 Dual pairings

We now establish a formula for the dual pairings between left and right
qSoV states. We proceed by induction. The first step is computing the
dual pairing for a simple choice of qSoV states.

Lemma 5.1.11. We have ((2,7]/2,7)) = 1.

Proof. We compute the dual pairing with the help of graphical arguments.
To this end, we first evaluate a partition function of the d10V model on
a 2N x N rectangle with domain-wall boundary conditions:

AN

AN—T
Wn(t) = An-1 : ) (5.43)

A1—17

A1 AN—1 AN

We show that Wy (¢) obeys a simple recurrence relation that we solve
explicitly.

To understand the mechanism that leads to this recurrence relation, we
first consider N = 1. For this base case, the configuration of the only
two vertices is uniquely determined by the ice rule and the boundary
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conditions. The partition function is

Wi(t) = - = &(0ft = 2m)j(=nlt —n) = I1(n)91(2n), (5.44)

A1
where the last equality follows from (4.22).

We now examine the case N > 2. By the ice rule, the vertex in the
upper-right corner is either of type g or h, with a weight g(O|t — 27)
or h(0[t — 2n), respectively. By (4.22), we have h(0[t — 217) = 0, which
implies that the upper-right vertex is frozen to type g. By the ice rule,
the vertex just below can be either of type j or f, with a weight j(—n|t —n)
or f(—n|t — n), respectively. By (4.22), we have f(—n|t —n) = 0, which
implies that the vertex is frozen to type j:

AN

AN—T
Wn(t) = An-1 : ) (5.45)

A1—7

A1 AN—1 AN

Hence, the configuration of the two vertices in the upper-right corner is
frozen to the unique configuration contributing to the partition function
for N = 1. Given this configuration, the remaining vertices along the
rightmost vertical line and the two upper horizontal lines are frozen to
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type e by the ice rule:

AN .
N N
AN—T :
N AN
Wx(t) = Ava . ) (5.46)
A1—17
t

A1 AN—1 AN

We may, thus, ‘peel off’ the two upper horizontal lines and the rightmost
vertical line and replace them with the product of their vertex weights.
Thus, we obtain

N-1
W (t) = g(0ft — 2m)j(—nlt — (H e(Anj)e(An; — 77))
J=1

AN—1 :
N-1
( e( (Ajv — n)) : c L (5.47)

Jj=1

A1—17)

Al AN-1

On the right-hand side of this equality, we recognise the graphical repre-
sentation of W _1(t). Hence, upon evaluation of the vertex weights with
the help of (4.22), we obtain the recurrence relation

N-1
WN(t) = 191( )191 2?7 (H 191 >\N] + 2?7)191(/\]\7] +77))

7j=1

N-1
X ( IT 91N\ + 20)91(An + 77)) Win-1(t). (5.48)

j=1
Using the initial condition Wi (t) = ¥1(n)91(2n), the unique solution to
the recurrence relation reads

N
=[] D( D(\; — 27), (5.49)
7j=1
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where D(A) is defined in (3.49).

Finally, we combine Definition 5.1.1 with the graphical representations
of Section 4.1.3 to identify

(o, 7| TIZ, COM)C (N — 2, 7)

(2,r)12,m) = : (5.50)
N D(A; —m)D(N; — 2n)
= Wy (t2s) : (5.51)
1D(A; = n)D(X; — 2n)
The lemma follows from this equality and (5.49). O

We now establish a closed-form expression for the dual pairing of qSoV
states. To this end, we use the notation

N
5h,iL = H 5hi,h;7 (552)
i=1

for all h,h € {0,1,2}N.
Proposition 5.1.12. We have

T\ _ s iyn(N+sp) ﬂl(tz?") 191()‘1])
(h, ||k, 7)) 5h,h5r,re 7191(th,r) 1§i<j§N—791()\ij i) (5.53)
Proof. First, we show that ((h,r|h,7) = 0 if h # h or r # 7. By
Corollary 5.1.3, ((h,7| and |h,7)) are left and right eigenvectors of S,
with eigenvalues 1 + x5 + y%* and 71 + x5 + y%5?, respectively. Hence,
their dual pairing vanishes if r # 7. Furthermore, using Proposition 5.1.5,
we consider the quantity,

(h, 7+ 1| DON)||R, 7)) = dpr (N (B, + 1R, + 1)) (5.54a)
= djy N (B 7B, 7). (5.54b)

The only dependence in A of the right-hand sides of (5.54) is featured in the
prefactors dp,-(A) and dj, ., (A). If b 7 h, there exists i = 1,..., N such
that h; # h;. We evaluate (5.54) with A\ = \;—nh;. Since dp, . (Ai—nh;) = 0,
we find

0= dj 1 (A — nhi) (b, 7||R, 7). (5.55)

fz,r+1
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One checks that the prefactor dj ., (\i —nh;) is non-zero for generic

inhomogeneity parameters, which implies ((h, 7| h,r)) = 0, for h # h.
Second, we compute the dual pairing ((h,r|h,r)). For h = 2, we have
(2,r]|2,7)) = 1 by Lemma 5.1.11. Hence, we consider h # 2. Let
1=1,..., N be such that h; < 2, by Lemma 5.1.9, we have

{(h,rlICi =0 | T Ry r)) = DN =0 (hi + D)) (T by r | TR, 7). (5.56)

Similarly, by Proposition 5.1.6, we obtain

N(thy) o 91k — nhi)
Dt ) ey O1(hik = nhig + 1))
k#a
x D(\; — n(hi + 1)) (h, 7[R, 7). (5.57)

(R, rllCON = nha) | TRy 1)) = €7

We note that the prefactors of the dual pairings on the right-hand sides
of these evaluations never vanish (nor diverge) for generic inhomogeneity
parameters. Thus, upon equating the right-hand sides, we obtain the
recurrence relation:

Viltrin,) 25 01O — (i + 1))

Dilthr) = Y1(Aie — nhik)
i

(b)) =™

x (TFh, 7| TR, 7). (5.58)

The iteration of this equality allows us to obtain any dual pairing for
h # 2 from the base case ((2,7||2,r)) = 1, provided by Lemma 5.1.11. [

Beside the reference states (5.1), the components of the qSoV states with
respect to the canonical basis are, in general, rather involved (even for
simple choices of h, as we shall see below). Nonetheless, the dual partners
of the reference states take a simple form:

Proposition 5.1.13. We have

. 9 .
0.7 = BN T ) o, (5.500)

(2,7 = - U @ (] (5.59b)
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Proof. By Proposition 5.1.2, we have

10,7) = |-+ 1) @ [tor) (5.60)
(2,7 =6 U @ (tarl, (5.61)

where &, 4 are complex numbers. Using Proposition 5.1.12; and the explicit
form (5.1) of the reference states, we evaluate

E=(2,r|(V - V) ® Jt2r) = (2,7]12,7) =1, (5.62)

= ({1 ® (o, D0, 7) = (0,0, ) = ey IL2r) 5 g3
Y1(tor)

The proposition follows from these evaluations. O

Bases of the spin-dynamical spaces We show that the qSoV states
form bases of the eigenspaces of S;.

Proposition 5.1.14. The sets {||h, 7)) }pe(o1,23v and {{{h, 7|} heqo1,237

form bases of IDS\T[) and ID%)*, respectively.

Proof. Note that, by Proposition 5.1.2, {||h,7))}rc(0,1,2)7 is a subset of

IDg\T,). First, we show that it is linearly independent. Let us assume the
opposite, that there exists a set of complex numbers {cp, }p,c {0,1,2}N such
that

> apllh,r) =0. (5.64)

he{0,1,2}V

For each k € {0, 1,2}, we consider the dual pairing of ((k, || with (5.64).
By Proposition 5.1.12, we obtain

- V1 (t2,r) V1(Nij)
elyn(Ntsi) Z1A 220/ DA ) e =0. 5.65
V1 (tr,r) 1<¢1<_j[< ~ V1(Aij — ki) (565)

In this equality, the prefactor of ¢ never vanishes for generic inhomo-
geneity parameters. Hence, ¢ = 0, which proves the linear independence.

Second, the cardinality of {||h,7))}hec(0,1,2y7 matches the dimension of
IDS\T,). We deduce that it is a basis of the subspace. ]
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It follows from Proposition 5.1.12 that the identity operator on IDSG)

decomposes as
[[h, ) (R

(b, 7l 7)) "

- ¥

he{0,1,2,}N

(5.66)

where ((h, 7| h,r)) is given by Proposition 5.1.12.

5.1.4 Properties

In this section, we present several properties of the qSoV states. First,
we derive their pseudo-periodicity and exchange relations, based on the
corresponding relations for C(\). Second, we study their analyticity and
pole structure. Finally, we find that the specialisation of inhomogeneity
parameters of the qSoV states leads to reduction relations. In Section 5.2.3,
these properties of the qSoV states give rise to analogous ones for special
eigenvectors of the anti-periodic d10V transfer matrix.

Pseudo-periodicity Corollary 4.1.19 and Proposition 4.1.20 allows us
to establish pseudo-periodicity properties for the qSoV basis states with
respect to their inhomogeneity parameters.

Proposition 5.1.15. Fori=1,..., N, we have

[k, 7
[,

(1)@ b, 7)), (5.67)
(_1)x(1—hi)e—21n(N+1—2i)

>> | Ai— N+

>> ’)\i%)\i‘kﬂ'w
x eQm'r(l—hi)GQW Zj:l hi; (I‘l)_l ||h, r>>’ (568)

and

(ol o = (DY (R (23 (5.69)
<<h,?“” (_1)7x(17hi)e2ir](1\7+172i)

Ai—= A +mw
_ . N o, )
% e—21nr(1—hi)e*4m Zj:l hij <<h’ ’I””Fz, (570)

where T is defined in (4.89).

Proof. We focus on the shift \; — \; + mw for the right qSoV states.
The reasoning for the other cases is similar. We examine the definition
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(5.3). By means of Corollary 4.1.19 and Proposition 4.1.20, we apply the
transformation A\; — A\; + mw to each factor of the product. We identify
two different types of contribution, for j # ¢ and h = 0, 1, they are

1€ —n(h+1))

/ 77( )) _ 62i ) i a
DO =0+ D)y 5 s TS0y Tty L BT
CV—nth 2 ) _ pYo-2in(N-1) %S,

DO —n(h+ D))y i - Yo N TS (5.71b)
« (o)1 SR =t + 1) 1,

D(Ai =n(h +1))

where we inferred the behaviour of D(A) from Proposition A.1.2. Given
Lemma 4.1.22, and [S,,T%] = 0, we have

”h’a T>> —yGQiST)(Q—hi)e%n Zjv:1 hij (Fi)—l

)\,-—Mi—l—mu: <p

N 1 L )
< |11 Hg((ijj—?y((}/;:ll)))) rilj2, 7). (5.72)

We compute explicitly T2, 7)) = (—1)Xe 2 +N+1=20) )12 ) Lastly,
Proposition 5.1.2 leads to (5.68). O

The dual pairing ((h, 7| h, 7)) also possesses pseudo-periodicity relations
with respect to the inhomogeneity parameters. We deduce them from
the explicit formula of Proposition 5.1.12 and the pseudo-periodicity of
Jacobi theta functions of Proposition A.1.2.

Proposition 5.1.16. Fori=1,...,N, we have

{(h,r||h,r = ((h,r||h,r), (5.73)

>> | A=A+

(vl v = TN ). (5.74)

>> |>\i—>>\i+7rw

Exchange relation We use Proposition 4.1.16 to establish an exchange
relation for the qSoV states. The multiplication of the qSoV state ||k, r))
by an appropriate R-matrix swaps two of its inhomogeneity parameters
and the corresponding entries of h.
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Proposition 5.1.17. Fori=1,...,N — 1, we have
(2,2 i
RED Ciiralr + 205" [y )

=1 (Niit1 + 7)1 (Nijit1 + 2n) <Hh7 )

)\i(—))\i+1> 9 (575)

hi<rhiq1

and

(R, TR, (Apr,il + 2057

= V1(Nit1i + M) (Niv1,i + 2n) <<<h77“H ,\i<—>,\i+1> . (5.76)

hi<rhii1

Proof. Using the exchange relation of Proposition 4.1.16 and Defini-
tion 5.1.1, we obtain

R Nt |7 + 2087 1) [, 7))
Hﬁ (N —n(h+1); - N1, i)
e Pk D(Aj —n(h+1))

x RZD (At |7+ 2057 1) 2,7), (5.77)

where we highlighted the dependence on the inhomogeneity parameters
by writing them as arguments. A straightforward calculation yields
(2,2 i
RE il + 2057 2,7)
= V1 (Aiir1 + M1 (Aiit1 +20)[|2,7). (5.78)

Next, we inspect the product in (5.77). For j # 7,7 + 1, we note that
the factors do not depend on h; and h;11. Moreover, D(A\; —n(h + 1)) is
invariant under the exchange \; <+ A;y+1. For j = 4,7+ 1, the following
product equality is straightforward:

ﬁlhﬁ CO —n(h4+1); - Aip1, Ai-+)

Jiitl hh, D(A; —n(h +1))
N Loen —nh+1)
5.79
JEI—H hHh] D (h+ 1)) it ( )

Combining (5.77), (5.78) and (5.79), we obtain (5.75). O
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Analyticity In this paragraph, we examine the analyticity properties
of the qSoV states ||k, 7)), {(h,r||, for h € {0,2}". The reason why we
focus on this subset becomes clear in Section 5.2. As a first step, we
compute explicitly the elements

12---220,7), [2:--202,7)), [[2---200,7)), (5.80)

and
(00027, (0--020.r, (0--022.7]. (5.8

As these calculations prove somewhat involved, we relegate them to
the appendix in Section 5.A. From the definition 5.1.1, we know that
inhomogeneity parameters always appear in qSoV states through the
differences \;;. The elements (5.80) and (5.81) allow us to probe for poles
in Ay_1,n. As a second step, we extend the characterisation to poles in
Aij, with the help of the exchange relations.

Proposition 5.1.18. For each h € {0,2}", and1 <i < j < N, the ¢SoV
state ||h,r)) is an entire function of Ni; if and only if (hi, h;) # (0,2).
For (hi, h;) = (0,2), ||h,7)) possesses simple poles at \ij =1, 2.

Proof. First, we consider i = N — 1. By Proposition 5.A.1, the states
||2---220,r)) and [|2---200,7)) do not depend on the inhomogeneity
parameters. Consequently, they do not possess poles in Ay_1,n. More-
over, the state ||2---202,r)) possesses two simple poles at Ay_1 v =
n,2n. Furthermore, from Definition 5.1.1, we can build any |h,7)),
with h € {0,2}", from the application of operators C on ||2---222,7)),
|2---220,r), ||2---202,r) or ||2---200,r)). This construction process
does not add extra dependence on Ay_1 n.

Second, we consider 1 < i < j < N. We use Proposition 5.1.17 to relate

ey = T Rl Qs | 2087
7r =
V1 (Mkg1,j + 01 (Arg1,j + 2n)

k=1
i—2 R§ £+)1 ()‘€+1 i|T+ 27756_1)

=i 291 )\(4.1 i+ 77)191(>\Z+1 i+ 277)

22 _
y ]i—f £nm+1( A2, |7+ 2nS™ 1)

m+2 i+ 77)791()\771-1-2,1' + 277)

(5.82)

.

X

m:]fl
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X[ -+ hi—thig1 - hj_1hjp1 - hyhihg, )

AN—1— A, AN—A
A=Az, k=j—1,+ N—2
A= A1, k=i, j—2
On the one hand, we note that the products in (5.82) bear no dependence
on Aj;. On the other hand, from the first part of this proof, we know
the pole structure in \;; of the state on the right-hand side of (5.82).
We thus deduce that ||k, 7)) is an entire function of \;; if and only if
(hi,hj) # (0,2). For (h;,hj) = (0,2), ||h,r)) possesses simple poles in
)\ij =, 2?’]. O

Proposition 5.1.19. For each h € {0,2}", and 1 <i < j < N, the
qSoV state ((h,r|| is an entire function of A if and only if h; = h;.
For (hi, h;) = (0,2), {(h,r|| possesses simple poles in \ij = —n, —2n.
For (hi, h;) = (2,0), ((h,r|| possesses simple poles in \ij = n,2n.

Proof. The proof works similarly as the previous one. Proposition 5.A.8
provides the poles structure of the qSoV states (5.81) with respect to
AN-1,N- O

Reduction Reduction relations relate a quantity of the size-N model
to its lower-size version. They occur through the specialisation of inhomo-
geneity parameter(s) [1,69,111,128]. The analyticity properties discussed
in the previous section give rise to such relations for the qSoV states. To
state them, we introduce for each N > 1and ¢=1,..., N + 1 the linear
operator

= (C3)2N (€)W, (5.83)

defined for each element |aq - - - ay) of the canonical basis of (C3)®V as
Eo-ran) = lon i) ©s) @ oy - an), (5.84)

with |s) = [M}) — |00) + [I1), the singlet of C3 ® C3.
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Proposition 5.1.20. For N > 2, we have
lim 791(/\N—1,N_77)Hh1"'hN;7">>
AN=AN_1—7

N+ +ar-1) V1(20)  D1(tar) 01ty — 1)
V1(n) ¥ (th,—r + 77)’191(25;17_,“ —n)
N-2

V1(Ajn—1 —n(hj —2))91(Ajn—1 —n(h; — 1))
8 JI;II D1 (NjN—1)01(Ajn—1 — 1)

x c(nsk 'T + 2SN ) BN [y by g, 1) (5.85)

= _62,’11\150#1\14

For N = 2, the relation still applies, provided that one replaces the vector
ENYhy - hy_o, 7)) with |s) @ |t1,) in the last line.

Before proving Proposition 5.1.20, we present several necessary interme-
diary results. The first element that we need is the computation of a
residue-like quantity, which follows from Proposition 5.A.1.

Lemma 5.1.21. For N > 2, we have

lim 191()\]\7_1’]\/ —77)||2“‘2hN—1hNar>>

AN=AN—1—7
iyn(4N—5) U1(2n) 291(t2,7“)191 (t2,r —1)
V1(n) V1(to, + n)v1(tor + 3n)
x c(ns T+ 2SN ) L 1) ® |s) @ [ta, — 2n) . (5.86)

= _627hN 507]7’]\]716

Using Definition 5.1.1, we find
lim Y (AN—1,n —)||h1--- kN, 1)
ANZAN-1—7

iyn(an—5)V1(2n)  Yi(tz,)d(tzr — )
V1(n) Y1(tor +n)V1(tor + 3n)

= _527’11\1 507thle

N-2 1 N
CN (A —n(h+1)) . o
2nS
" j=1 hl—_!p DN (Aj —n(h+1)) c(nsnlT+2n )
)

AN—=AN—1—7

X[ ) ®s) @ [tz —2n) . (5.87)

The second element required for the proof of Proposition 5.1.20 is under-
standing how

CN(No;- s AN_1, AN_1 — 1)
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acts on the state (5.86). Specifically, we study its action on the (IN—1)-th
and N-th factors C? of the spin space. To this end, we consider the
decomposition

M (%0)| = RixY (hon—1 + 7|7+ 208" + 2ms}_y )

AN—=AN-1—7

x R(L2 (AON,l \T + 2nsN*2) (MéV 2(\) ® u®2) . (5.88)

We find that the product of R-matrices that appears in this expression
fulfils the following property:

Lemma 5.1.22. For allt € C, we have

1,2 1,2
RN (Mow—1 4+ 7 [t +2nsh_1 ) RO, o1 [8) cnsilt-+n03) [s) vy v
= BoOon-1|emsklt) [s)y 1 x> (5:89)
with

V1 ()91 (t + 2na?)
D1t + )it —n)

EAJt) = e2Y17° 9, (A9 (A + 3n) (5.90)

Proof. Using the fused dYBE (4.29), we have

RO (Mow—1+ 7 [t +2ns%_1 ) R, Qow1 [ RER. (=nft +no)

= R (=nDRG ) (hov-r |+ 205kt ) R Qona +nt)
From Proposition 4.1.9, we obtain
c(nsklt) RO (Now—1 +n |t + 20k ) (5.91)
X RGRy (Gov -1 [t) C(US‘;’V ‘t + 77(?3) P
= PN 1d(nsy DR , (Mov-1 [t +2nsh s )
x Ry (Mow—1 +n[t) d(nsilt +nof) .

We note that P](VQ])V:1 = P](VQ:’N. From (5.91), we deduce that there
exists an operator E € End(C?) which fulfils (5.89). We obtain the
entries of E' by computing the dual pairings of (5.89) with (fl}[y_; x

and <UTHN7LN. O

Lemma 5.1.22 allows us to compute the action of C¥(\g;- -+, An_1 — 1)
on (5.86).
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Lemma 5.1.23. For 7 = 7+ 2nS™V =2, we have

cN(AO)] (sl ) [8) v_1.n

AN=AN-1—7

= 219 (Aon—1)91(Aon—1 + 3)c(ns¥|7) [9) x_1.x

J1(7)01(T — 2n) N—2 2
X G =) (V2(r0) 2192) . (5.92)

Proof. We recall CY (\g) = (}|, M (Ao) |1)g, then use the decomposition
(5.88) on the monodromy matrix,

V)|, c(nsXI7) [s)n 1.
N—>>\N 1=
<Uo <)\ON 1+n’7+2nsN I)RéN)l()‘ON 117)
x (M%) @1%2) c(nsk|7) (1) ls) 1y - (5.93)

By (4.50) and (4.113), the following commutation holds:

(MY 72(00) @1°2) c(nsi|7) = c(nsk|7 + nod) (MY (o) @ 192) .

We apply it to (5.93). Then, we use Lemma 5.1.22, which leaves us with
(5.92). O

Proof of Proposition 5.1.20. We go back to equation (5.87), and examine
the quantity

AN—ZAN-—1—7

x c(nsk \T + SN2 [ ) @ [s) @ [ta, — 20) . (5.94)

Lemma 5.1.23 allows us to rewrite it as

N-2 1 ~ ~
i iN—1 —n(h—2)) U1(F)V1(F — 2n)
c(o=wl7) L_l hllge " 191](>‘3N71 —nh)  01(F+n) (7 —n)
N—-2
<(Frp st o) [ we o, -2, )
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with 7 = 7 4 217S™V~2. The scalar factors in (5.95) simplify to

N—-2

ﬁ e—21y7] JN 1= (h‘ — 2))
pisierg V1 (Ajn—1 —nh)

o T P1Ounvmt = n(hy = 1))91 (N1 — n(hy
Y1 (Ajn—1)P1(Ajn—1 —n)

2) " (5.96)
j=1

where L =YN"2(2 — hy) is the total number of factors in the product
n (5.95). On the other hand, to deal with the operator factors, we need
to commute the terms

V1 (7)01(T — 21)
I1(7 +n)01(T —n)

G(7) = (5.97)

CN2

to the right of all the operators (5.95). The process requires the

relation

V), 7+ 208N ] = =N (), (5.98)

issued from Lemma 4.1.22. From this commutation, we write

S [(CYTR = m(h 4 1)
I ¢ (DNQ(A; —un o ®u®2>

= T (CV Py = n(h + 1)) Lo
= | H (DN—2()\]. —n(h+1)) ® I]®2> jl;IIG(T+m). (5.99)

The product of G on the right-hand side is telescoping. We find

Lo V1(7 +n)01 (7 —n)

JHIG(TJFW) T NG+ 0L+ 1)01(F + (L —1)

(5.100)

The last step of the proof consists in applying (5.100) to the vector in
(5.95). We note

(r+2pSN ) - 1) @192 @ |t2,, — 2)
= (to, +20) [U -+ ) @192 @ [tz —21) . (5.101)



5.1. THE QSOV BASIS 177

Moreover, for hy_1 = 0 and hy = 2, we have L = N — 2 + sp. This
remark, along with (A.4) and the definition (5.2) lead to

N—2+Sh
[I GE+n) L ) @1% @ |ta, — 20)

j=1
_ oliyn(rtsn) Y1 (to,r + 1)V (tor + 3n)
191(15]%,7" + 77)791 (t}%,?« - 77)
X[ ) @192 |ta, —2n). (5.102)

To conclude the proof, we combine and simplify the expressions (5.87),
(5.96) and (5.102). O

Parallel to Proposition 5.1.20, the left gSoV states also possess a reduction
relation. However, in this case, the reduction does not arise from a residue-
like quantity at a pole. Indeed, the state ((hy ...hn—_220,r|| is analytic in
AN = An41 + 7, but still reduces when specialised to this point.

Proposition 5.1.24. For N > 2, we have

_ iyn(3—2(N-+sp)—dr) Y1(1)

<<h1 e hN,QQO, ’r‘”

AN=AN 4141 U1(3n)
" D1(th,—r +0)V1(th,—r —n) DV 2(An_1 + 7)D¥ 2(An_1 + 21)
V1(t2,r — mVi(te, — 2n) DN=2(An-_1—n)
" Ji—_f V1(AN-1,; —n(hj — 1))
et V1(An=1 +n(hj +1))01(An=-1,; + 2n(h; — 1))

‘]:
X {{h1 -+ By o, [|(EN T d (nsh_y ’T +2p5N2), (5.103)
where d(A|t) is defined in (4.41).

For N =2, the relation still applies, provided that one replaces the vector
(hy-+hy—o, 7| (EN"HE with (s| @ (t1,] in the last line.

The proof of Proposition 5.1.24 is similar to that of Proposition 5.1.20.

To conclude this section, we remark that it is possible to state the
right and left reduction relations for the specialisations \; — \;_1 F 7,
1=2,..., N, respectively. One achieves this generalisation by applying
Proposition 5.1.17 to Propositions 5.1.20 and 5.1.24.
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5.2 The eigenvalue problem

In this section, we determine the spectrum and the common eigenvectors
of the family of anti-periodic d10V transfer matrices, restricted to the
subspace IDE\(;). The eigenvalue problem consists in finding #(\) and
non-zero |¢®) such that

T e =00\ "),  VAeC. (5.104)

Since the spectra of T(\) and its transpose coincide, we also seek non-zero
(¢"| such that

@ TN = ("16()),  VrecC. (5.105)
We refer to [pf?) and (p”] as the right and left eigenvectors, respectively.

This section is structured as follows: first, using qSoV techniques, we
characterise the spectrum of 7 (). We express the eigenvalues in terms
of theta functions, solutions to a discrete set of equations. Next, we
construct the associated left and right eigenvectors. We show them to be
unique, up to normalisation.

Second, we find that one eigenvalue possesses a particularly simple
expression. We compute explicitly the associated eigenvectors. We proceed
by stating some of their properties. These include pseudo-periodicity,
exchange and reduction relations.

Finally, we consider a quadratic sum rule involving the explicit eigenvec-
tors. We find an expression for it as a determinant formula.

Below, we assume that any vector belongs to [DE\?), while any dual vector

belongs to its dual. We also adopt the shorthand notations ||h)) = ||k, 0)),
<<h’H = <<h70H7 and tp = th,O-

5.2.1 Solutions

We start the section by addressing two preliminary considerations. First,
we show that there exists at least one common eigenvector.

Proposition 5.2.1. The one-parameter family of anti-periodic d10V
transfer matrices possesses at least one common eigenvector.
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Proof. Let z1,...,zy be independent complex numbers in the sense of
Definition A.2.3. By Proposition 4.1.24, the restriction of {T(zi)}filto
IDSS) is a finite set of commuting operators. Burnside’s theorem on matrix
algebras ensures that there exists at least one common eigenvector of
this set [156,157]. By Lemma 4.1.25 and Proposition A.2.4, this common
eigenvector must be an eigenvector of T (), for all A € C. O

Second, any eigenvalue #(\) must share the same analyticity and pseudo-
periodicity properties with respect to A as 7 (A). We infer these properties
from Lemma 4.1.25:

Lemma 5.2.2. Let O()\) be an eigenvalue of T(X), then Y ()\) is a
theta function in \ of degree N, nome p, and norm Zj-v:l Aj +to.

As a result of the previous lemma, it is possible to write any eigenvalue
as an interpolated form, which yields expressions as in [59, 94]. By
Proposition A.2.4, for all h € {0,1,2}", we can interpolate e¥*9(\) from
its specialisations to A = A; —nh;, j =1,..., N. We obtain

191(—)\ + )\j — nhj + th)
V1 (tn)
V1(A — Ap + nhy)

(
XHﬁ(

iz D1(Agk = nhyr)

N
O(\) =D e YO Hhlg(n; — )
=1

(5.106)

We now begin the characterisation of the spectrum of 7 (\).
Theorem 5.2.3. The spectrum of T (\) coincides with the set of §(X)
that fulfil the two following conditions:
(i) Y 9(N\) is a theta function in \ of degree N, nome p, and norm
é\fZI Aj +to,
(ii) the following discrete set of equations is satisfied:

O(A)O(N; —mO(N; — 2n) + O(A)A(N; — n)D(A; — 2n)
+0(0 —2)AN)DN —n) =0, j=1,...,N. (5.107)

Moreover, the right and left eigenvectors associated to the eigenvalue 6(\)

are unique, up to normalisation.
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Proof. We consider the eigenvalue problem for the left eigenvectors, then
point out the modifications needed for the right ones.

Let 6(X\) be an eigenvalue of T (\). By Lemma 5.2.2, it automatically
fulfils condition (7). We now show that it also obeys condition (7). By
hypothesis, there exists (@L | # 0, solution to the eigenvalue problem
(5.105). By Proposition 5.1.14, we know that {[|h))}pc0,1,2)n is a basis

of the subspace IDE\(;). The equation (5.105) is therefore equivalent to
(" TOR) = (D" (BO) +CA)[Ih) = 6N (" [R),  (5.108)

for all h € {0,1,2}". By Lemma 4.1.25, and Lemma 5.2.2, we know that
both sides of (5.108) are characterised in terms of a theta function of
degree N, and of same nome and norm. Theorem A.2.5 states that it is
sufficient that (5.108) holds for N independent values of A in order for
it to hold for all A € C. We thus consider the equation at the specific
points A = A\; —nh;, j =1,...,N. By Lemmas 5.1.9 and 5.1.10, we get

= A\ = k) (@ I T5 h) + DN — k) (@™ T} )
= 0(\; — nhy){"|[R). (5.109)

We evaluate (5.109) for h; = 0,1,2. Thanks to the cancellations A(\; —
2n) = D(A;) = 0, we obtain the following system of equations:

0(Aj) A(N) 0 @ ---hj=0---)
-D\j—n)  0i—n) AN —n) | [ (" =12 | =0.

0 —D(\j—2n) 0N —2n)) \("[---h;j=2--)
(5.110)

We denote by Q the matrix on the left of this equation. This linear system
possesses a non-zero solution if and only if

det Q = 0(A;)0(N; — m)O(N; — 2n) +0(N;)A(N; — n)D(A; — 2n)
00 — 2)AN)DO — 1) = 0. (5.111)

This establishes (7).

Furthermore, the determinant of the (3, 1)-minor of Q is given by

det (Q)re = A\)A(N; — 1), (5.112)
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and is non-zero for generic inhomogeneity parameters. This non-cancelling
minor indicates that Q is a rank-2 matrix, which makes the solutions to
(5.110) unique, up to a normalisation factor.

Let us now assume that 6(\) fulfils conditions (7) and (7). Since 6(\)
obeys (i), we show through similar arguments as above that the eigenvalue
problem is equivalent to (5.110), for j = 1,..., N. Condition (%) then
ensures that each system possesses a non-zero solution. The rank of Q
makes the solutions unique, up to a factor. Therefore, there exists a non-
zero (!, solution to the eigenvalue problem, unique up to normalisation.
This argument concludes the proof for the left eigenvectors.

The reasoning for the right eigenvectors is similar. In both directions of
implication, we find that the eigenvalue problem (5.104) is equivalent to

(- by =0-]0")
QI {hy=1--]p") =0, j=1,...,N. (5.113)
((oohy =2 ]l0")

We note that det Q' = det Q and rank Q' = rank Q, which allows us to
reach the same conclusions as for the left eigenvectors. O

Theorem 5.2.4. Let O(\) be an eigenvalue of T(\). The associated right
and left eigenspaces are respectively spanned by

[ N (hj) hj—l

q; A(N; —nk)

= > |TID" e T1 J
he{0,1,2}N |j=1 q§0) izo DA —n(k+1))

[R)
{(R[R)’

[ N
Ly _ ()| (R
wh= 2 |l ]«h\h»’

he{0,1,2}N

where ((h||h)) is expressed in (5.53) and the coefficients qg-h) are defined

as

o (AR —m) 00y — MO —2n)
% ‘(D(Aj— >+D<Aj—n>D<Aj—2n>>’ (5.114a)
qf) = g((ijj_—zz)) ¥ =1. (5.114b)

Proof. We start the proof with the explicit construction of the left eigen-
vector (pl|. We fix the normalisation by imposing (©*||2)) = 1. The
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system (5.110) provides recurrence relations for the eigenvector compo-

nents,
<¢L|| coohj=he) = qgh) <90LH cochy =200, h=0,1,2, (5.115)

() Jefined in (5.114). We note that

J
qg-o) # 0. Indeed, assuming otherwise, (5.110) forces qg-l) §2) =0,

which is a contradiction. Successive applications of (5.115) to the base

with the proportionality coefficients q
=0and q

case (p”||2)) = 1 lead to the following expression for the components:

N
(W) = T ai". (5.116)
=1

Lastly, we obtain the complete expression for the left eigenvector from
the decomposition of the identity operator (5.66).

We move on to the construction of the right eigenvector. Here, we decide
to fix the normalisation by imposing ((0||¢®) = 1. The system (5.113)
provides us with recurrence relations for the eigenvector components,

(oohy =l = G (o by =00 ), h=0,1,2, (5.117)
(h)
; fulfil

t
Q' (a” & &) =o,

where the proportionality coefficients q

(0) (h)
J J
terms of their counterparts qgh). To this end, we note that Q is related to
its transpose by a conjugation with a diagonal matrix,

with q; 7 = 1, to match the normalisation. We now express the q: "~ in

Q' =wQw, (5.118)
where
: D(Aj —n) D(}; —n)D(); — 2)
W = diag | 1, ——2 , —L J . 5.119
( A(Aj) AN)AMR —n) (5.119)
Since Q. (qg-o) q§.1) q§2))t = 0, we deduce
(h) h—1
- q, AN, —nk
g™ = (~1)h (A — k) (5.120)

o™ L DO, =+ 1)
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Similarly to the previous case, the eigenvector components are given by
T ()
{(plle™) =TT & (5.121)
j=1

Finally, the decomposition (5.66) leads to the expression for the right
eigenvector, which concludes the proof. ]

5.2.2 An explicit solution

Proposition 5.2.3 provides us with a complete, but implicit, characterisa-
tion of the spectrum of 7(\). We now focus on an explicit example of
an eigenvalue with a simple expression. Aside from its simplicity, this
eigenvalue and its associated eigenvectors are related to the remarkable
eigenvectors of the higher-spin elliptic models of Chapter 3, as we demon-
strate in Chapter 6. The following proposition presents the eigenvalue
and its associated left and right eigenvectors:

Theorem 5.2.5. The transfer matriz T (\) possesses the eigenvalue
O(\) = 0. Moreover, the associated right and left eigenvectors, unique up
to normalisation, are given by

he{02}N |jk=1 1(Ajk — 2n) {(h|[h))’

91 (Ajk = n(h; — 1))] (hl (5.122b)
« .

WS ﬁ m(Ajk—zn(l—hj))] IB) o
h=
N
11 hilR)

he{0,2}V [4k=1 191(>‘j1€ - 77)
Proof. We check that 8(\) = 0 fulfils the two conditions of Theorem 5.2.3.
It is therefore an eigenvalue of 7 (\). We consider Theorem 5.2.4 for
O(A\) = 0. The left and right proportionality coefficients respectively
simplify to

(n) _ A —n(h+1))
q] - . 9
D()‘] - 77)
(h) h—1

(1 A —nk) D\ —2n(1 = h))
qg,o) o DA\ —n(k+1)) D(\; —2n)

(5.123)

(5.124)
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In particular, we have q§-1) = 0. From (5.116) and (5.121), we deduce the
following systematic cancellations:

(Rl =0= (o |R),  Vhe{0,1,2}"\{0,2}". (5.125)
Lastly, we reach (5.122) by replacing A(A) and D(A) by their definitions.
U

As an immediate consequence of Proposition 4.1.28, we find that the
special eigenvectors are eigenvectors of the transfer matrix of the d19V
model, as well.

Corollary 5.2.6. We have

TOWe™) = ANDM = )™, (5.126)
("I TP (V) = AADO = n) (" . (5.127)

Small sizes We explicitly compute the special eigenvectors for N = 1,2,
using MATHEMATICA. In the canonical basis of the spin-dynamical space,
we have the decomposition

|‘:0R> = Z (@R)a o) @ [ta) (5.128)
ac{f,0,}

= > (PMalal® (tal. (5.129)
ac{Mo,}

We refer to (o) and (¢%)q as the components of the special eigenvectors
in the canonical basis. For N = 1, the non-zero components of the
eigenvectors are

=1, (") = —1, (5.130a)
p =1 (5.130b)
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For N = 2, the non-zero components of the eigenvectors are

(@M =1, (@) =1,
iz +n)  U1(M2— 1)
(QOR)TTU - ()\12 — ) (@L)TTU - 19 ()\12 + 77)

(P)o0 = _01(20)04(0) _ Ja(M2) (oh) _912n) _ Ya(Mi2)
70 Ja(m)? 01z — 1) O a2 12+ 1)
_ Yi(M2+0) _ iz —n)
(QOR)UTT - 291(>\12 _ ,'7)7 (@L)llﬂ 19 ()\12 + 77)

(M) =1, (P =1,

where a =3+ x —vy.

5.2.3 Properties of the special eigenvectors

In principle, Theorem 5.2.5 allows us to compute the special eigenvectors
explicitly. Unfortunately, this computation becomes rather involved for
N > 3. The purpose of this section is to present several properties of
the special eigenvectors that characterise them implicitly. These include
their behaviour under spin-parity and spin-reversal transformations, their
pseudo-periodicity properties with respect to the inhomogeneity parame-
ters, a set of exchange and reduction relations, and a conjecture regarding
their analyticity properties with respect to the inhomogeneity parameters.

The implicit characterisation presented in this section mirrors that of
the special eigenvectors of the supersymmetric 8V model of Section 2.1.
As such, it opens the door to new types of analysis for the d10V model.
First, we expect it to help construct the special eigenvectors by recursion
in N. Second, the characterisation makes possible the use of induction
techniques a la Izergin and Korepin. These could allow the computation
of special eigenvectors components and sum rules [1,111], emptiness
formation probabilities [128,129],. ..

Spin-parity and spin-reversal symmetry

Proposition 5.2.7. We have

(=17 = (DN, (MDY= (DR (5.131)
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Proof. By Definition 5.1.1 and Proposition 5.1.2, we have
(=D7R) = (DY [[R), (Rl = (=DV(R],  (5.132)

for each h € {0,2}". The proposition straightforwardly follows from
these equalities and the definitions (5.122). O

For the symmetry under spin reversal, we need the following lemma:
Lemma 5.2.8. We have
(®)pn =1, (™) = (=1)V, (5.133)

and
(@) = (1Y, (P")pg = 1. (5.134)

Proof. Using the simple form of the reference states (5.1) and their duals
(5.59) (with r = 0), we obtain

(@) = ({1 - A @ (to]) [7)
(@)t = (U - J @ (t2]) ™)

1, (5.135)
(-1)V, (5.136)

(olle®)
(21"

which proves (5.133). The components (5.134) follow along the same

lines. O

Proposition 5.2.9. We have

Flfy = (—D)NT725|0By, (pFF = ()N (P T2 (5.137)

Proof. By Proposition 4.1.27, T(\) commutes with the operator F, =
FT=%5 on [DS\?). Hence, since the eigenspace spanned by [p®) is one-
dimensional, there must exists p € C such that

FT7250%) = ple™). (5.138)
Using (0| = (2||FT-%°, we infer
(™)1 = (Olle™) = (2AFT>%|™) = u(2lle™) = nle™)y.y,

which yields 4 = (—1)" by Lemma 5.2.8. O
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Pseudo-periodicity We now establish that (| and |p) possess
pseudo-periodicity relations with respect to the inhomogeneity parame-
ters.

Proposition 5.2.10. For each it =1,..., N, we have

05y aese = C 1) (5.1300)
)],y = (D7) T OR) (5.139b)
(Pl o = (TR (5.139¢)
R Co b el b (5.139d)

with T as defined in (4.89).

Proof. We focus on the shift \; — \; + 7w for the right eigenvector. The
reasoning behind the other cases is similar. We use the decomposition
of the special eigenvector provided in Theorem 5.2.5. We consider each
summand separately and inspect the behaviour of their factors under
Ai = A\ + mw. From Proposition A.1.2, we compute the effect on the
components of the eigenvector in the qSOV basis. It reads

. N
— o2 My 0] R, (5.140)

R
(0l

We combine this expression with Propositions 5.1.15 and 5.1.16 and
deduce that the shift acts on each summand of (5.122a) identically. We
express the final result in (5.139d). O

Exchange The special eigenvectors obey exchange relations directly
inferred from those obeyed by the qSoV states. The multiplication of
the eigenvectors by an appropriate R-matrix allows to swap two of their
inhomogeneity parameters.

Proposition 5.2.11. For eachi=1,...,N — 1, we have

(2, i—
R Nt |7 + 20571 F)

= 91(Niir1 + mY1(Niir1 +2n) |o7) , (5.141a)

/\i(_>/\i+1



188 CHAPTER 5. DYNAMICAL TEN-VERTEX MODEL VIA QSOV

and

(O R (Ajpralr + 20871

= 91 (Nirri + M A1 +2n) ("] . (5.141b)

>\i<_>>\i+1

Proof. We use the decomposition of the special eigenvectors provided
in Theorem 5.2.5. From the explicit formulas for the components, and
Proposition 5.1.12, we note that the quantities ((h||o%), (o¥||h)) and
{((h||h)) are invariant under the simultaneous transformations A; <> Ajt1,
hi <> hit1. Therefore, Proposition 5.1.17 leads to (5.141). O

Reduction The special eigenvectors obey reduction relations. To state
them, we denote by |pX) = |oF) and (¢k| = (p*|, respectively, the right
and left eigenvectors of 7(A) in IDES). By convention, we set |pf) = 1 and

(g =1.
Proposition 5.2.12. For N > 2, we have

‘ J1(2n)
)\N—>)1\INH71—77 1( N-LN 77) |S0N> 1( 2 T,) 1( 2 77) ﬂl (77)

§ J\i_—f 191()\N—1,j — ) efiyn(372(N+SN—2))
V1(An-15) YT +n)di(T —n)

j=1
X c(ns}q‘v ‘7’ + 2nSN*2) N R L), (5.142)

and
—iyn(2N—1)19 (277)
lim (v —n) (k] = —° :
/\J\H)l\gl 1+n 1Awn—1 = n) (o] V1(t2)01(t2 — 1)
291 (An 1;+21) 1 —N—1\t 3 N-2
= d 2nS
x H I ON—1) (2l ( ) (773N—1 ‘T"‘ n )

x 91(1 4+ )91 (T — n)e 215V (5.143)

with c(A|t) and d(A|t) defined in (4.4) and (4.41), respectively.

Proof. We recall the decomposition of the special eigenvector provided in
Theorem 5.2.5. Each summand is composed of three factors: a qSoV state
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|h)), an eigenvector component {(h|¢%), and a dual pairing ((h|h)). We
individually examine how these behave in the limit Ay — Ay_1 — 7.

By Proposition 5.1.20, ||h)) possesses a reduction relation in the limit.
Moreover, this limit cancels unless hy_1 = 0 and hy = 2.

By Theorem 5.2.5, (h||¢%) is analytic and non-zero in Ay = Ay_1 — 7,
for all b € {0,2}". We compute

(hy - hN—202”90§>’>\N=>\N—1_77

() <NH 91 (Aw-15 — 0(2h; — 1) D1 (Av-1, — 2n(h; — 1)))
V1(An—1,; + 2n) 91 (An-1,; — 31)

X (b1 hv—ollpR o). (5.144)

Jj=1

By Proposition 5.1.12, ((k||h)) is analytic and non-zero in Ay = Ay_1—n,
for all h € {0,2}". In particular, we find

— o2iyn | ("7)191(1‘-2)

(w02l a2 = e T

H )\N 1])191()‘N 1,]_77)
1(An— 1y+7)h )1 (An—1,; +n(h; —3))

X <<h1 s hN_2||h1 s hN_2>>. (5.145)

Combining Proposition 5.1.20 with (5.144) and (5.145), we obtain

. {(hlleR)
1 T (An— — h)) 2~
)\N_>)1\I]371—1_77 1(An=1,n —n)||h)) (B[R
U1(2n) U1 (t2 — ) (t2 — 2n)
— 50, S elyN(2(N+sp)—3) 71
2 00N =1 € 91(n) D1 (tn + )01 (th — n)
N-2
Y1(An—1,; —27) 3 N—2) =N-1
X : c(nsy |7+ 2nS =
T S0t =201 g
Ry hn_ollof
- hy_gl) AN 2llON2) g

<<h1 . ..hN72||h1 . "th2>>‘

We swap sp, for SV=2 and t;, for 7 in (5.146). As a result, the same
operator multiplies each summand of (5.122a) in the limit. We factor
this operator out of the sum, and obtain (5.142). O
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Analyticity One can deduce analyticity properties for each element in
the decomposition of the special eigenvectors from Propositions 5.1.12,
5.1.18 and 5.1.19. Based on this, and on our investigation of the eigenvec-
tors for small sizes, we formulate a conjecture regarding their analyticity.

Conjecture 5.2.13. The vectors

IT 910 -1, I[I 9Gui—-n", (5147
1<i<j<N 1<i<j<N
are entire functions of the inhomogeneity parameters \j, t =1,...,N.

This conjecture is essential to complete the implicit characterisation of
the special eigenvectors of the d10V model.

5.2.4 Quadratic sum rule

We discuss a sum rule involving the special eigenvectors of the anti-
periodic d10V transfer matrix,

Z(& A, An) = (9"[€%10) . (5.148)

We express the quantity as a determinant formula. The proof generalises a
corresponding result obtained for the ten- and nineteen-vertex models [92].
In Chapter 6, we relate this sum rule to the square norm of the conjectured
ground state of the spin-1 XYZ chain.

Theorem 5.2.14. For each £ € C, we have

B e lynN Hz]'szl V1(Aij + 1)
V1(t2)01 (1) ! Th<ician 91(Nig) 01 (Nji)

N [0 (Aj —n+1t1) 91 (Nij + 1+ t1)

ij=1 Y1(Xij — 1) V1(Nij + 1)

Z(f;Al,...,)\N)

e Vg — eVt L (5.149)

Proof. Our proof follows the strategy of [92, Proposition 4.1], while
adapting it to the specificities of Jacobi theta functions. We use (5.5) as
well as (5.53), and obtain

(IR (Rl )
Z(E: M, Ay) = gon .
P VR TS

(5.150)
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From Theorem 5.2.5 and Proposition 5.1.12, we write

ZEM ) = 3 emerimvran Vilin) -y 91y = hig)

he{0,2}N V1(t2) 1<i<j<N V1(Aij)
N
1(Nij — n(hi — 1)) 91(Nij — 2n(1 — hy))
% . (5.151
zgl 1 (Nij — ) 01 (Aij — 21) ( )

For ¢ # j, h;, hj = 0,2, the following equality holds:
D1(Aij — nhiz)d1(Nij — 2n(1 = hi) )01 (Aji — 2n(1 = hy))
= 191(Aij -+ nhij)ﬁl(kij + 277)191()\]'1' + 277). (5.152)
It allows us to simplify the terms of the sum (5.151),
ZE M, Aw) = (=) 2 UilR)
he{0,2}N V1(t2)

11 V1 (Nij + nhij) ﬁ V1(Aij — n(hi — 1))
1<i<j<N U1(Aij) ij=1 V1(Aij =)

(5.153)

We use the Frobenius determinant formula of Proposition A.1.4, spe-
cialised to x; = A\j +nhs,y; = A +n, fori=1,... N and p = t1,

N Al ()\z'j + n(hi — 1) + tl)
et
3,j=1 ?91()\” + n(hi — 1))191(t1)
_ Y1(t1 — nsk) [li<icj<n V1(Nij + nhij)d1(Asi)
V1 (t1) [L; 91N +n(hi = 1))

(5.154)

We also note that tp = t1 — nsp. These observations help us rewrite
(5.153) as

e—21y77N

Z(E M, AN) = - -
helom O1(t2)0h ()N Sl;[ v V1(0g)01(Ng0)
y ﬁ D1 (Aij = n(hi = 1))01(Aij + n(hi = 1))
i,j=1 191(>\ij —n)

X djgt (—1)hi/2eiynhi£1—hiﬂl(Aij +n(hi — 1) +t1)

5.155
ij—1 V1(Nij +n(hi — 1)) ( )
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We notice that for h € {0,2}%,

ﬁ V1(Nij — n(hi — 1)1 ( Ay +n(hi — 1)

910N — 1) = T #:1(\; +m). (5.156)

i,j=1 1,j=1

In each summand of (5.155), the factors multiplying the determinant are

thus independent of h. We factor them out of the sum.

To conclude the proof, we sum the determinants. This is equivalent to
performing elementary row operations and leads to (5.149). O

5.A Explicit qSoV states

In this appendix, we present the explicit computation of the qSoV states
(5.80) and (5.80). These are essential elements to establish the analyticity
properties of Propositions 5.1.18 and 5.1.19.

Right qSoV states We begin our analysis with the explicit computation
of the right qSoV states

|12---220, 7)), |2---202,7)), |2---200,7)). (5.157)

Proposition 5.A.1. We have

V1(te,)01(ta,r — 1)
Y1(tor)P1(tor +1)

- ) @ [t2r —21),  (5.158)
. B Ot — 1)
... — Aiyn(2N=3) 71 Vilt2,r = JN)
12---200,7)) =e jHO Drltor T i)
X - ) @ [ta, —4n)y,  (5.159)
e O 1NN T, (t3,0) 0 (t2.r — 1)
V1(AN—1,8v —)V1(AN—1,8 — 27)
X (Xpg |4 - U) + Xoo [U - -+ 400)
+ X U ) ® Jta, —20),  (5.160)

12--- 220, 7)) = 2¥n(2N=1)

|2---202,7)) =
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where
~ —om VT AN, M)V (AN—1,N + 1)
Xy = eYAn—1,.nv—2n) 1 i d , 5.161a
e V1(to,r + 21)01(to,r + 31) ( )
91(2n)% 91 (AN—1.8)91(AN—1.§ — tor — 27)
X — a2 J ) 2 , 5.161b
0= TG rltor + n)2h(to, + 30) (5.161b)
Xyp = e YAN-1.N=2n)y, (n)91(2n) (5.161c)

Y1(AN—1.n —tor — MV (AN—1,8 — tor —27)
V1 (tor)01(to,r +1)?01(tor + 2n)

We proceed by successively applying the operators C as prescribed by
(5.3). The following lemma is the stepping stone which leads to the
intermediary results ||2---221,r)) and ||2---212,7)).

Lemma 5.A.2. We have
CN(Xo)

2 1Y) — —ge- Yoy —2n(N-1)) 162
DN()\O)H ) oe (5.162)
V1(2n)V01(t2,-)01 (Ao — to,r)
% ) : o 10) ® |te, —
V1(to,r)V1(to,r + 21)01(Aon) - 40) @ ftar =)

V1 (Aon + 21) CNfl()\O)
U1 (Aon) <DN—1()\0) ® ”) e ) @ [ta,)

Proof. The lemma follows from Lemma 4.1.21 and Proposition 5.1.4. [

For A\g = Ax — 27, the second term in (5.162) trivially cancels. This leads
to the following expression for ||2---221,r)):

Lemma 5.A.3. We have

oy U1ty
[2---221,7) = —aeQ‘y"NﬂiEtz’; U0 @ [t —m).  (5.163)

To obtain ||2---220,r)) and ||2---200,r)), we successively apply the
appropriate monodromy-matrix entries C(A) on (5.163). Then, we use
Lemma 4.1.21. Each time, the choice of the spectral parameter of C(\)
leads to only one remaining term. The results of these computations are,
in sequence, (5.158), Lemma 5.A.4 and (5.159).
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Lemma 5.A.4. We have
2 .
2---210,r)) = —actnV-1 T Ualfzr = 3n)
i V1(tor + 5n)

X U O ® [ta, — 3n) . (5.164)

Proof. We apply M to the state in (5.158). By Lemma 4.1.21,

N(An-1—27)
it becomes
CN(An-1—2n)
to, —2
DN(An—1 —27) - dm @l "
h ()\N_LN -2 ‘T + 2775N71) CN " (An_1 —2n)

= 1
V1 (An-1,8 — 21) (DN—l(/\Nl —27) ® >
X [ LU @ [ta, —2n) . (5.165)

A second application of Lemma 4.1.21 yields

CN =Y (AN_1 —2n)
DNﬁl()\N_l — 2’[7)

(el emsE) vy o
¥1(2n) DN=2(Ay_1 — 27)

X GO @tz — 2n). (5.166)

® ”) e ) © [t — 21)

Proposition 5.1.4 informs us on the effect of AN=2(Ax_1 —27) in (5.166).
We gather the coefficients from (5.158), (5.165) and (5.166). Simplifying
them with the help of definition (5.2) leads to (5.164). O

The same reasoning as in Lemma 5.A.4 leads to (5.159).

We now turn to the computation of ||2---202,r)). Looking back to
Lemma 5.A.2, we realise that the choice A\g = Ay_1 — 21 produces two

non-zero terms.



5.A. EXPLICIT QSOV STATES 195

Lemma 5.A.5. We have

; V1 (ta,r) 1
92...212,r :_ae21ynN )
| ) 01 (to,r +2n) V1 (AN—1,8 — 21)
% (e—iy)\N1,N Mﬁl(AN—l N — tO,T — 2?7) |U, T UUO>
191(t0,7“> 7

T ) [ BOU) ) @ 2 — ) (5.167)

To obtain [|2---202,7)), we apply the appropriate C(A) to both terms in
(5.167). The computation requires, once more, the use of Lemma 4.1.21
and Proposition 5.1.4.

Lemma 5.A.6. We have

CMONa=m) _
BN e ) © lt2, — )
= (Wiyg [V - B0 + Woo 4 -+ 4.00) @ |t2. — 2n)

CN72 Avo 1 —
+ Wyo (DNZ((&_II _:77)) ® u®2> [ J0) @ [tar — 7)), (5.168)

with
i yn(v—1) V1(m)01(tar — 1)
_ _a—iyAN—1, N o 2iyn(N-1) U1 n)vilte, n 1

WUTT e e 04191 (to,r n 77)2 (5 69&)

Y (AN—1,N —tor — 1)

I (Anaan—1n)

yn(N—2)V1(21) V1 (t2,r — n)01(to,r) 01 (to,r + 21)
Woo = —ae?yn(V=2 : : : 5.169b
00 h(n)  Oalloy 1) ilto, +3y) 1O
Y1(AN-1,N)
M (An-an—1n)

Wio = e~ Y1lfor) __h(An-1v) (5.169c)

V(o +m) M1(An—1,ny — 1)’
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Lemma 5.A.7. We have

M1 —=m)
NAn-1—mn)
AYIIN=2) 9, (ty, —n) V1 (AN_1.§ + 1)
— J J Ce R |to, — 2
o 191(150771 + 377) '191(>\N—1,N - 77) Hi UTN» ‘ > 77)
+ e*iY(AN—Lan) 191 (27’) ﬁl(AN*l’N _ tO,r — 277)
Oi(tor+n)  D1(AN—1nv —n)

CN_2<)‘N71 —n) 2
X<DN—2()\N1_77)®I]® - J0) @ [ta, —m) . (5.170)

- 404) @ [tz — )

Combining Lemmas 5.A.5 to 5.A.7 establishes (5.160).

Left qSoV states We now turn to the computation of the left qSoV
states

(0---002,7,  (0---020,7]|,  (0---022,7|. (5.171)

We proceed similarly to the previous case, by successive application of
operators C on the reference state ((0,r]|.

Proposition 5.A.8. We have

ﬁ DN=1(Ax + an)

(0---002,7| = (M- @ (tor + 20|, (5.172)

DN*l(AN —an)
DN=2(\;, + an)
{0---022, 7| = (5.173)
kl;[ 1(11_[1DN *(Ak —an)
(e N @ (tor + 4],
and
e~ iy(An—1,n+27)
0---020,7] = 5.174
« | 1 (tar =001 (e, = 21) ( )
y 1 2 DNV2(A\y_; + an)

D1(AN-1,8 =M1 (AN-1,8 = 2n) -5 DV2(An-_1 —an)
X Yy (- MU+ Yoo (fr - 400] + Yig (- - - 1A]) @ (tor + 201,



5.A. EXPLICIT QSOV STATES 197

where

wa = eiiy(/\N*I’N72n)191 (77)191 (277)191 ()‘N*LN —tar + 77) (5.175&)
X 91 (AN_1,§ — 2, +21),

0

YE]O = — ;(27]) 791 (t2,r — 37’])791 ()\N—LN)'LQI(/\N—I,N - tZ,T + 277)7
(5.175b)

Yig = eYON-18 =20y, (45— 30)0y (t2, — 4n) (5.175¢)

X W (AN—1,8)01(AN=1,8 — 7).

The following lemma allows us to obtain the intermediary elements
(0---001,r| and (0---010,7|:

Lemma 5.A.9. We have

CN (M)
DN (X — 1)
e QN+ 9y ()9 (Ao — ta, + 27)
a itz — iAoy — 1)
N-—1
y W<ﬂ...ﬂoy®<to,r+n!
“aiyy_V1(t2 — 30)91(Aow)
V1 (ter —n)01(Aon — 1)

N-1
X (- M @ {tor] (I)Nc—l()\(o)\i)n) ® I]> . (5.176)

{0, 7]l

+e

For A\g = Ay, the second term in (5.176) trivially cancels. This leads to
the following expression (5.177) for ((0---001,7]:

e ¥ 9 (ta, — 2n) DV (AN + 21)
a Vi(tey —n) DVN=IY(Ay —1n)
X <ﬂ . -‘ﬂO\ ® <t0,7’ + 17] . (5.177)

{0---001,7| = —

Next, we apply the appropriate operators C on ((0---001,r|| to obtain
(0---002,7], ((0---012,7] and {(0---022,7|. For each of these states,
the specialisation of the spectral parameter in C(\) gives rise to a single
non-zero term. The results of these computations are (5.172), (5.173),
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and

e Y191 (ta,r — 27) DV (A +27) DV 2y + 1)
a  Ui(tz, —1) DN=1(Ay —n) DN=2(\y — 27)
DN =2(An_1 + 27)

X DN2(\y_1 — 7)) (- 10d| @ (to,r +3n|. (5.178)

{(0---012,r|| = —

We now consider (5.176) with \g = Ay_1, and obtain

1 DV72(A\y_1 + 2n)
~ati(tay — Y91 (ANv—1,8y — 1) DV2(A\y_1 —17)
X (—e‘iy(AN*l'N+n)191(277)?91()\N71,N —ta, +20) (1 O]
+e 7Y, (L, — An)91(AN—1.8) (T - NOR]) @ (to,r +7|. (5.179)

(0---010,7| =

To reach ((0---020, ||, we apply one last operator C to the two vectors
in (5.179). We present intermediary results in the following lemma:

Lemma 5.A.10. We have

CN(An-1—17)
_iypY1(t2,r —3n) V1(An—1,8v — 1)
V1(t2,r — 2n) V1(AN—1,8 — 27)
DN=2(An_
x DN—Q(()\;VlleT;)) <ﬂ e TNHH ® <t0,7" =+ 277‘
+ e YO t) V1(n)V1(te, — 3n) Vi(AN—1n — tar + 27)
V1 (ta, — 2n)? Y1(An—1,8 — 27)

CN—2 Av_ 1 —
X (- 10| ® (tor + 7] (DN—Q((A]]\,V_ll_ ;77;) ® u®2> . (5.180)

= —Qe

and
C¥(An-1—1)
(- M0 @ (tor + 1) DN(An_1 —27)
91(n) D Q=1 £ 1)

= F1(tay — 20)01(An 1 — 27) DN2(Ay 1 — 29)
x (Way (4 - 14 -+ Woo (4 -+ 100]) @ (to,r + 21|

CN"2(An-1— 1)
DN=2(An_1 — 2n)

+ Wao (- M0 @ <t0,r+77|< ®ﬂ®2>, (5.181)
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with

Wiy = ae YON-L8 =9, (A\y_y y — ta, + 1), (5.182a)

Woo = —o P12 =30 Ov-1v) (5.182b)

ad1(2n)
5 _siyn U1(1) V1(te, — 3n)V1(t2,r — 4n)
Wy = e 53m ) )
ks 0i(20)  Oi(ta, — 2)?
Y1(Aw-1.v) (5.182¢)

P (AN_1,n —2n)

Finally, (5.179) and Lemma 5.A.10 lead to (5.174).
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Chapter 6

Special eigenvectors of
higher-spin models

In this chapter, we pursue the investigation of special eigenvectors of the
18V and 41V models, and the related spin-1 XYZ chain. We recall that,
in Chapter 3, simple algebraic arguments established the existence of
eigenvectors of the 18V and 41V transfer matrices with remarkably simple
eigenvalues. To examine them further, in Chapter 4, we related the transfer
matrix of the 18V model to that of the d10V model. Then, in Chapter 5,
we solved the eigenvalue problem of the latter via qSoV techniques. We
now exploit these relations and results to define the special eigenvectors
of the 18V and 41V models. Through these definitions, we derive a
number of properties that characterise the special eigenvectors implicitly.
These include symmetry properties, exchange and reduction relations,
and pseudo-periodicity properties with respect to the inhomogeneity
parameters, as well as a conjecture regarding their analyticity with
respect to the inhomogeneity parameters. Additionally, we compute a
quadratic sum rule involving them in terms of a determinant formula.
Taking the homogeneous limit of the special eigenvectors allows us to
define a zero-energy eigenstate of the spin-1 XYZ chain. We obtain a
symmetry property of this last vector, as well as a closed-form expression
for its square norm.

We start our investigation with preliminary work on the sum rule of
Theorem 5.2.14. Indeed, its elliptic determinant expression tends to

201
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not be the most convenient to manipulate, especially when taking the
homogeneous limit. We thus proceed to its uniformisation. Through
this procedure, we find an elliptic parameterisation that expresses the
determinant formula in terms of polynomials. We study several properties
of these polynomials, and find that they are generalisations of those
introduced by Zinn-Justin and Rosengren [78-81,111].

This chapter is structured as follows: in Section 6.1, we proceed to the
uniformisation of the determinant formula of Theorem 5.2.14. We analyse
the properties of the resulting polynomials. In Section 6.2, we present
results for the special eigenvectors of the 18V, 41V models and the spin-1
XYZ chain. We conclude the chapter with some research perspectives
related to the present work.

6.1 Uniformisation of an elliptic determinant

The goal of this section is to study the quantity

Z(E=1;X) = (p"]"), (6.1)

where (p”| and |¢®) are the left and right special eigenvectors of the
d10V transfer matrix, as defined in Theorem 5.2.5. In Chapter 5, we used
qSoV techniques to find an explicit expression for Z(&; A). The expression
depends on the inhomogeneity parameters A = (A1,...,Ay) and

(x,y) € {(1,0), (1,1), (0,1)}. (6.2)
Here, we prefer to label these three choices by a single integer
a€{2,3,4}. (6.3)
The correspondence between the labels is

(y) [ L0) | (1) [ 01)
a | 2]3]4

(6.4)
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Using this correspondence and Proposition A.1.3, we infer from Theo-
rem 5.2.14 the explicit expression

_ 1 T15—1 91 (Nij + )
92" 90 (N) Thicicjen Y1(Ai)01(Az0)

N o (Pa(Aij—n) . Pa(Xij +1) .y
" i%e:tl (191()%]’ - 77)€ Y1(Nij + 77)€ ) » (65)

where A\;j = A; — \j. In Section 6.2, we find an interpretation for Z (£ =

Z(&N) = 296N

1;A\) as a quadratic sum rule for the special eigenvectors of the 41V and
18V models. Moreover, we relate the homogeneous limit Z (£ = 1;0) to
the square norm of a zero-energy eigenstate of the spin-1 XYZ chain. To
make this last process easier, we now proceed to the uniformisation of
the determinant formula of Z(§ = 1; A).

Generalisation We consider the generalisation

@y i 91 = g+ )01 (X — py —n)
TN (A p) = P y
[Ticicjen P1(Nij) 01 (150
e (@
X i(}e:tlf Y(Ni = pj), (6.6)
where

FO0) = 22— — : (6.7)
Clearly, we have
TR (A )

@ f _ 141 _
Zv(E=LA)= 98 (N TN =y 91( N — ) (68)

Moreover, by convention, we set Z(()a) = Tga) = 1.

6.1.1 Modular and factorisation properties

Modular properties We begin our analysis by showing that the three
functions T%)(/\; p) transform into one another under the action of
the modular group. The modular group is the group of fractional linear

transformations of the upper complex plane of the form

aw +b

W —
cw+d

(6.9)
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where a,b,c,d are integers obeying ad — bc = 1. Each of them is a
composition of the following shift and inversion [158]:

1
T:w—w+1, Siw— ——. (6.10)
w

Thus, T and S are generators of the modular group. We often refer to
them and their compositions as the modular transformations. We specify
their actions on the Jacobi theta functions in Appendix A.1.3.

We consider the actions of 7" and S on Tg\?)()\; B) = Tg\?)(/\; i n|w):

(TR (A ) = TR s sl + 1), (6.11)
(ST s ) = TV (A ws pfws /] = 1/w). (6.12)
Lemma 6.1.1. We have
(TY) (N ) = VDAY (A ), (6.13)
(YD) ) = ™V AT (N ), (6.14)
(TN ) = ™V AT (A ), (6.15)
and
(STP) i) = en (s ) TR (A o), (6.16)
(ST ;) = en (s ) TP (A; ), (6.17)
(STD)Y A1) = ex(Xs ) YR (A ), (6.18)
where
en(Ai p) = iV AN s
i N
xexp | —~ 2% Ni—m)?— Y (A?j + M?j) , (6.19)
,5=1 1<i<j<N

and A = (—iw)'/2.

Proof. The proof is a straightforward calculation, based on the transfor-
mation behaviour (A.30) and (A.31) of the Jacobi theta functions under
modular transformations. O
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Half-specialisation and factorisation By Lemma 6.1.1, we may
restrict our analysis of Tgf;)()\; p) to a = 2, and recover the cases a = 3,4
through modular transformations. In this and the following sections, we
use the simplified notations

FO) = FA), Tvip) =T N p).  (6.20)

A first step towards the uniformisation of Y (X; p) is to half-specialise
the arguments A and p. Let n > 0 be an integer and © = (x1,...,2y,)
and y = (y1,--.,Yyn) be n-tuples of complex numbers. (If n =0, x = ()
is just the empty list by convention.) We denote by

(Cﬁ,y) = (mlv""xnaylv"'ayn) (621)

their concatenation. We use the same notation for the concatenation
of lists with an unequal number of elements. Moreover, we omit the
parentheses of the concatenation when it appears as an argument of a
function.

For N = 2n, the half-specialisation amounts to setting the arguments of
T (A;p) to

A= (x,—x), p=(y,—-y). (6.22)
For N = 2n + 1, the half-specialisation is
A= (xz,—x,0), p=(y,—y,0). (6.23)

Following Kuperberg [114], we show that T (\;u) factorises when
its arguments are half-specialised. We write the factors in terms of
determinant formulas that involve three functions. To define them, we
use the shorthand notation:

Dz £y) = 0(x + y)Vs(x — y), i=1,....4. (6.24)
The three functions are
h(z,y) = d1(z —y £n)di(x +y £n), (6.25)
and
9(@,y) = ¥3(x — y)da(z —y)dh(z +y £n)
+J3(x + y)a(z + y)i(z —y £n), (6.26)

g(z,y) = V3(x — y)da(z —y)i(z +y £ 1)
— U3z +y)a(z + y)0i(z —y £ ). (6.27)
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We define ¢ = Zg = 1, and for n > 1,

— . . HZj: [h(xz,y ) @(xuyj)
Eon(x;y) = 4A(;)A(y) J f:}etl ([h@:“ y])> (6.28)
2y (i) = L=t DY) o (0(@iy;)
-2n(x7 y) - é(m)ﬁ(y) %etl (H’\(IIZ“ y])> (629)

A(x) = H V1 (z; £ ), Ax) = A(x) H V1(22;) (6.30)

1<i<j<n i=1

are theta-function generalisations of the classical Weyl denominators of
type D, and C,,, respectively [63].

Proposition 6.1.2. For each n > 0, we have
T2n($7 -y, _y) = (_1)nA2nEQn(m; y)EZn(m; y)’ (6‘31)
(_1)n+1A2n+1
2091 (n)?
X EZ(n+1)(x7 0y, O)EQn(wv y)7

T2n+l(m7 _xao;yv _y70) = (632)

where

201(n)02(n)

A=
V314

(6.33)

Proof. First, we consider Yo, (A; p) with the half-specialisation (6.22).
We evaluate

[T 906 — ) =(=0)"" D 20()h(=), (6.34)
1<i<g<2n

[T 91— ) = (—1)" " D2Ay)Ay), (6.35)
1<i<j<2n

and

2
2n
Hﬂl)\ —pj£n) = (H[hxz,y]) : (6.36)

i,7=1 i,7=1
These evaluations suggest that we consider the ratio
A(@)(y)b(z)b(y) Yon(z, —2: Yy, ~y)
5 .
(H?,j:l (i, ?JJ))

Ton(x;y) = (—=1)" (6.37)
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Since f()) is an even function of X, Yo, (a;y) is the determinant of a
block matrix:

(6.38)

Fo(@i9) :det< An(x;y) | Bulx;y) ) '

Bu(x;y) | An(z;9)
The blocks are given by
An(z;y) = (f(2i —vi))ij=1,  Bn(x;y) = (f(xi +9i))ij=1-  (6.39)

We exploit the symmetry of the block matrix in (6.38) to block-diagonalise
it with the help of the 2n x 2n orthogonal matrix

1 (1, |1,
U=— , 6.40
\/§< —1, | 1, ) (6.40)

where 1,, denotes the n x n identity matrix. Indeed, we have

i [ An(zsy) | Ba(z;y)
U'<<Bn@ry>Anmzy>>(]

)

~{ Au(x;y) — Bu(z:y) | 0
B ( 0 | An(@:;y) + Ba(x;y) > - (64

Taking the determinant on both sides of this equality, we obtain

Yon(x;y) = det(An(2;y) — Bol(z;y))
x det(An(x;y) + Bu(w;y)). (6.42)

The substitution of this expression into (6.37) and the identities

. ey )"
Ap(x;y) + Bu(zyy) = A ([h(l‘u ?/j))ml : (6.43a)
An(@;y) — Bu(z:y) = A (h(xi’yj)>z’,jl’ (6.43b)

lead to the factorisation (6.31).

Second, we consider Ya,11(A; ) with the half-specialisation (6.23). We
have

[T =) = (DO D202, 0A(x),  (6.44)
1<i<j<2n+1

[T 91— ) = (1" D20y, 0)b(y),  (6.45)

1<i<j<2n+1
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and

II 916 —p+n)

1<i<j<2n+1
3,j=1 =1

Hence, it is natural to analyse the ratio

(= )"“01(77)%(3: 0)A(y, 0)A(x)A(y)
(171 P,y ) 2 h(zi,0)h(0,4:)) h(0,0)
X T2n+1( ,_113,0;3/,_'!/70)- (647)

Y2n+1(w; y) =

It is given by the determinant of a block matrix, too:

) An(z;y) | Ba(my) | f(2)'
Yont1(x;y) =det | Bu(x;y) | An(zsy) | f(2) |- (6.48)

fw) | fw) | £
Here, f(2) = (f(21),.... f(@a)) and f(y) = (F(y)-- .. F(yn)). Next, we

define the orthogonal block matrix

) 1, |1,| O
U=—| -1, |1, 0 |. (6.49)
V2 0 [0 [V2

We have the identity
[ Au(@iy) | Bulwiy) | ()
U'| Ba(a;y) | An(a;y) | f2)' | U
f(y) fy) | f(0)

Ap(x;y) — Ba(z;y) 0 0
= 0 An(®;y) + Ba(zsy) | V2f(2) |. (6.50)
0 V2f(y) £(0)

Taking the determinant on both sides of this equality leads to

Yoni1(x,y) = det(A,(z;y) — Bo(x;y))

ot [ An(@:y) + Bu(ziy) | V21 (2)! )
“”( Vi | o) ) O
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Furthermore, we note that

det ( An(z;y) + By(z;y) \/§f(w )
V2f(y) f(0)

Lo [An(@iy) + Bu(zy) | 2f ()
) t( T | 2/0) > (6:52)

On the right-hand side, we recognise the determinant of the (n+1) x (n+1)
matrix A,41(x,0;y,0) + Byyi1(x,0;y,0):

[\

: 1
Tant1(z,y) = 5 det(An(@;y) — Bu(z;y))
x det(Ap41(zx,0;y,0) + Bpti(z,0;4,0)). (6.53)
The factorisation (6.32) follows from the substitution of this expression

into (6.47) and the identities (6.43). O

6.1.2 Uniformisation variables

Let
w(z) = U3(n)V4(n) V1(x)?
Y34 191(1‘ - 77)191(1‘ + 7]).

(6.54)

We shall express the functions Zgy,(;y), Z2,(; y) in terms of two multi-
variate polynomials Goy, (w; w'), Gop(w; w'), where

w = (w(x1),...,w(x,)), w' = (wy1),. .., w(yn)). (6.55)

The polynomials Ga,, (w; w'), Go,(w;w') also depend polynomially on
the X, Y parameters defined in (3.17). We refer to the change of variables
from x,y,n,w to w,w’, X, Y as uniformisation, and to w,w’, X,Y as

the uniformisation variables.

As preliminary steps toward uniformisation, we discuss several properties
of w(z) and X,Y. These properties include the evaluations of w(z)
at special points and the behaviour of w(z) and X,Y under modular
transformations.
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Evaluation at special points
Lemma 6.1.3. We have

_ Us(m)aln) O (n)*(z +y)
w(z) —w(y) = — U594 Vr(z £ (y£n) (6.56)

Proof. The proof is a straightforward application of Weierstrass’ identity
for the Jacobi theta functions (A.9). O

In the next two lemmas, we evaluate w(x) at special points. First, we
focus on the half-periods

T T 7w Tw
71 _07 Y2 = 57 V3 = 5"_77 Y4 = 7 (657)
Lemma 6.1.4. We have
4
w(y1) =0, w(n) = 53—y (6.58)
X+Y X-Y

Proof. The equality w(y1) = 0 is immediate. For ¢ = 2, 3,4, we use the
transformations of the Jacobi theta functions under half-period shifts of
Proposition A.1.3 to obtain

N
w(%)—-ﬁggQZiO” (§i2)> . (6.60)

Using Lemma A.1.5, it is straightforward to write these expressions in
terms of X +Y and X —Y. O

Next, we consider the shifted half-periods

7r T W W
B =1, 5225‘“77 ’Y3Z§+7+77a 74:7+TI- (6.61)

Lemma 6.1.5. We have

2 2
w(f) = oo, wl) = sy (662
w(s) = w(fr) = o T (6.63)

(X +Y)1-XY)’ (X —Y)1+XY)
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Proof. The equality w(f1) = oo is immediate. To evaluate w(g;), i =
2,3,4, we note that

_ (U3()Pa(m)\®  Di(@)V(x +n)
w(z)w(x +n) = ( 9504 ) @ — @t o) (6.64)
Setting = = ~;, we find
2 .
w(v;)w(B;) = (193(;7221(77)) 19:(92177)' (6.65)

We use Lemma 6.1.4 and the identities given in Lemma A.1.6 to express
the left-hand and the right-hand sides, respectively, in terms of X and
Y. O

Modular properties The uniformisation variables w(x), X, Y have a
simple transformation behaviour under the action of the modular group:

Lemma 6.1.6. We have

TX = X, TY = -, (6.66)
X+Y+2 X+Y -2
and
(Tw)(z) = w(e), (Sw)(a) = 2 T ue). (6.69)

Proof. Combining Lemma A.1.5 and the transformation properties of
the Jacobi theta functions (A.30) and (A.31), we find

2193192(17)) _20402(n)

T(X+Y):T( _X_V, (6.69)

Da203(n) ) D204(n)
T(X-Y)=T (21;92%((77’7))) = 21;’;3;;12(5;7)) =X+Y.  (6.70)

Likewise, we have

o (20592(n)\  20304(n)  2(X +Y)
SX+Y)=S5 ( J2093(n) ) C Oa03(n) XY (6.71)
_ o (20492(n)\ _ 20294(n) _ 4
SX-¥)=5 ( 1921942(77) ) B 1942192(77) XY (6.72)

Taking linear combinations of these equalities leads to (6.66). The proof
of (6.68) is similar. O
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6.1.3 Uniformisation of E,, E,

We now address the problem of the uniformisation of =,,=,,. To this end,
we note that w(z) is an even elliptic function with periods 7, 7w and
simple poles at x = £n (mod 7, 7w). By classical theory, it generates the
field of even elliptic functions with these periods [158]. In particular, each
elliptic function of z with poles at = +n (mod 7, 7w) is a polynomial
in w(x).

Auxiliary functions The first step of the uniformisation is to express

h(z,y), g(x,y) and g(z,y) in terms of the polynomials

h(w,w) =1— (X? +Y? + 2)wuw’
+ (X2 = YHww'(w+ ') + (1 - XH (1 - YHww?, (6.73)

and
g(w,w') =1- %(X2 +Y? - 2)ww, (6.74)
g(w,w') = X24yv?-— (X2 — Y2)(w +w')
+ (X2 Y2 - 2X2Y 2w (6.75)
Lemma 6.1.7. We have
_ (h(z£n)di(y £n)°
h(z,y) = 1 191(77;4 hw(z), w(y)). (6.76)

Proof. We consider the function

)y
oY) = Gz oy £ m)?

With respect to both x and y, it is an even elliptic function with poles

(6.77)

of order 2 at z,y = £n (modm,7w). Hence, it can be written as a
quadratic polynomial in both w(x) and w(y). Using the symmetry under
the exchange of x,y, we find

A~

h(z,y) = ao+arw(z)w(y)+az(w(z)+w(y))+azw(z)w(y)(w(z)+w(y))
+ay(w(z) + w(y))? + azw(z)*w(y)®. (6.78)
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The coefficients a;, ¢ = 1,...,5, are independent of x,y. We determine
them through specialisations of x,y. First, setting y = 0, we find

1 = ag + asw(z) + agw(z)?. (6.79)
A series expansion of the right-hand side in z leads to
ap =1, az =0, aq = 0. (6.80)
Second, we observe that h(z,z +n) = 0. Hence, we obtain
0 =1+ aw(z)w(z+n) + azw(z)w(z +n)(w(z) +w(z + 7))
+ asw(z)*w(z + 1) (6.81)

The specialisations z = ~;,1 = 2,...,4, lead to a system of linear
equations for aq, az, a5 whose coefficients are rational functions in X,Y
by Lemmas 6.1.4 and 6.1.5. Solving this system is straightforward and
yields

@ = —(2+ X274V, ay= X2V, a5 = (1- X (1-Y?). (6.82)

A

The substitution of (6.80) and (6.82) into (6.78) leads to h(x,y) =
h(w(x),w(y)). The lemma follows from this equality and (6.77). O

Lemma 6.1.8. We have

_ 203(2)04(x)93(y)Va(y)

9(z,y) = 01 (1) 20594
x Y1(z £n)d1(y £ n)g(w(z), w(y)) (6.83)
and
_ _ (VU3(n)¥a(n) 2 V1 (z)92(2)V1(y)92(y)
ol@,y) = (191(77)792(77)) V1(n)?0304

x J1(z £n)d1(y £n)g(w(@), w(y)). (6.84)

Proof. We focus on the proof of (6.84), as the other one is similar.

First, one checks that g(z,v1) = g(x,v2) = 0. Using the factorisation
properties of theta functions, we may write

§(x,y) = 91 (x)02(2)91 (y)92(y)G(z, y), (6.85)
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where G(x,y) is an even theta functions of order 2 with respect to x and
y, obeying G(z,y) = G(y, z). Using (6.27) and the duplication formulas
(A.8), we obtain the specialisation

- 493(n)Y
G(x,x+n) = Mﬂg(x)ﬁdw)ﬁg(x + n)d4a(z +n). (6.86)
(920314)
In particular, we find
_ _ _ 4(93(n)Y4(n))?
Glrs,Bs) = B, B) =0, B, ) = DY 5 g7
2V3V4
which we use below.
Second, one checks that the ratio

Vi (z £ n)di(y £ )
is an even elliptic function in both x and y, with simple poles at z,y =
+7 (mod 7, 7w). Using its symmetry under the exchange of x and y, we
write

91(n)*G(z, y)
Vi (z £ n)di(y £ 1)
The coefficients ag, a1, as are independent of x and y. To find these

= ap + mw(z)w(y) + az(w(z) +wly)).  (6.89)

coefficients, we set y = x + 1 and obtain
1 (n)*G(x, 2 + 1)
Y1 (x £ n)di(x) (z + 2n)
= ag + aqw(z)w(x +n) + az(w(x) + w(x +n)). (6.90)

Setting x = 73,74, the left-hand side of this equality vanishes by (6.87).
We thus obtain two linear equations for ag,a1,as. We express their
coefficients in terms of X, Y, using Lemmas 6.1.4 and 6.1.5. Solving for
ap and ag yields

X24+v2_ _ X2 +Y?2-2X2%Y2_
—mal, a] = X2 — Y2 ag. (691)
To find a9, we note that both sides of (6.90) have a simple pole at x = 0.

apg =

Hence, the corresponding residues must be equal. Using (6.87), we find

A )G I S A Y ()L 2T ) R P
2= 9 193194< 0 >(X Y. (692)

The coefficients (6.91) and (6.92) determine G(z,y) in terms of g(w(z),
w(y)). The expression (6.84) follows from (6.85). O
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Uniformisation Let us define Gy = Go = 1, and for n > 1,

n h iy / n i /'
Gonw; ') = L=t MU oy (JW0)) g g
H1<z<]<n(wl wj)(w; — wj) =1\ h(wi, wj)
h(w;, w') n g(w;, w’)
Gon bhi=t J det [ 292 (6.94
(Wi = e wjxw;—wjmel(h(wi,w;) (6.94)

Both Ga,(w;w') and Ga,(w;w’) are polynomials in w,w’ and X,Y.
Clearly, they are separately symmetric in w and w’.

We now use Lemmas 6.1.7 and 6.1.8 to express the functions E,(x; y),
E,(x;y) in terms of Gay, (w; w') and Gop, (w; w').

Proposition 6.1.9. Let n > 0 be an integer, and w; = w(x;), wi = w(y;),
1=1,...,n, then

2 N (5()0a(n)\ Y
~2n(w’y)_z91(n)2”2( 03194) ( U314 ) (6.95)

X <ﬁ (V1 (i £ )01 (ys £n))" 193(501:)194(%)793(%)194(%')) Gan(w; w'),
i=1

]

= o1 (039504\" 193(77)194(77)>"(”_1)
._4277,(337y) - 191(77)2”2 ( 4 > < 293,194 (696)

J3(n)a(n) (V1 (s £ 0)V1(yi £1)) w:w
% (191(?7)192(77)> (H V3(2i)0a(2i)03(yi)0a(y )) Ganl )

Proof. The proof is a calculation, which we present for (6.96). First, we
note that the difference property of Lemma 6.1.3 leads to

_ 1 U304 i
Az) = 91 ()P =D (_193(77)194(77)>

XH(ﬁl(% in)n—lgl(%ﬁ)) I (wj—w). (6.97)
i=1

1<i<j<n

We combine this equality with Lemma 6.1.7 and obtain

H?,z:1 [h_(xi, Yj) _ 1 (193(n)194(77)>"(”_1) (6.98)
Mz)A(y) 01 () 2n(n+D) V304 '
T Dalwi )" o (ys £ )" [17j=1 h(wi, w))

bl V1(27:)91(2y;) [icicjcn(wj — wi)(w) —wp)
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Second, by Lemmas 6.1.7 and 6.1.8, we find

no(g(mny) | (YsmPam) P 1 "
z‘%g(ﬂw(:cz,y]))_( V2(n) ) <193’l94)
V1 (23) 92 ()91 (y:)V2(vi) g(w;, w})
H 9r (s = )01 (31 £ 1) Se%(mwi,w;))' (6.99)

The relation (6.96) follows from (6.98), (6.99) and the duplication identity
(A.8). O

6.1.4 Uniformisation of TXP

Propositions 6.1.2 and 6.1.9 complete the uniformisation of

Tg?l)(:n, —T;Y,—Y) and Tg;)“(w, —z,0;y,—y,0), (6.100)

for a = 2. We now turn to the uniformisation of these functions for the

(2)

cases a = 3, 4. To this end, we apply modular transformations to T, as
prescribed by Lemma 6.1.1. We introduce the notations

(Xx@ y®) = (x,Y), (6.101a)
(X y®)) =T8(X,Y), (6.101Db)
(XW vy = §(X,Y), (6.101c)

where T, S are the generators of the modular group (6.10). The explicit
expressions of (6.101) follow from Lemma 6.1.6. We apply the same
modular transformations to

Gon(w;w') = Gay, ('w; w'; X, Y(Q)) : (6.102)
Gon(w;w') = Ga, (w; w'; X3P, Y(2)> . (6.103)
Lemma 6.1.10. We have

(TSGQTL)(w> wl) = Gay,
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From their expressions, it is clear that the functions (6.104) are poly-
nomials in w and w’. Additionally, direct examination reveals that, for
n > 2, they are rational functions of X,Y .

We define
G(Qi) (w;w') = Gap (w;w') , G’éi) (w;w') = Goy, (w;w'),  (6.105)

and

(T'SGap)(w;w'), (6.106a)

(T'SClap) (w; W), (6.106b)

(SGap)(w;w'), (6.106¢)

SGapn)(w;w'). (6.106d)

G4 wsw') = (

The prefactors in (6.106) ensure that Géa) (w; w’) and C_lg?l) (w; w') are

n
polynomials in X, Y of minimal degree, for a = 3, 4.

Proposition 6.1.11. Let n > 0 be an integer, and w; = w(x;), w, =

1
w(y;), i=1,...,n, then

@ 20920 (95 (n)0a () \ >
T2n (CC, —IY, _y) = 191(77)4”2 193194 (6107)

n 2n
X (H V1 (zi £ )01 (ys £ n)) G5 (w; w') G (w; w'),

i=1

and

Tg;)+1(m7 —z,0;y,—y,0) =

271, (1) 02" (?93(77)194(77))2"("“)
V1 (n)4n* -1 R

n 2n+1
x (Hwiin)wwin)) G 11y (w, 0w, 0)GE) (w; ).

i=1

Proof. For a = 2, the proposition follows from Propositions 6.1.2 and 6.1.9.
The cases a = 3,4 follow from a = 2 and the transformation proper-
ties under the action of the generators of the modular group, given in
Lemmas 6.1.1, 6.1.6 and 6.1.10. O
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6.1.5 Properties of Gan,, Gan

In this section, we discuss several properties of the polynomials Ga, (w; w’)
and Go,(w;w'). First, we present a condition under which they are
symmetric in all of their variables. Second, by examining the limit X =
1, Y = (, we find that the polynomials are generalisations of those
of Rosengren and Zinn-Justin, introduced in Section 2.2.4. Third, we
investigate the homogeneous limit of the polynomials. Finally, we relate
their trigonometric limit Y = 0 to weighted enumerations of symmetry
classes of ASMs.

Symmetry As previously mentioned, it is clear from their definition
that both Ga,(w;w’) and G, (w;w') are separately symmetric in w
and w’. In this paragraph, we study the conditions under which the
polynomials are symmetric in all of their variables. The techniques that
we implement mirror those of Section 2.2.4.

First, we present an alternate definition for Go,(w;w’) and Gy, (w;w’)
based on determinant condensation [63].

Lemma 6.1.12. For each n > 2, and Py, = Gap, Gy, we have

1 HZ]_:ll h(w;, wé)
p(wn, wy,)" 2 ngz’q’gn—l(wj - wi)(w; — wy;)

n-1 (P, iy Wn; /'a fn
x det ( (i, Wi wj, © )>. (6.108)

ij=1 h(w;, w})

Py (w;w') =

Proof. We focus on the proof for G, (w;w’). Let us consider the con-
densation identity (2.77) for A = (g(w;, w})/h(wi,w}))
calculation yields

An explicit

n
2,j=1"

@ij  in | (wn, — wi)(wy, —w}) G (wi, wn; wh, wy,)

det

Gnj Qnn
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and, therefore,

g(wiﬂwD
- 6.109
<h<wi,w;> POTRTATE: (6.109)
", —w)(uh —wl) el (dewmwbw;))

t
h(wn, wh) TIPSE h(ws, wh)h(wn, w)) =1 h(w;, w))

1

n
det
ij=1

We insert this expression into (6.93). Simplifying the prefactors leads to
(6.108). O

Second, Lemma 6.1.12 allows us to infer a symmetry property of Ga, (w; w’)
and Ga,(w;w’) from their expressions for n = 2.

Proposition 6.1.13. For each n > 1, and X?> =1 or Y? = 1, the
polynomials Gop(w; w') and Gaop(w;w') are symmetric in w,w'.

Proof. We focus on the proof of the symmetry of Ga,(w;w’). For n =1,
the proposition trivially holds since Ga(w;w’) = g(w, w') = g(w', w). For
n > 2, we use that G, (w;w') is separately symmetric in w and w’. To
establish the full symmetry, it is sufficient to show that it is invariant
under the exchange of w,, and w/,. This invariance holds for n = 2, since

Ga(wy, wo; wi, wh) — Ga(wy, wh; we, w)) (6.110)
= (1= X*)(1 = Y?) (w1 — w))(wz — wh)g(wy, wh)g(w), wz) = 0.

For n > 2, the invariance follows from Lemma 6.1.12. ]

Relation to the polynomials of Rosengren and Zinn-Justin We
now consider the case
X =1, Y =¢(, (6.111)

and show that Ga,(w;w’) and C_r‘gn(w;w’) are specialisations of the
symmetric polynomials Ha,(w,w’) introduced in Section 2.2.4.

By Proposition 6.1.13, for the choice (6.111), G, (w;w’) and Ga, (w;w')
are symmetric polynomials in w, w’. Their building blocks are

h(w,w') =1 — (% + 3)ww' — (¢ — Dww' (w + w') (6.112)
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and

g(w,w') =1— %(8 — Dww/, (6.113)

glw,w') =+ 1+ (¢ = 1)(w+ v + ww'). (6.114)

To express the relation between Ga, (w;w’) and Ga, (w; w') and Ha, (w,
w’), we recall the notations

1 1 1
_ 1 _ N 11
Ja 5 J3 T ¢ Ja ¢ (6.115)
Proposition 6.1.14. For X =1, Y = (, we have
ng(wl, vy Wn—1, 0; ’UJ/) = Hgn(wl, vy Wn—1, Jg, 'w’), (6116)
ng(w; w’) = HQ(n+1)(w, J3, 'w', J4) (6.117)

Proof. Tt is straightforward to check (6.116) and (6.117) for n = 0,1 and
n = 0, respectively. Then, by explicit calculation, we find

G4(w1,0;w’1,w'2) = H4(’LU1,J2,’IU,1,’LU2), (6.118)
g(wl,w’l) = H4(’UJ1,J3,U)£,J4). (6.119)
The proposition follows from these equalities and Lemma 6.1.12. O

Homogeneous limit The homogeneous limit is achieved by setting
all inhomogeneity parameters to zero. Here, given the parameterisation
(6.54), this limit corresponds to

w=w =0=(0,...,0). (6.120)

For this choice, Go, (w; w') and Ga,(w;w’') become polynomials in X, Y.
Table 6.1 provides these polynomials for n = 1,2, 3.

The examples of Table 6.1 suggest that 2" "1 Gy, (0;0) and G2,(0;0) have
positive integer coefficients. The positivity hints at a possible relation to
combinatorics, similar to what Hietala found for the Ha,(w,w’) [82,83].
For our case, however, such a relation remains to be discovered. Note
also that establishing the positivity in itself is not a trivial task. Indeed,
this question is still open, even for X =1,Y = ( [82,83].
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n | 271Gy, (0;0)

1|1
2 | X24+Y%2+6
3 | X0 412X4+70X2+ X4Y2 428 X2V 2+ X2V 470V 2+ 12Y4 +

Y% + 60
n | Ga,(0;0)
1 | X24+Y?

2 | X0 42X+ X1Y? +8X%Y? + X2V 42V + VO

3 | X2 4 6X10 4 X10y2 4 13X% + 16X8Y2 + X8V + 6X6 +
82X0Y24+30X0V44+54X4Y24+2X6Y6 4+ 90X4Y 4 +54X2Y4 +
30X4Y64+82X2Y0+6Y0+ X4Y3+16X2Y8+13Y8+ X2Y10 ¢
6Y10 + Y12

Table 6.1: The homogeneous limits of the polynomials 2" 1 Ga, (w; w')
and Ga, (w;w’) for n = 1,2, 3.

The trigonometric limit In the trigonometric case ¥ = 0, exact
computations for sizes up to n = 4, and preliminary analytical work seem
to indicate that Gg;)(O; 0) and G’g;) (0;0) reduce to polynomials that
appear in the weighted enumeration of ASMs (see Section 1.4). These
polynomials possess explicit determinant formulas [114,116].

The case a = 2. We begin our discussion with the polynomials
G2,(0;0; X, Y = 0), G2,(0;0; X, Y = 0). (6.121)

To this end, we recall the t-enumerations of N x N ASMs A(N;t), and of
(2n+1) x (2n+1) vertically-symmetric ASMs Ay (2n + 1;t), introduced
in Section 1.4. We also need the polynomials Ay (2n;t), defined through
the following factorisations [114]:

A(2n;t) = 2Av(2n + 1;1) Ay (2n; 1), (6.122a)
A@2n + 1;t) = Av(2n + 1;t) Ay (2n + 2;1). (6.122b)
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Conjecture 6.1.15. We have

2" 1Go,(0;0; X, Y = 0) = Ay(2n; X?), (6.123)
Gon(0;0; X,Y = 0) = X* Ay (2n + 1; X?). (6.124)

Note that the trigonometric case Y = 0 can be realised by taking the limit
w — 0o or, alternatively, p — 0. Incidentally, the Jacobi theta functions
have known series expansions in this limit (see Definition A.1.1). One
could therefore prove Conjecture 6.1.15 by considering the leading terms
in the serie expansions of Z,(0;0), Z2,(0;0) for p — 0, in relation to
Proposition 6.1.9. We expect this computation to require the use of the
method of divided differences, as performed in [92]. The method should
lead to determinant formulas for G, (0;0; X,Y = 0) and Go,(0;0; X, Y =
0), to be compared to those of Ay (2n;t) and Ay (2n + 1;t) found in
litterature [114,116].

Assuming that Conjecture 6.1.15 holds, and combining it with (6.122)
leads to the following result, useful for analysing the normalisation of
the special eigenvector of the spin-1 XYZ Hamiltonian with the diagonal
twist:

Proposition 6.1.16. Assuming that Conjecture 6.1.15 holds, we have

2"G2n(0;0; X, 0)G2,(0; 0; X, 0) = X" A(2n; X?), (6.125)
2"Go(n41)(0;0; X, 0)G2,(0;0; X, 0) = X*"A(2n 4+ 1; X?).  (6.126)

The cases a = 3,4. We continue our discussion with the polynomials

G{0,0,X,Yy =0), G%0,0,X,Y=0), a=34 (6127

n

We formulate a conjecture regarding their expression. We write it in
terms of the polynomials Ag% (4n;t,y, z) and /1%2[)}(471; t) defined in (1.42)
and (1.44), respectively. Recall that both of them appear in the weighted
enumeration of double U-turn ASMs.

Conjecture 6.1.17. For a = 3,4, we have

G(0;0) = AZ) (4n; x?), 2"G{¥(0;0) = AP (4n; X2,1,1). (6.128)
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The Gé‘;) (w,w'; X,Y), G_'g;) (w,w'; X,Y) are defined in terms of modular
transformations of Go,(w,w’; X,Y) and G, (w,w’; X,Y). The proof
of Conjecture 6.1.17 is expected to follow the same lines as for Con-
jecture 6.1.15. The first step is to apply the modular transformations
to S (x;y) and Za,(x;y). The second step consists in extracting the
leading terms in their series expansion with respect to p, for p — 0.

Let Apr(2n;t) be the t-enumeration of 2n x 2n half-turn symmetric
ASMs, as defined in Section 1.4. Kuperberg has established the following
factorisations [114]:

AHT (4?1; t) 2) ~(2)

SV Y — AR (dnst, 1,1) AR (4n; 19

A Avolnt LD AG(Ans 1), (6.1292)
Apr(4n + 2;t) @) @)
o = 2AupAnt, L) AG(4n + 45 t). 12
A2n+ 11) vu(dn; t, 1, 1) AT (dn + 43) (6.129b)

Assuming that Conjecture 6.1.17 holds, and combining it with these
factorisations leads to the following result, useful for analysing the nor-
malisation of the special eigenvector of the spin-1 XYZ Hamiltonian with
the anti-diagonal and the mixed twist:

Proposition 6.1.18. For a = 3,4, assuming that Conjecture 6.1.17
holds, we have

n @ (9. 01 Anr (4n; X?)
2 ; .g) = 2T\ A7) 1
G5 (0:0)G5,)(0;0) = — 2n X7 (6.130)
n+1 ~(a) i ~(a) /. . AHT(47’L + 2,X2)
2" Gy 11)(050)G5, (0;0) = A(2n £ 1 X2) (6.131)

6.2 Special eigenvectors

In Chapter 3, we proved the existence of eigenvectors of the 18V and 41V
transfer matrices with remarkably simple eigenvalues. In the homogeneous
limit, these are related to zero-energy eigenstates of the spin-1 XYZ chain.

In this section, we exploit the relations between higher-spin elliptic models
uncovered in Chapters 3 and 4 (see Figure 6.1 for a graphical summary).
Doing so allows us to transpose the results obtained in Chapter 5 for
the d10V model, to define the special eigenvectors of the 18V and 41V
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models. Through these definitions, we derive a number of properties that
characterise the special eigenvectors implicitly. These include symmetry
properties, exchange and reduction relations, and pseudo-periodicity
properties with respect to the inhomogeneity parameters, as well as a
conjecture regarding their analyticity with respect to the inhomogeneity
parameters. These properties are of particular interest, as they pave
the way for the analysis of the special eigenvectors via induction-style
methods, such as that of Izergin and Korepin (see Chapter 2). Additionally,
we compute a quadratic sum rule involving the special eigenvectors in
terms of a determinant formula. Then, based on Proposition 3.2.3, we
define a zero-energy eigenstate of the spin-1 XYZ chain. Notably, we
express its square norm in terms of the polynomials G, (w;w’) and
Gon(w;w').

Prop. 3.2.3

Spin-1 XYZ
[91]

S
—_
<
[oB
=
<

Prop. 3.1.17
Prop. 4.1.28
Fusion [95]

Prop. 4.2.13

18V d10Vv
VF corresp.

Fusion [89]
Fusion [95]

Prop. 1.3.1
Spin-1/2 XYZ 8V d6Vv
[13,28,29] VF corresp. [45,94]

Figure 6.1: Summary of the relations between the elliptic integrable
models studied in this thesis.
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6.2.1 Eighteen- and forty-one-vertex models

We define the vectors

N

W =T T 910w — VP, (6.132a)
=1 1<i<j<N
N

@H =T]9) T 91(Nji —n) (0" VP, (6.132b)
i=1 1<i<j<N

where (o] and |p%) are the eigenvectors of the d10V transfer matrix
defined in Theorem 5.2.5, and VP is the vertex-face transformation
(4.177).

Proposition 6.2.1. The vectors [p7), (Y| are eigenvectors of T(M(X)
and TP (X), with eigenvalues

o (N) =0, and 0P (\) = —AND\ —17), (6.133)

respectively. Moreover, these eigenvectors are unique, up to normalisation.

Proof. First, by Proposition 4.2.13, |[¢%) and (4’| are eigenvectors of
TM(X) with eigenvalue () (\) = 0. By Proposition 3.1.17, [1)®) and (1|
are eigenvectors of T2 ()\) with eigenvalue 2 (\) = —A(N)D(X — 7).

Second, from Theorem 5.2.5 and Assumption 4.2.11, the eigenspace

associated to #)(\) must be one-dimensional. To prove that it is also
the case for 8 ()), let assume that there exists |¢)) such that

TOM) |57 = 6D (N[0, and  TOA— ) [§7) £0.  (6.134)

By Proposition 3.1.17, we have T (\)TM (A—p) |/F) = 0. By uniqueness
of the special eigenvectors of T(1)()), we deduce that there exists a non-
zero & such that T (X — n) [PF) = £|¢F). We consider the following
dual pairing:

@HTO N =)y = 0 = & (™). (6.135)

From (6.132) and Theorem 5.2.14, one deduces that ()Z|¢p%) # 0 for
generic inhomogeneity parameters. Therefore, & = 0, which is a contra-
diction. O
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We make the following conjecture regarding the analyticity of the special
eigenvectors:

Conjecture 6.2.2. The vectors [f) and (y*| are entire functions of

the inhomogeneity parameters A;, i =1,..., N.

This conjecture ensures the regularity of the homogeneous limit of the
special eigenvectors.

Small size We now provide explicit expressions for |%) and (y!] for
N = 1. We base our computations on (5.130), and the explicit expression
of the vertex-face correspondence.

For the diagonal twist, (x,y) = (1,0), the eigenvectors are

[7) = 2ad2(n)(0 1 0), (6.136a)
(@' = —(ad2(n)'(0 1 0). (6.136b)

For the mixed twist, (x,y) = (1,1), the eigenvectors are
Wy =p o510 1), (6.136¢)
W = -V 93(m) 7@ 0 1) (6.136d)
For the anti-diagonal twist, (x,y) = (0,1), the eigenvectors are

) = p a1 0 —1), (6.136e)
W = - V*9,m)~ta 0 —1). (6.136f)

Properties The eigenvectors obey the following pseudo-periodicity
properties:

Proposition 6.2.3. For eachi=1,...,N, we have

[ F) = (—)NQR gty (6.137a)

A=A+

N

= (-1 (=p~le )N [T V0l [wf), - (6.137b)
-
i

%)

Ai—\i+Tw
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and
| N G VS Ul LU (6.138a)
<¢L’ N — (_1)X(_p716721)\¢)N71 H eZlAj <1/]L‘ Qzl (6138b)
T T j:1
J#

Proof. The proposition follows from Propositions 4.2.9 and 5.2.10, and
(4.178). O

Next, the eigenvectors fulfil exchange relations.

Proposition 6.2.4. For eachi=1,...,N — 1, we have

ﬁgiﬁ)l(%,zurl) [07) = =01 (Niip1 — 01 (i1 +20) |07

>\i<_>>\i+1 ’
(WHRED V1) = =01 Aars = 91 i +20) 1|
; i Xit1
Proof. From Proposition 4.2.10 and (4.177), we find
(2,2 (2,2 i—
Rz(,i+)1()‘i,i+1)VqP = Vq|)\i<_>)\i+1 PRg,i+)1()‘i,i+l|7' +2nS 1)- (6.139)

The proposition follows from Proposition 5.2.11, along with (6.139) and
(4.177). O

We state a reduction relation obeyed by [1f) = |&) and (¥] = (L.
By convention, we set [1)f') = 1 and (y§| = 1.

Proposition 6.2.5. For N > 2, we have

e 0401(2n)
R __ _2iyta —3iyn o _ 4U1(47
VR gy = % 1t = )01t~ 20) =5
N=2
< TT 01t — mvs Qe + 20 Wit W 2N [0l L), (6.140)
j=1
and
—2iyta Aiyn @ 29+ (2
L € € 4(2n)V1(2n)
= — = 6.141
<¢N">\N_>>\N71+77 Al (tz)ﬁl(tz — 77) N ( )
N—2
x J] 91(An-1; — M1 (An—15 + 20) (x_of EVN N WN_1Wh,
j=1

with W defined in (3.34), and ZVN~! in (5.84).
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The proof of Proposition 6.2.5 requires the intermediary result:
Lemma 6.2.6. We have

VANV (A =t + 2ns3)c(nsd]t) | s) (6.142)

— o2ty 194191(77)

3e2n) D1 (NI = n)I(t+m)d1 (t — )Wy Wy ' s) .

Proof. We consider the following specialised version of Proposition 4.2.7:

VANV (A =t + 2ns3)RE (—|t)
= RSP (= (A = nlt) VP (At + 2ns3). (6.143)

We use Propositions 3.1.10 and 4.1.9 on this equation, and obtain

VPOV = nft + 2ns})e(nsile) Py~ (6.144)
= DL ()W Wy P WV (A — i) VP (At + 2ns3)d (msdle)
From (6.144), we deduce that the vector on the left-hand side of (6.142)
belongs to the subspace spanned by W~ 1W{ ! |s). To find the proportion-

ality factor between the two vectors, we compute the following component
explicitly:

(00| VOV (A = [t + 2ns3)c(nsd]t) | )

= —e2itywﬁlu)mu — )9t +n)01(t —n). (6.145)
U4(2n)

This expression and (00| W; W, ! |s) = —1 lead to (6.142). O

Proof of Proposition 6.2.5. We focus on the proof of (6.140), as the other
case is similar. The idea is to apply the operator

N
( H 191()\1')71 H V1 (Nij — n)VqP>

1<i<j<N
(4,5)A(N=1,N)

(6.146)

AN—=AN_1+7

to the left of (5.142). We explicitly compute the action of this operator
on the (N—1)-th and N-th factors C? of the spin space. Using (4.177)
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and (4.169), we rewrite

-2
P [ V¥l + 208771

VqP‘)\N_W\N—l"Fn -

Il
—_

J

X< VL Ot PV Ot =l + 2% 1), (6.147)

where 7 = 7 + 27S¥~2. Then, we use Lemma 6.2.6 to compute the

quantity:
VL O DV Ot =l + 2msy_)e(nsh [7) 2V 0k o)
949 iy g .
= A4 1(77) ’191 ()\Nfl)’lgl()\]\[,l — 7})62“—}/’[9(7' + 77)’[91 (7‘ — T])
Ua(2n)

x Wyl W BN o). (6.148)

We recall that, in IDg\(;)J, F=71+28V "2 = —7 4+ x7 + ymw. We use
this relation and (A.4) to simplify the remaining 7-dependent factors in
(6.148). Finally, we consider the complete expression of (6.146) acting on
the left of (5.142), simplify, and recognise the definition of & ,). O

The eigenvectors fulfil a Z, symmetry.
Proposition 6.2.7. We have
(@9 = v, (W () = (¥, (6.1492)
@)V ) = (DY [T, @)Y = (=) (¥*], (6.149b)
with Q the twist (4.179), and b € {1,2,3}, such that Q° # Q.

Proof. By Propositions 3.1.12 and 6.2.1, for each ¢ = 1, 2, 3, there exists
¢ € C such that

Q)N ) = € [p'). (6.150)
Given ((29)®N)2 = I, we must have ¢ = £1. Moreover, since ¢ takes

discrete values, by continuity of the eigenvector with respect to the
spectral parameters, £ must be independent of the spectral parameters.

To prove (6.149), we proceed by induction on the system size. We establish
the base case N = 1 from the explicit expressions of the eigenvectors
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provided in (6.136). For N = 2, we consider Proposition 6.2.5, and the
relation

QW12 |5) = (W H®2|s). (6.151)

Let us assume that (6.149) holds for size N — 2. Then, we apply ()&
to Proposition 6.2.5. The relation (6.151) establishes (6.149) for size
N. O

Sum rule Based on (6.132) and Theorem 5.2.14, we find the following
sum rule for the dual pairing of the special eigenvectors:

Proposition 6.2.8. We have

Wy =TI 910w — )0 (i —mZE=1;X),  (6.152)
1<i<j<N

where Z(&; N) is the elliptic determinant of Theorem 5.2.14.

Relation between right and left eigenvector In Proposition 3.1.15,
we express the 18V and 41V transfer matrices in terms of their transposes.
This result allows us to find an explicit relation between the eigenvectors

[%7) and (1],

Proposition 6.2.9. There exists Fy € C such that

(W = Fx [

Moo, MEY, (6.153)

Z‘:17"'7

with M the matriz defined in (3.31).

Proof. The proposition follows from Proposition 3.1.15 and the uniqueness
of the eigenvectors. O

We make the following assumption:

Assumption 6.2.10. Fy is independent of the inhomogeneity parame-
ters.

Note that the computation of appropriate components of (¢*| and [/%)
would establish Assumption 6.2.10. This, however, goes beyond the scope
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of this work. In Section 6.3, we indicate how one could perform this
calculation.

We find an explicit expression for Fl.
Proposition 6.2.11. We have
da2n)\" 4
Fy = (—1><X+y>Np—yN/2< 2 ) Ja¥a(N) T 0alim) 2, (6.154)

with the label a as in (6.4).
Proof. To prove the proposition, we proceed by induction on the system

size. We deduce a recurrence relation for Fy from Propositions 6.2.5
and 6.2.9, and the simplification

e4iy(t2 _77)191 (t2)191 (t2 — ’17)2191 (t2 — 2’17)
= PUa(Nn)Va((N = 1)1)*0a((N — 2)n). (6.155)

For N > 3, it reads

da2n)\’ 1
FN:< u "> P [0 (Nm)Oa (N = D20 (N = 2)m)] " Py,

4
(6.156)

We establish the base case for the odd system sizes from the explicit
eigenvectors (6.136). We find

A

= 191(9?7)(—1)”%‘”2 [Daa(n)] - (6.157)

For the even system sizes, we use Proposition 6.2.5 for N = 2 and (6.155).
We obtain

PN 2
B— <"94§2">> P [Dua(n)*a(2n)] (6.158)
4

The recurrence (6.156) with the base cases (6.157) and (6.158) lead to
(6.154). 0
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6.2.2 Spin-1 XYZ chain
We define the vector

[6) = N (W)*N [ F) (6.159)

)\17...,)\]\7—>07

where W is the matrix defined in (3.34), and Ny is a normalisation factor
given by

D n(n—1) 2pn—1
NQn _ 191 (n>fn(2n71)p7yn/2 ( >

D4(2n) da(jn)~", (6.160a)
en) U
Nong1 = eqi1 () 2D p=y(2n41)/4
A 2_1/2 om
Vg V4 o
) Daln) ™ 6.160b

with @ as in (6.4) and e; = 271/2, €34 = 1. Conjecture 6.2.2 ensures that
the vector |¢) is well-defined.

We use Proposition 3.2.3, to show that |¢) is a zero-energy eigenvector of
the spin-1 XYZ Hamiltonian.

Proposition 6.2.12. The vector |¢) is an eigenvector of H with eigen-
value E = 0.

Properties The eigenvector obeys a Zo symmetry.

Proposition 6.2.13. We have

Q)N |¢) = |9) (Q)ENg) = (=1)V |9) . (6.161)

with Q the twist (4.179), and b € {1,2,3}, such that Q° # Q.

Proof. The statement follows from Proposition 6.2.7, the definition
(6.159), and the commutation relation [Q¢, W] =0, for ¢ = 1,2, 3. O

Sum rule We express the square norm of the zero-energy eigenvec-
tor |¢) in terms of the polynomials Gé‘:l) (w;w'), ééi) (w;w') defined in
Section 6.1.4.
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Theorem 6.2.14. We have

(Gon|d2n) = 2"GS;) (0;0)GS;) (05 0), (6.162)
(Goni1ld2n11) = 2"2aG() ) (0;0)G51) (0;0),  (6.163)

with €9 = 1, €34 = 2.

The proof of Theorem 6.2.14 requires the following lemma:

Lemma 6.2.15. We have
(9lg) = (~1)NIPI AN ()N NV Z(e = 1;0),  (6.164)

with Z(&; A) the elliptic determinant of Theorem 5.2.14, and Fy and Ny
as defined in (6.154) and (6.160), respectively.

Proof. We take the homogeneous limit A\; = ... = Ay = 0 of Proposi-
tion 6.2.8, and obtain
Ly, R _ N(N-1) —1.
W[, =Yz = 150) (6.165)

By Conjecture 6.2.2, the homogeneous limits of |[¢f*) and (1| exist. We
relate these vectors to |¢) and (¢|, respectively. For the right eigenvector,
we use the definition (6.159). For the left eigenvector, we successively
consider Proposition 6.2.9, (6.159) and (3.36). We find:

L o R\t @N
<w | ALy, AN—0 =Fy |¢ > )\1,~~-,)\N~>OM ’ (6166)
= NNyt [g) (W IM)®r, (6.167)

= (DN ENNG (o] (W)=, (6.168)

Then, the commutation relation [W, Q%] = 0 and Proposition 6.2.13 lead
to (6.164). 0

Proof of Theorem 6.2.14. The theorem follows from Lemma 6.2.15, Propo-
sition 6.1.11, and (6.8). O

In the trigonometric limit Y = 0, Hagendorf and Morin-Duchesne showed
that the square norms of the zero-energy eigenvectors become polynomials
that appear in weighted enumerations of symmetry classes of ASMs
[92]. Here, we obtain a similar relation, issued from Propositions 6.1.16
and 6.1.18.
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Proposition 6.2.16. For the diagonal twist, we have

lenl?|,_ = X2N2A(v; X2), (6.169)
with A(N;t) as defined in (6.122).
For the anti-diagonal and mized twist, we have

2 Apr(2N; X?)
lenl?l,_y = =4y

with Agr(2N;t) as defined in (6.129).

(6.170)

Additional conjectures We state our results and observations for
the Hamiltonian with diagonal twist. We obtain their equivalents for
the other twists from Proposition 3.2.6. First, the simple symmetries of
Proposition 6.2.13 lead to some cancelling components and sum rules.

Proposition 6.2.17. For the diagonal twist, we have

(M d2ng1) = - U [Pant1) = 0, (6.171)
(£ (GNP |y ) = 0. (6.172)

Second, we used MATHEMATICA to diagonalise symbolically the Hamilto-
nian with diagonal twist for small system sizes. To this end, we considered
the eigenvalue problem on subspaces invariant under twisted transla-
tion [159,160]. Taking into account the Zy symmetries of Proposition 3.2.4,
we managed to compute the zero-energy eigenvector for sizes up to N = 5.
Our observations support the following conjectures:

Conjecture 6.2.18. The components of |¢) are co-prime polynomials in
X, Y with rational coefficients.

Conjecture 6.2.19. For the diagonal twist, up to multiplication by a
sign, we observe the components:

(0---0[¢2n41) = G2n(0;0), (6.173)
(0---0lp2n) =0, (6.174)
(- Mlg2n) = (b -+ dan) = Y"G2,(0;0), (6.175)

and the sum rule:

(] £ D" [pon) = 27(Y F X)"G2n(0;0). (6.176)
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6.3 Conclusion and outlook

In this chapter, we investigated the eigenvalue problem of the transfer
matrices of the inhomogeneous 41V and 18V models with quasi-periodic
boundary conditions along the horizontal direction. In particular, we
examined the eigenvectors associated to the remarkably simple eigenvalues
found in Chapter 3. We provided a formula for them, and established
that they are unique, up to normalisation. We also presented several
properties of the special eigenvectors that characterise them implicitly.
These include symmetry properties, exchange and reduction relations,
their pseudo-periodicity properties with respect to the inhomogeneity
parameters, as well as a conjecture regarding their analyticity with respect
to the inhomogeneity parameters. Furthermore, we computed a quadratic
sum rule involving them in terms of a determinant formula. In the
homogeneous limit, we used the eigenvectors to define a zero-energy
eigenstate of the spin-1 XYZ chain. We had conjectured the latter to be a
ground state for most values of the anisotropy parameters, in Chapter 3.
We examined its square norm, and found a closed-form expression for it
in terms of new special polynomials, generalisations of those of Rosengren
and Zinn-Justin. Additionally, we used these polynomials to formulate
several conjectures regarding components and sum rules of the zero-energy
eigenstates.

We now discuss some related research perspectives. First, we reflect on
the implicit characterisation that we found for the special eigenvectors of
the inhomogeneous 18V and 41V models. This characterisation is akin
to that of the special eigenvector of the supersymmetric 8V model in
Section 2.1. As such, it paves the way for a number of future analyses. We
expect these properties to help construct the eigenvectors by recursion on
the system size, similar to what Hagendorf did for the supersymmetric 8V
model [118]. More importantly, one could reproduce the Izergin-Korepin
technique of Chapter 2 in order to compute sum rules or components of
the special eigenvectors. This would require the development of the theory
of the boundary Yang-Baxter equation for spin-1 models. If successful,
the computation of appropriate components would establish the relation
between left and right special eigenvectors, and thus prove Assump-
tion 6.2.10. Second, the results of this chapter rely on several conjectures
or assumptions, notably Assumption 4.2.11 and Conjecture 6.2.2. The
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proof of these remains a challenge but would undoubtedly bring about a
better understanding of the special eigenvectors. Finally, the introduction
of the polynomials Ga,(w;w’), G, (w;w’) brings forward a number of
interesting questions. For example, we observed that 271G, (0;0) and
G2,(0;0) are polynomials in X, Y with positive integer coefficients. This
suggests a possible combinatorial interpretation, similar to what Hietala
found in the limit X = 0, Y = ¢ [82,83]. Moreover, several properties
established in this limit have yet to be generalised. Indeed, differential
recurrence relations such as in [111], or a determinant formula equivalent
to Lemma 2.2.18 remain to be found. These would provide a more direct
way of computing the new polynomials explicitly.



Appendix A

Theta functions

In this appendix, we recall some elements of the theory of (Jacobi) theta
functions essential to our work above. Throughout, we consider an integer
n > 0, the elliptic nome p = ™, with w € C such that Imw > 0, and
complex numbers z,t. We write p? for the expression e*™.

A.1 Jacobi theta functions

In this section, we mostly follow [161,162], and expose some key properties
of the Jacobi theta functions.

A.1.1 Definition and properties

Definition A.1.1. The Jacobi theta functions are

D1(z,p) = V1(2|lw) = 2 i(—mp(m/?)? sin(2n + 1)z, (A.la)
n=0
Pa(z,p) = J2(2z|lw) =2 i pnt1/2)? cos(2n + 1)z, (A.1b)
n=0
U3(z,p) = U3(2|w) =1+ 2 i P cos 2nz, (A.1c)
n=1
Va(z,p) = Va(zlw) =1+2 i(—l)"p"2 cos2nz. (A.1d)
n=1

237
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The Jacobi theta functions are entire functions. Here, and in the main
text, we often omit the dependence on the parameters p or w, and write
¥i(z) = ¥4(z,p) = ¥;i(z|w). Moreover, to keep expressions from becoming
overly cumbersome, we sometimes resort to the shorthand notations

9;(0) =05, iz, p%) = 0i(2|2w) = 9i(2),  9(0)=70;, (A.2)
fori=1,...,4.

We deduce several key features of the Jacobi theta functions from Defini-
tion A.1.1. First, ¥1(2) is odd and 92(z),93(2), ¥4(z) are even functions
of z. Second, the Jacobi theta functions are pseudo-periodic in w and 7w:

Proposition A.1.2. We have

1 1 2 3 4

iz+m)/9%(z) | -1 -1 1 1 (A.3)
Vi(z +1w)/9i(2) | -N N N =N

with N = p~le™2%,
In particular, for all (x,y) € {0,1}2, we have the transformation

V1 (2 + xm + yrw) = (=1 Tp Ve 2V, (2). (A.4)

In the following, we refer to m, 7w as periods and to 7/2, 7w/2 as half-
periods. Shifting arguments by half-periods allows us to relate the four
Jacobi theta functions.

Proposition A.1.3. We have

V1(z)= —V9(2z + Am)=—1MV3(2 + 7 + Lrw)=—iMV4s(z + t7w),
O2(2)= MV3(z+ 3mw)= MVs(z + 37+ 37w)= V1(z + 3m),
I3(2)= Va(z + 3m)= MV1(2+ 37+ 37w)=  MVs(2 + 37w),
D4(2)=—iMV1 (2 + j7w)= iMIz(z + 57 + j7w)= O3z + 57),

with M = p'/%ei%.
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The Jacobi theta functions also have the following infinite-product form
[161,162]:

Vi(z) = 2p'/* sin 2 ﬁ (1 — p2"> (1 — ezjzp2"> (1 — e*QinZ") , (A.ba)
(

Pa(z) = 2p'/* cos 2 ﬁ 1-— p2") (1 + ezizp%) (1 + e_212p2”) , (A.5Db)

n=1
T . on 2z, 2n—1 —2iz, 2n—1
U3(z) = nl;[l (1 P ) (1 + e p ) (1 +e “*p ) , (A.5¢)
_ .o _2iz, 2n—1 2z 2n—1
V4(z) = nl;[l (1 D ) (1 e““p ) (1 e “p ) ) (A.5d)

A.1.2 Identities

The Jacobi theta functions obey a large number of identities [161-163].
Throughout our work, we often omit the intermediate steps of our com-
putations that involve these identities. We nevertheless consider a few of
them here, which we use in our text explicitly. First, several relations be-
tween products of Jacobi theta functions follow from the infinite-product
formulas. For instance, we have

U1(2[2w)04(2[2w) _ a(2|2w)I5(2|2w) 1
01 (2) - U2(2) = 52(0); (4.6)
and
u(2)a() _ Da(2)Valz) _ 5 o10,) (A.7)

01 (22]20)  9a(22[2w)
Combining (A.6) and (A.7), we obtain the duplication formula for 9 (z):

2191(2)192(2’)293(2)?94(2) .

h(22) = ¥2(0)93(0)94(0)

(A.8)

Second, another source of relations between the Jacobi theta functions is
Weierstrass’ identity:

V1(21 + 22)01(21 — 22)01 (23 + 24)01 (23 — 24)
—191(2'1 + 23)191 (21 — 23)191(22 + Z4)191(22 — 24)
+?91(21 + 2’4)191 (Zl — 2‘4)’191 (2’2 + 23)’191(2’2 — 23) =0. (Ag)
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The specialisation of z3, z4 to half-periods leads to the addition formulas
Ii(x + y)i(e — y)0a(0)* = D1(2)*0a(y)* — Da(2)*01(y)*,  (A.10)
Da(z + y)da(z — y)04(0)* = Da(2)*a(y)* — V1 (2)*01(y)*. (A1)

Moreover, combining similar specialisations with the product identities
(A.6) or (A.7) leads to

D1 (x)d1(y) = I3(z + y[2w) D2 (2 — y[2w)

— Ja(z + y|2w)¥s3(z — y|2w), (A.12)
V1(2)02(y) = d1(x + y|2w)da(z — y|2w)

+ J4(x + y]2w)1 (x — y|2w), (A.13)
Va(2)03(y) = Ya(x + y|2w)da(z — y|2w)

+ Y1(x + y|2w)V1 (x — y|2w). (A.14)

Finally, we recall the following Frobenius determinant identity [164,165]:
Proposition A.1.4. Let x1,...,zN,Y1,---,YN,p € C such that
p#0 (modm,mw), z;—y; #0 (modm,mw), i,j=1,...N, (A.15)

we have

deot | @iy +p)
=1 | Y1(z; — y;)01(p)

_ N —yy) + ) Hhicicyen Y1(245) Y1 (y5)
J1(p) [17 =1 91(zi — yj5)

where xi; = x; — T, Yij = Yi — Yj-

, (A.16)

Identities involving X,Y In the next two lemmas, we use the identi-

ties above to simplify certain expressions involving the parameters X
and Y, defined in (3.17).

Lemma A.1.5. We have

) 20a(0)i0)
XY =m0 T T wmne @
and
2> o (P3(0)04(0) (202(n))
-yt = (S (o) (A15)
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Proof. Using (3.17), we find

V1 (2n|2w)
V4(2n[2w)01 (n]2w)P4(n|2w)

X+Y = (194(77|2w)2 iﬂl(n|2w)2). (A.19)

Using (A.6) and (A.7) with z = 7, we obtain

91 (2n|2w) B 295(1)
a2y (20 n) B0 Bstmyialm) 2

Finally, the specialisations x =1,y = 0 and z = 0,y = n in (A.14) lead
to
94 (n|2w)” + 91 (1]2w)? = D4 (n)V5(0), (A.21a)
Da(n|2)? — 91 (1]20)? = D3(1)94(0). (A.21b)
The expressions in (A.17) follow from the substitution of (A.20) and

(A.21) into (A.19). The relation (A.18) is an easy consequence of these
expressions. ]

Lemma A.1.6. We have

—(95(0)94(0)\* ¥3(2n)
1= xv = () B (A.220)
—(93(0)94(0) \* V4(20)
ey = () o) (4.225)
and
2 w2 o (93(0)94(0)\* 202(2n)
x4y 2= (Pt e (4.23)
Proof. The definition (3.17) leads to
( 04(0]2w) \? 94(2n|2w)? — 91 (2n]2w)?
bo&Y= (194(277!%)) J4(012)? (B2
([ 94(0]2) \? 9a(2n[2w)? + V1 (2n]2w)?
by = <194(277!2u0> PACERE (4.25)

We simplify the right-hand sides with the help of (A.21), with 7 replaced
by 2n, and (A.7), with z = 0. This simplification yields (A.22).
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Moreover, using specialising (A.10) and (A.11) to x = 2n,y = 71, we

obtain
s o 94(0]2w) \? 91 (3n|2w)
X _(194(277|2w)) V1(n]2w) ’ (4.26)
o 94(012w) \* Da(3n|2w)
1= (Gion)) ) (4.27)

Hence, we obtain

2 ve o 94(012w) \? 91 (3n|2w)da(n|2w) — 94(3n|2w)th (n]2w)
X“+Y —-2= .
U4(2n|2w) V1 (n]2w)d4(n|2w)
By (A.13) with z = and y = 2n, we have
U1 (30]2w) 04 (n]2w) — 94(3n|2w)d1 (n]2w) = D1 (n)V2(2n).  (A.28)
We combine this result with the duplication formula (A.7), with z = 7,
and reach (A.23). O

A.1.3 Modular properties

Let T, S denote the generators of the modular group. Their action on the
Jacobi theta functions is defined as

(TY;)(2) = Vi(zlw + 1), (89;)(2) = ¥i(z/w| — 1/w), (A.29)

for each i = 1,...,4. We infer from Definition A.1.1 the transformations
(T91)(2) = ™94 (2), (T99)(2) = e™/4095(2), (A.30a)
(T03)(2) = V4(2), (TY4)(2) = 93(2). (A.30Db)

Moreover, by [161, Section 21.51], we have

(S91)(2) = 1A=/ ™Y (), (S95)(2) = Ae®/™)94(2)  (A.31a)
(S93)(2) = A/ ™)g(2),  (S94)(2) = A&/ (™)Y,y(2).  (A.31D)

where A = (—iw)'/2.
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A.2 Theta functions

Parallel to elliptic functions, theta functions generalise the concept of
periodic functions to the complex plane. We use the following definition

166, 167):

Definition A.2.1. A theta function of degree n, nome p and norm t is
an entire function f with the pseudo-periodicity properties

FO+m =D, fAFw) = (—p) e AT F(). (A32)

The norm is defined up to integer multiples of 7. The resulting ambiguity
is, however, not important for our considerations. A simple (non-trivial)
example of a theta function of degree n = 1, nome p and norm ¢t is

FO) =1 (A —t).

Theta functions enjoy factorisation properties similar to those of polyno-
mials. For example, the following lemma stems from standard complex
analysis [121,158]:

Lemma A.2.2. Let f be a theta function of degree n > 1, nome p and
norm t. Let £ be a complex number such that f(&) = 0, then there exists
a theta function g of degree n — 1, nome p and norm t — & such that

) =X =&)g(N). (A.33)

Definition A.2.3. We say that the points z1, ..., z, € C are independent
if they obey

zi—2j 0 (modm,mw), Vi, j=1,...,N, (A.34)

and 21+ ...+ 2z, —t #0 (modm, 7w). (A.35)

Another key feature of theta functions is that any theta function of degree
n > 1 can be interpolated from its value at n independent points [56].

Proposition A.2.4. Let f be a theta function of degree n > 1, nome p
and norm t, and z1,...,z, € C be independent points, we have

2”:191 Zk 1Zk+ZJ—)\) L 191()\—Zk)
Dt —Yhorzk) o Yz — 2)
k]

f(z). (A36)

Jj=1
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As a consequence of Proposition A.2.4, any two theta functions of same
degree n > 1, nome and norm, whose values match in n independent
points must be identical [166].

Theorem A.2.5. Let f,g be theta functions of degree n > 1, nome p
and norm t. If there are n independent complex numbers z1, ..., z, such
that f(z;) = g(zi) for eachi=1,...,n, then f = g.
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