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Abstract

This thesis is concerned with aspects of the integrable Temperley—Lieb loop (TL(n))
model on a vertically infinite lattice with two non-trivial boundaries. The TL(n) model
is central in the field of integrable lattice models, and different values of n relate to
different physical models. For instance, the point n = 0 relates to critical dense polymers
and a corresponding logarithmic conformal field theory. The point n = 1 corresponds to
critical bond percolation on the square lattice, and has connections with a combinatorial
counting problem of alternating sign matrices and their symmetry classes. For general
n, the TL(n) model is closely related to the XXZ quantum spin chain and the 6-vertex
model.

We construct the transfer matrix of the model, which describes the weights of all the
possible configurations of one row of the lattice. When n = 1 the ground state eigenvec-
tor of this matrix can be interpreted as a probability distribution of the possible states of
the system. Because of special properties exhibited by the transfer matrix at n = 1, we
can show that the eigenvector is a solution of the g-deformed Knizhnik—Zamolodchikov
equation, and we use this fact to explicitly calculate some of the components of the eigen-
vector. In addition, recursive properties of this transfer matrix allow us to compute the
normalisation of the eigenvector, and show that it is the product of four Weyl characters
of the symplectic group. Previous work in this area has produced results for the TL(1)
loop model with periodic boundary conditions, two trivial boundaries and mixed (one
trivial, one non-trivial) boundaries, but until recently little progress had been made on
the case with two non-trivial boundaries. This boundary condition lends itself to calcu-
lations relating to horizontal percolation, which is not possible with the other boundary
conditions.

One of these calculations is a type of correlation function that can be interpreted as
the density of percolation cluster crossings between the two boundaries of the lattice. It
is an example of a class of parafermionic observables recently introduced in an attempt
to rigorously prove conformal invariance of the scaling limit of critical two-dimensional
lattice models. It also corresponds to the spin current in the Chalker—Coddington model
of the quantum spin Hall effect. We derive an exact expression for this correlation
function, using properties of the transfer matrix of the TL(1) model, and find that it can
be expressed in terms of the same symplectic characters as the normalisation.

In order to better understand these solutions, we use Sklyanin’s scheme to perform
separation of variables on the symplectic character. We construct an invertible separating
operator that transforms the multivariate character into a product of single variable
polynomials. Analysing the asymptotics of these polynomials will lead, via the inverse

transformation, to the asymptotic limit of the symplectic character, and thus to the



asymptotic limit of the ground state normalisation and correlation function of the loop
model. We construct the separating operator by viewing the symplectic characters as
eigenfunctions of a quantum integrable system, and also explicitly construct the factorised

Hamiltonian for this system.
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Preface

The publication “The exact finite size ground state of the O(n = 1) loop model with open
boundaries” [22], which formed the basis of Chapter 2 of this thesis, was jointly authored
with Jan de Gier and Keiichi Shigechi. Shigechi had preliminary conversations with de
Gier on the topic of the paper. They independently arrived at the explicit solution in
the simple case of L = 2, which paved the way for the more general solution obtained
by de Gier and myself. The main contributions of de Gier were the formulation of the
problem, laying out the initial logic of the solution and its proof, and some of the technical
details. My contributions consisted of working out most of the technical details, as well
as adjusting and improving on the initial ideas set out by de Gier. Shigechi’s contribution
to the paper on which Chapter 2 is based was 10%, and the contributions by de Gier and
myself were 45% each.

Chapter 3 is based on the publication “Exact spin quantum Hall current between
boundaries of a lattice strip” [20], which was jointly authored with Jan de Gier and
Bernard Nienhuis. Nienhuis did earlier work on the periodic boundary case and provided
the idea of extending this work to the two boundary case to de Gier. Nienhuis also
assisted with the formulation of the problem and the final solution. The majority of
the work towards setting out the logic of the proof and solution was done by de Gier.
I assisted with the formulation of the proof and was responsible for the majority of the
technical details. The relative contributions to the paper by de Gier, Nienhuis and myself
were 40%, 20% and 40% respectively.

The basis of Chapter 4 was the publication “Separation of variables for symplectic
characters” [21], which was jointly authored with Jan de Gier. The initial idea for the
paper was de Gier’s, and he also assisted with the form of the proofs and the techni-
cal details. I was primarily responsible for the results and the technical details. The

contribution made by de Gier was 30%, and by myself was 70%.
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Introduction

Statistical mechanics is the study of systems composed of large numbers of small particles.
The aim of the study is to investigate how global, collective effects arise from small-
scale local interactions between the particles. The systems in question are too large to
make accurate predictions on the level of individual particles, so the focus is instead on
statistical quantities. Examples include the average density of particles and correlation
functions between two chosen points. These statistical quantities can be used to calculate
derived quantities such as heat capacity, energy densities and magnetisation.

Global quantities of a system are usually expressed in terms of the system’s temper-
ature, as well as external parameters such as a magnetic field. As these parameters pass
certain values, the global quantities can be observed to change dramatically, for instance
at the boiling point of water. These values are known as critical points. The location
and nature of any critical points of a system are more examples of quantities of interest.

Near a critical point, global quantities can be approximated by a power law (say,
(T'—T.)*, where T, is the critical temperature). The exponent « in this approximation is
called a critical exponent, and indicates the strength of the divergence as the parameter
passes the critical point. It is widely believed (and experimentally verified) that systems
with the same dimensionality, symmetries, and range of interactions will have the same
critical exponents — a property known as universality.

A well-known statistical mechanical model is for magnetisation in a bar of iron. Each
individual atom can be thought of as a small magnet, whose alignment affects the align-
ment of its neighbours. The strength of the effect depends on various factors, including
the temperature of the bar and the external magnetic field. At low overall temperatures
the atoms will prefer to keep their current alignment, but they will also try to align with
their neighbours and the external field. This leads to the phenomenon of the bar having
a spontaneous magnetisation if the external field is turned off. At high temperatures the
particles are more likely to lose their alignment, so there is no spontaneous magnetisa-
tion. The temperature at which the spontaneous magnetisation disappears is the critical
temperature, and much interesting physics happens near this point.

The local interactions of a system can be described by an energy function E. This

can be variously interpreted as a function, a matrix, or more generally an operator. By



acting on a possible state s with the energy function, we get the energy FE(s) associated
with that state. When the system is in thermodynamic equilibrium at a temperature 7',
the probability of observing a state decreases as the energy of that state increases. More
precisely, the probability is .

E(s)

P(s) = Ze* RT

where k is Boltzmann’s constant (approx. 1.38 x 10723.J/K), and the factor e~ Z()/*T ig

known as the Boltzmann weight of the state s. The normalisation Z is defined as
E(s)
Z = Z e_ kT s
S

and is known as the partition function (for a derivation of these expressions see [87]).

The partition function holds all the information about the probabilities of all possible
states, and as such is an important quantity, especially for calculating expected values of
observable properties. The partition function is also closely related to the thermodynamic

free energy F' of the system, by

%

F=-kTlhZ, Z=e¢"

The free energy is the amount of energy in the system that is available to do work.
The expected value of an observable A is the weighted sum over the values of A for

all possible states, weighted by the probability of each state. In short,

E(s)
T .

(A) = %ZA(S) e 5

Another important physical quantity is the correlation function, which describes how two
spatially separated points affect each other’s behaviour. For a quantity A, the correlation
function is given by

(A142) — (A1)(Az),

where A; is the quantity evaluated at the first point, and A is evaluated at the second.

A system is said to be solvable if it is possible to analytically calculate the physical
quantities described above. In other words, the partition function (or equivalently, the
free energy) must be calculable [4]. For physical systems, this is usually an impossible
task, and as such, most of the work done in this field is either based on numerical ap-
proximations or simplified mathematical models. Nevertheless, these models can be quite
powerful, as universality predicts that a model with the same dimensionality, symmetry
and range of interactions as a physical system will also have exactly the same the critical

exponents.



Lattice models

Some of the most commonly used models in statistical mechanics are lattice models,
where the particles are located at regular intervals, and interactions are defined between
them. Calculating the partition function thus involves solving the combinatorial problem
of finding all possible lattice configurations, and then summing the probabilities for each
configuration; the latter is generally the more difficult task.

Even though these models do not reflect reality in full detail, by letting the number of
lattice sites tend to infinity they can be used to obtain a good idea of the behaviour of a
physical system. This infinite limit is known as the thermodynamic limit, or equivalently
the asymptotic limit. In addition, as previously mentioned, universality predicts that an
appropriately designed lattice model will have the same critical exponents as a physical
system.

One of the most useful tools in the study of lattice models is the method of transfer
matrices. Roughly speaking, a transfer matrix describes all possible configurations of one
row of the lattice. If the height and width of the lattice are M and L respectively, it can

also be shown that in the large M limit, the partition function goes like
Zim ~ A7,

where Ay is the largest eigenvalue of the transfer matrix (corresponding to the state with
the lowest energy, or the ground state). The thermodynamic limit then corresponds to
taking the limit as L goes to infinity.

The transfer matrix can be constructed from operators called R-matrices that act
locally. If it can be shown that the R-matrices satisfy the Yang—Baxter equation, then it
is possible to construct an infinite family of commuting transfer matrices. This infinite
family is parameterised by the so-called spectral parameter. The fact that the family
of transfer matrices commute implies that they are simultaneously diagonalisable and
share eigenvectors, and since each member of the family has a different value of the
spectral parameter, these eigenvectors cannot depend on the spectral parameter. This
fact provides access to a host of methods for finding the eigenvalues and eigenvectors of
the transfer matrix, and often leads to the system being solvable.

The most famous of these methods is the Bethe ansatz method. This method works
by guessing a form for the eigenvectors of the transfer matrix (called the ansatz). The
ansatz depends on a set of parameters, which are fixed by constraint equations resulting
from the transfer matrix eigenvalue equation. The Bethe ansatz method relies on the
existence of a pseudovacuum — an eigenvector of the transfer matrix for which there
exists an annihilation operator.

Perhaps the most widely known lattice model is the Ising model, which is a model of a

magnet, as described earlier. The Ising model was posed by Lenz in 1920, and solved for



one dimension by Ising in 1925 [45]. In two dimensions the solution for zero external field
was given by Onsager in 1944 [74]. For non-zero external magnetic field, Zamolodchikov
found a solution in 1989 for a field-theoretic version of the two-dimensional Ising model in
the thermodynamic limit [108]. In 1992, Warnaar, Nienhuis and Seaton found a solution
for a two-dimensional model in the same universality class [102].

The Ising model is typically defined on a square lattice. At each site is a molecule
with a magnetic moment o;, which can take the value +1 (up) or —1 (down). These
magnetic moments can also be regarded as spins. Each spin interacts only with its
closest neighbours, and the interaction depends on the values of the spins and a coupling

constant 7. The energy function of the Ising model is

EI:% Z aiaj—BZai,

<ij> i

where the first sum is over all nearest neighbours, and B is the strength of the external
field. When J < 0, this system models a ferromagnet, since the energy is lower when
adjacent spins are aligned. When J > 0 the system models an antiferromagnet. In two
dimensions, the model exhibits spontaneous magnetisation below a critical temperature,
but in one dimension no such behaviour occurs.

Naturally this is a highly idealised model, as real magnetic moments can point in
more than two directions. Several generalisations of the Ising model have since been
proposed, including the Potts model and the n-vector model.

The Q-state Potts model, or simply Potts model [4,101,104], has scalar spins that
can take one of ) values, and the interactions between nearest neighbours are given by
Kronecker delta functions. This is a well-known and widely studied model in the field of
two-dimensional lattice models. In its current form it was first written down by Potts in
1952 [79]. The energy function of the Potts model is

EP - _j Z 6(Uiaaj)a
<ij>
and the partition function is then
ZP = Z e% Z<i_j> 6(0'1"0—]')’
g
where the sum is over all possible spin configurations. This can be rewritten as
Zp = Z H (1 + ’LL5(O’¢, Uj)),
o <ij>

with © = e% —1.



The Potts model can be reformulated as a loop model in the following way [4]. Con-
sider the system of spins as a planar graph £ where the spins sit on vertices and edges
are drawn between neighbouring spins. On each edge, a bond may be drawn according to
the following rules: if a pair of neighbouring vertices have different spin values, no bond
is drawn; if the vertices share the same spin value, there is a choice of drawing a bond
on the edge between them (with a weight of u), or leaving the edge blank (with weight
1). We refer to an arrangement of bonds on £ as a bond-graph. Then the expansion of
each product in the partition function represents all the possible bond-graphs associated

with a spin configuration. An example of this is shown in Figure 1.

Figure 1: Possible bond-graphs for the spin configuration ((1,2),(1,1)).

By considering instead the spin configurations possible on a particular bond-graph,
we can turn the partition function into a sum over bond-graphs. Let C' be the number
of connected components of the bond-graph (clusters of bonds, including single vertices).
All the vertices in a connected component must share a spin value. This spin value could
be any of the (), and since each connected component is independent of the others, there
are Q¢ ways to choose these values for the entire bond-graph. A bond-graph with [ bonds
has a weight of u!. Then the partition function is a sum over all the possible bond-graphs
G on L,

Zp = Z chl.
G
The connection to the loop model is made by drawing loops around the bonds in the
following two ways:

VRS

Every cluster has () possible spin values, which leads to every closed loop in the loop
expansion having a weight of /Q.

At ) = 1 the loop model is equivalent to the two-dimensional square lattice bond
percolation model [77,90]. In this model, bonds are drawn between neighbouring sites
of the lattice with probability p. On an infinite lattice, percolation occurs when there is
an infinite sized cluster of bonds. This model has a second order phase transition (that
is, the first derivative of the free energy is continuous but the second is not) at critical
probability p = 1/2, above which percolation occurs with probability 1.

By orienting the loops, the Potts loop model can be generalised to a directed loop

model, which can itself be mapped to the six vertex model. These mappings are explained



in more detail in Chapter 12 of [4], and in [5].

The six vertex model is another classical two-dimensional lattice model, also known
as the square ice model. On a square lattice, oxygen atoms are placed at each vertex,
and on the edges between them are placed hydrogen atoms. A single water molecule
consists of one oxygen bonded with two hydrogens, and correspondingly the ‘ice rule’
for the lattice model states that of the four hydrogens surrounding an oxygen, two will
be near the oxygen and two will be distant from it. The ice rule leads to six possible

configurations around a vertex:

1 3 5
H H
H O-H H-0 H H O H
H H H

\S)

N

AN
T

H i
H-O H H O-H H-O-H
H H H

The six possibilities are usually drawn as arrow configurations, where each arrow cor-

responds to a hydrogen atom and points to the nearest oxygen. Each vertex configuration
1 3 5
a b c

Figure 2: The 6 vertex configurations with associated Boltzmann weights a, b,
and c.

has a Boltzmann weight associated with it as shown in Figure 2. The Boltzmann weights

a, b, and c appear in the partition function of the model,

Zgy = Z a™epme e,
conf.
where the sum is over all possible configurations of the lattice and m,, mp and m, are
the numbers of vertices of types 1 & 2, 3 & 4, and 5 & 6 respectively.
The six vertex model has strong connections to combinatorics. When defined on a
finite M x M grid, with ‘domain wall’ boundary conditions — outward-pointing arrows at

the top and bottom, and inward-pointing arrows at the sides — the possible configurations



of the lattice are in bijection with M x M alternating sign matrices (ASMs). The bijection
is made by replacing all vertices of type 1, 2, 3, and 4 with a 0, vertices of type 5 with a
—1 and type 6 with a 1.

> 1 > | <« | <« 0 1 0
A 17 A
 —— | — 1 -1 1

Y
\
A
A
)
—
)

A similar bijection can also be made with fully packed loop diagrams (FPLs). For a
thorough review see [80].

The six vertex model was solved (that is, the partition function was calculated) in
1967 by Lieb [60,61] and Sutherland [98]. Lieb also found that the transfer matrix of
the six vertex model shares eigenvectors with the Hamiltonian of the one-dimensional
quantum XXZ spin chain, which was solved by Yang and Yang using the Bethe ansatz
in the previous year [105,106].

The XXZ model is a quantum generalisation of the Ising model. Its Hamiltonian is a

sum over nearest neighbours,

H=7J Z <Jf0§-” + 0’?0? + Aafaj) ,
<ij>

where ¢, oY, and o are spin operators represented by the Pauli matrices, and A is
known as the anisotropy parameter. When A = 1, the system becomes the Heisenberg
model, and the value A = 0 corresponds to the free fermion point, where the model is
related to the Ising model.

The eigenvectors of the six vertex transfer matrix only depend on the Boltzmann
weights in a certain combination, which, as it turns out, exactly corresponds to the XXZ

anisotropy parameter,
a? + b2 — 2
2ab )

In fact, the transfer matrix of the six vertex model and the Hamiltonian of the one-

A =

dimensional quantum XXZ spin chain are related through the Taylor expansion of the

transfer matrix,
Tov (1) = Tov(0) (1 + p Hxxz +--.),

where p is the spectral parameter.
This relationship is an example of a common occurrence in classical two-dimensional

lattice models, where the logarithmic derivative of the transfer matrix taken at u =



0 corresponds to the Hamiltonian of a related one-dimensional quantum system. The
Hamiltonian is usually a local operator, unlike the transfer matrix, so it is often easier
to deal with, however it can also contain less information.

Another generalisation of the Ising model is the n-vector model (also known as the
O(n) model), introduced by Stanley in 1968 [97]. In this model, each spin is a unit vector

with n components. The energy function of the model is

Eom) =—-J Z o 0j.
<ij>
The name O(n) refers to the fact that the spins have the symmetry of the orthogonal
group. The limit n — 0 is related to the theory of self-avoiding walks, which has an
application in the study of polymers.
The n-vector model, similarly to the Potts model, has a reformulation as a loop model
(see [7,8,35,55,68]), and this allows for a generalisation such that n need not be a positive

integer. The O(n) loop model on a square lattice has nine possible states for each lattice

% - Jf

face:

1D \\

The loops decorating the faces (or plaquettes) correspond to interactions between spins

(the spins are located on the centres of the edges). Each plaquette has a weight associated
with it, and various results have been obtained for systems with different restrictions on
the weights.

The completely packed version [66], where the weights of all but the last two pictures
are set to zero, is the one this thesis will be focusing on. The model has a rich underlying
mathematical structure, best understood in terms of the Temperley—Lieb algebra. For
this reason we will refer to the completely packed O(n) loop model as the Temperley—Lieb
loop model, or the TL(n) model. This model is related to the @Q-state Potts model on
the square lattice by v/Q = n.

The Temperley—Lieb loop model

It would seem natural to define the Temperley—Lieb loop model in terms of its origins
as the n-vector model. However the connection is mathematically involved [8, 33,35, 55]

and not altogether intuitive. Further, in recent years the TL(n) model has garnered a



significant amount of interest quite separate from the spin model formulation. For these
reasons we will define it directly as a loop model.

The TL(n) loop model is defined on a horizontally finite, vertically semi-infinite square
lattice, where each face of the lattice has loops drawn on it in one of two orientations, as
described earlier. We choose the infinite direction to be downwards, but this is simply a
convention. Weights are then given to closed loops, and we are interested in the remaining
connectivities at the top of the lattice. The lattice may be wrapped around a cylinder
to form the periodic TL(n) model, or placed on a finite width strip with various types of
boundary conditions at the left and right. If loops are allowed to end on a boundary, we
call the boundary open (or non-diagonal), otherwise the boundary is closed (or diagonal).
In addition to the periodic model, there are three notable versions of the model; namely
the zero-boundary model with closed boundaries at the left and right, the one-boundary
model with one closed and one open boundary, and the two-boundary model with two
open boundaries. We are interested in the latter case.

The transfer matrix of the TL(n) model describes all the possible configurations on
one row of the semi-infinite lattice, and one can add rows to the lattice by acting with the
transfer matrix at the top of the semi-infinite strip. When n = 1 the largest eigenvalue of
the transfer matrix is 1, so the partition function is trivial.* These properties allow us to
calculate other statistical quantities of interest for the two-boundary model with n = 1,
such as the probability of observing a certain configuration at the top of the lattice, and
a correlation function between two spatially separated points.

The TL(n) model, at special values of n, is closely related to a number of different
statistical mechanical models. At n = 1 there is an easy mapping to the two-dimensional
bond percolation problem, which is made by drawing hulls around the percolation clusters

as pictured:

Percolation of the bonds then corresponds to percolation of the hulls, or loops. Also
at n = 1, the action of the transfer matrix on the lattice of the TL(1) model can be
interpreted as the evolution of a stochastic process (the stochastic Raise and Peel model
[78]), and the ground state eigenvector of the transfer matrix is the steady state of

this process. In addition, the TL(n) model is closely related to the quantum XXZ spin

*This fact is in agreement with the triviality of the Potts model at Q = 1, when every spin has the
same value. There exists a sypersymmetry interpretation of this point, see [40].



chain in one dimension, as the Hamiltonians of the two models correspond to different
representations of the underlying Temperley—Lieb algebra. The anisotropy parameter A
in the XXZ model is related to n by n = —2A.

The ground state of the TL(1) loop model with periodic boundary conditions has also
been connected with the combinatorial counting problems of alternating sign matrices,
fully packed loops and plane partitions. This connection has been known as the Razumov—
Stroganov (RS) conjecture [30,82-85], but was recently proved using combinatorial means
by Cantini and Sportiello in [11]. The original conjecture also sparked a host of related
conjectures, largely concerning different boundary conditions or topologies on the TL(1)
model and different boundary conditions or symmetry requirements on the counting
problems, which at the time of writing remain unproved [3,17,67]. Notable by its absence
is a conjecture relating to the ground state of the TL(1) loop model with two distinct
boundaries, which as yet has no connection to any similar combinatorial problem, though
if the boundaries are identified a connection can be made [24].

A key element in the solutions of TL(n) model with different boundary conditions is
the g-deformed Knizhnik-Zamolodchikov (¢KZ) equation [10,23,26-28,30,48,49,75,109].
With the relationship n = —(g+¢~!), it can be shown that the ground state of the TL(1)
model satisfies the ¢KZ equation for ¢ = €*™/3. The version of the ¢KZ equation used
depends on the boundary conditions. This connection provides a tool set for solving for
the ground state, which would otherwise be inaccessible.

Recently, a further connection has been made between the TL(1) loop model and
the quantum spin Hall effect [12,43,52]. In particular the 2-boundary version is closely
connected to this effect, since a type of correlation function between the two boundaries
(see Chapter 3) corresponds to the spin current in a model of the quantum spin Hall
effect.

Layout of the thesis

This thesis is concerned with properties of the TL(n) loop model with two open bound-
aries, at the special point n = 1. Each horizontal position ¢ on the lattice has a variable
z; associated with it, and the left and right boundaries have associated variables {y and
(1, respectively. In addition, the transfer matrix 7" depends on the spectral parameter w,
and since it can be shown that [T'(w), T (u)] = 0, the eigenvectors do not depend on this
parameter.

Chapter 1 defines the TL(n) loop model with general parameters, first by defining
the Temperley—Lieb algebra and then describing the lattice model. The transfer matrix
and Hamiltonian are defined, and the specialisation to n = 1 is described.

The main results of Chapter 2 are the exact calculation of key components of the

ground state eigenvector of the 2-boundary transfer matrix for finite system size L, as
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well as the normalisation of the eigenvector. These quantities are expressed in terms of
the polynomial character of the symplectic group, which is the Schur polynomial for the
root system of type C'. The reason why the remaining components of the eigenvector
become harder and harder to specify as the system size increases is discussed.

Another quantity that is exactly calculated for finite system size, in Chapter 3, is the
boundary-to-boundary correlation function, which is equivalent to the average density of
percolating clusters between two points in a two-dimensional percolation model, defined
on an infinite lattice of finite width. This quantity can also be interpreted as the spin cur-
rent in the Chalker—-Coddington model of the quantum spin Hall effect. The correlation
function is expressed in terms of the same symplectic characters as the normalisation.

A key aspect of any statistical mechanical model is the thermodynamic limit. The
results in Chapter 2 and Chapter 3 are obtained exactly for finite system sizes, which is
usually not possible for critical systems. Generally it is only possible to derive approxi-
mate results in the thermodynamic limit. Our calculations thus allow for the calculation
of exact thermodynamic quantities, by taking the limit as L — oo. It will then be possible
to compare our results to the previously calculated non-rigorous continuum limit [12].

In order to obtain the thermodynamic limit, we need to consider the large L asymp-
totics of the symplectic character that appears in all the key results. In particular we are
interested in the effect the two boundaries have in the asymptotic limit. It is therefore
desirable to analyse the asymptotics of the symplectic character when all its arguments
are set to 1, except for the two variables that correspond to the boundaries. In Chapter 4,
a separation of variables method initiated by Sklyanin [92] is extended to the symplectic
character. It is hoped that an asymptotic approximation for the separated polynomial
will be easier to find than the symplectic character itself, and by reversing the process
of separation the result can be used to calculate the thermodynamic limit of the phys-
ical quantities associated with the TL(n) model. At present, however, this is an open

problem.
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Chapter 1
The Temperley—Lieb loop model

Sklyanin’s transfer matrix [92] of the TL(n) model, and consequently the Hamiltonian,
can be expressed in terms of algebraic generators satisfying a Temperley—Lieb algebra
[100], see for example [27,77]. The imposed boundary conditions decide which particular
version of the Temperley—Lieb (TL) algebra is needed. In this chapter we will introduce
the TL(n) model on a strip with open boundaries on both sides, which can be described
in terms of the two-boundary Temperley-Lieb (2BTL) algebra [18]. Models with two
reflecting or diagonal boundaries, as well as with mixed boundaries were studied in [23,
27,109]. The periodic version was considered in [66, 82, 84].

1.1 The Temperley—Lieb algebra

The Temperley—Lieb algebra is an sla quotient of the Hecke algebra (see Appendix A).
The different types of the Hecke algebra lead to different boundary conditions of the
TL algebra. The 2BTL algebra comes from the Hecke algebra of type BC' [18,37], see
also [16].

One of two distinguished representations of the 2BTL algebra [18] is in a space of
connectivities or link patterns, described in Section 1.1.2. This representation is relevant
for the TL(n) model with open boundaries [46,67], and we will use it to illustrate the
generators and relations that define the TL algebras.

We will give brief definitions of the TL algebra with the four most common boundary
conditions, before describing the two-boundary version in more detail. We then use the
2BTL algebra to define the TL(n) loop model for general n, and in Section 1.3 discuss

the specialisation n = 1 at which we obtain physical results for the system.

12



Trivial boundaries

Definition 1.1.1. The best known version of the TL algebra is generated by elements
e;, 1 <1 < L — 1, which satisfy relations

e? = —2cosv e, V1,
€i€i+1€; = €i, 1<i<L-2
€iei_1€; = €;, 2<:<L—1,
eie; = eje;, li —j| > 1,

where L is the system size and v is a complex parameter, related to the parameter n by

n = —2cos .

In the link pattern representation, the generators look like strings across a strip,

1 R EREY L

€; =

N

and multiplication in the algebra from the left corresponds to vertical concatenation of

the pictures from the top. The relations can be put in terms of two rules: firstly, from

the rule e? = —2cos 7 e;, closed loops are removed and replaced with a factor of —2 cos~,
1 o0+l L
/ I i i+l .. L
O A
= —2cosy ,
/4D
N

and secondly, from the rule e;e;11e; = e;, strings are pulled tight,

1 v il i i+l .. L
N
1 i i+l .. L
M
N
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Periodic boundaries

Definition 1.1.2. The periodic version has the generators and relations from Defini-

tion 1.1.1, as well as an extra generator ey, that satisfies the relations [50, 62]

2

er, = —2cosv er,
€kerei = €,
k=1,L—1,
€LekeL = €L,
ere; = €er, 2<i<L-1.

This algebra is infinite-dimensional, so when L is even an additional relation can be
imposed,

(ere3...er—1) (e2eq...er) (eres...ep—1) =1 (e1e3...e5-1). (1.1.1)
This relation produces a finite-dimensional quotient of the periodic TL algebra.

The pictorial representation is similar to the trivial boundary version, but this time

the strip closes on itself to form the surface of a cylinder,

i i-1

i+1

€, =

14



The quotient relation (1.1.1) describes the weight given to non-contractible loops,

Y
MY

One boundary

Definition 1.1.3. The one-boundary Temperley—Lieb (1BTL) algebra, otherwise known
as the blob algebra [62], also has the generators and relations of the trivial boundary

version Definition 1.1.1, along with a left boundary generator ey, depicted as

1 L
€y = )
which satisfies .
€1€0€1 = € €h = ———€
C DT Sl + )

where wy is an additional complex parameter. Note that we do not impose egeiey = ep.

Pictorially the first relation is

and the second is

_ —sinwp
~ sin(wp +7) K

Both of these relations involve a closed loop at the left boundary. However, only the

second relation produces a non-trivial factor. To make clear the distinction, we introduce
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the notion of parity by supposing the generators are shaded in the following way:

N\ e,

e; = , 1 even, e = ,

£ N

and ey has the same shading as the even case. Then a loop that has both ends connected

to the left boundary produces a non-trivial factor iff the inside of the loop is shaded.

Two boundaries

Finally, the version we will be working with is the 2BTL algebra [34], which has the

generators of the one-boundary case above, as well as a right boundary generator ey,

e = ,

which satisfies similar relations to ey,

depicted as

9 —sinwy,
er—1€rer—1 = €y, €, = ————~€L.
’ L™ sin(wr, +7)

Definition 1.1.4. Written all together, the algebraic relations for the 2BTL are

622:—2008’)/61', 1<i<L—1,

9 — sinw; )

e = ———€, 1=0,L, 1.1.2

b sin(w + ) ( )
€i€i+1€; = €, 1<i<L-—1,

along with the idempotent relations (1.1.4) described in the next section.

Loops connected to the left boundary behave as in the 1BTL, but at the right bound-
ary the parity of L must also be taken into account. If L is even, a loop that has both
ends connected to the right boundary produces a non-trivial factor iff the inside of the

loop is shaded, but if L is odd the factor appears iff the inside of the loop is not shaded.

1.1.1 The idempotent relations

The versions of the TL algebra with 0 and 1 boundaries are both finite-dimensional.
However, the periodic and 2-boundary versions are not, since it is possible to form a
string winding all the way around the cylinder (for the periodic case) or stretching from
the left boundary to the right (for the two-boundary case), as in Figure 1.1.

It was shown in [18] that all finite-dimensional irreducible representations of the 2BTL

satisfy two additional relations, which we will describe now.
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N Y M

Figure 1.1: The arrangement eseseiesegeses when L = 5 has a loop stretching
from the left boundary to the right boundary.

Definition 1.1.5. We first define two (unnormalised) idempotents I; and I, as follows:

cecer_ L e L
Il _ €1€3 €r—1, even, IQ _ €epe2 er, even, (1.1.3)
eres---er, L odd, €pe €1, L odd.
For example, when L = 6 the idempotents are
4 5 6 4 5 6
U \_/ N K
aalall
The double quotient of the 2BTL algebra has the additional relations:
LIl =bly, Iy 1115 = bls, (1.1.4)

where b is an additional parameter. In our pictorial representation, these relations have
the effect of removing pairs of loops stretching from the left boundary to the right and

replacing them with a factor of b.

1.1.2 Link pattern space

Here we will define the space LPj, spanned by link patterns (sometimes called connec-
tivities) in terms of the loop representation of the 2BTL generators above. This space is
equivalent to the space spanned by (a variant of) anchored cross paths [81]. The space
LP;, forms the state space of the TL(n) loop model [91]. An example of a link pattern is

given in Figure 1.2.

Definition 1.1.6. A link pattern is a non-crossing matching of the integers 0,1, ..., L+1.
The matching between the integers 1,...,L is pairwise, whereas 0 and L + 1 may be
matched with, or connected to, an arbitrary number of other integers. The integers 0

and L + 1 are respectively referred to as the left and right boundary.

We can express elements of LPy as words in the generators of the 2BTL. We choose
one of the idempotents to be the shortest word, and act with any combination of the
2BTL generators. Then by the relations (1.1.2) and (1.1.4), the resulting picture will
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Figure 1.2: A link pattern for L. = 8.

reduce to one of the link patterns of size L, multiplied by the weight as introduced by
the relations. For example, with L = 2 we define the shortest word to be Iy = e1, and

acting with the combination ege; produces
eperl; = —2cosy egly.

In fact, the four basis elements of LPs are Iy, egli, esl; and egeolq, and these are

represented respectively by the pictures

1 2 1 2 12 12

Note the line connecting the two boundaries in the final picture. If we had defined

the shortest word to be Iy = eges instead of I, a line would appear on the first three
pictures and not the final one. Using the word representation of link patterns and starting
from I, the link pattern with 1 connected to the left boundary and 2 to the right will
always have one of these lines, and the others never will. Because of this, and because it
is always possible to find out whether a picture should have a line, we omit single lines
connecting the two boundaries when referring to a link pattern. In this way, the above

pictures can be represented as the link patterns in Figure 1.3.
12 12 12 )
Figure 1.3: The link patterns for L = 2, corresponding to I, egly, e2l; and
epeal] respectively.

We use a shorthand notation for the link patterns, in terms of a sequence of opening
‘(" and closing ‘)’ parentheses. The ith bracket in the sequence refers to whether the
ith site is connected to some place to the right of it (opening bracket) or to the left
(closing bracket). Since the loops are non-crossing and every site from 1 to L must be

connected, this provides a unique labelling. The above link patterns for L = 2 are thus
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given respectively by

Because we can independently place an opening or closing parenthesis at each site, the
dimension of the space LPj, of link patterns of size L for the two-boundary Temperley—
Lieb algebra is

dimLP, = 2%,

1.1.3 Path representation

We now present a representation of the link pattern space using the graphical depiction of
e; as a tilted square tile decorated with small loop segments; and of ey and ey, as similarly

decorated half-tiles lying against the boundaries of the picture, as shown in Figure 1.4.

1 i i+1 L

Figure 1.4: Tiles for the 2BTL generators.

The shortest word, given by one of the two idempotents, is depicted as a row of tilted

half-tiles, which lie along the bottom of the picture, as in Figure 1.5.

Figure 1.5: The idempotent I; for L = 7. The label i on the x-axis refers to
the centre of the tile e;.

Multiplication in the 2BTL algebra corresponds to vertical concatenation of the tiles.
2

As an example, below are shown the algebraic relations e =

—2cosvye; and e;ej_1e; = e;.
The other relations are similar.

i i+1 i i+1 i-1 i i+1
% = -9 COS 7y % ) % =
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Because of these relations, each link pattern corresponds uniquely to a path, which is
traced out by the top of the tiles. A path is defined in this representation as beginning
at the left boundary, ending at the right, and taking one step either up or down for each
step to the right. The shorthand notation defined in the previous section works with
the path representation as well, where steps down and up are symbolised by ‘)’ and ‘(’
respectively. It is easily seen (as in Figure 1.6) that when the path steps up, the loop
in the link pattern connects somewhere to the right, and the opposite is true for down

steps.

Y
N

0 1 2 3 4 5 6 7 8

B

Figure 1.6: Path representation of the action of e5 on the link pattern )(())(((.
The result will be the link pattern )(()()((.

1.1.4 Spin chain representation

The 2BTL algebra has another distinguished representation, also of dimension 2% [67].
This representation is in the tensor product space (C2)®, giving rise to the quantum
XXZ spin chain with non-diagonal boundary conditions on both sides. We define the

Pauli spin matrices,

. o1
o" = ,
10
Uy:O—i’
i 0
02210
0o -1 |’
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and will use the notation

0-2(7}772 — 1®'L_1 ® Uxuyuz ® 1®L—Z'

In the spin chain representation the Temperley—Lieb generators take the form [19]
1 ..
e; 3 (O'E(O';(+1 + 02’02’4_1 + cosy (deﬁrl — 1) — isin~y (O‘f — UfH)) ,
1

’_> —
2 sin(wo + )
1
=
2sin(wr, + )

€0 (cosp of +sinby o] + icoswy o —sinwy) ,

er, cosfy o +sinby o) — icoswy, 0f —sinwy),

where 61 and 6- are related to the idempotent parameter b by

cos(0y — 62) + cos(y + wo + wr.)

2sin(y + wp) sin(y + wr)

cos(#1 — 62) + cos(wo — wr)
2sin(y + wo) sin(y + wr,)

, L even,

, L odd.

Note that b only depends on the difference of these two parameters. Due to the rotational
symmetry in the spin z-y plane, the extra freedom (61 4 02) can be interpreted as a free

gauge parameter on which the algebra does not depend.

1.2 The TL(n) lattice

The two-boundary TL(n) loop model is defined on a lattice of width L, vertically infinite
with a boundary on the left and right hand sides. Each face of the lattice is decorated
with loops, which can end on the boundary or close back on themselves. Each bulk

(square) face has two possible configurations of loops,

jf and \\

The boundary (triangle) faces also have two possible configurations, one joining the loops

on two adjacent rows of the lattice, the other connecting them both to the boundary. At

the left boundary the possibilities are

and ,

and at the right boundary the above pictures are reflected. Because of the action of the
boundary faces, it is easy to see that the rows of the lattice come in pairs, as illustrated

in Figure 1.7.
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JCJCDKDK
NN T/

~ NN TS

Figure 1.7: One of the configurations of four rows of the lattice for L = 7.

One of the important aspects of this model is how the loops connect different parts
of the lattice. If we choose a configuration for each of the faces, and cut the lattice
along a horizontal line between two pairs of rows, it is clear that below the line there
are a collection of open loop segments, which connect different horizontal positions (see
Figure 1.8). In the example, position 1 is connected to the left boundary, position 2 to 5,
U/ \\/ /J /J N

1N \\\\Jf Jf

—

Figure 1.8: The link pattern below the line is produced by the bottom two rows
of the lattice in Figure 1.7.

~
J

\/
A

e

C

3 to 4, and 6 to 7. This is a clear example of a link pattern as defined in Section 1.1.2. As
in the 2BTL algebra, we can ignore the specific paths the loops take and replace closed
loops and loops that have both ends connected to a boundary by their respective weights.
Once this is done the only thing left to consider is the remaining link pattern, which we
call a. Every configuration of the semi-infinite lattice below the horizontal line has one
of the 2% link patterns at the top.

The two rows of the lattice above the link pattern can have one of 22012 possible
configurations, and each one will map a link pattern into another. As an example, the

configuration in Figure 1.8 produces the link pattern

T
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and introduces the weight 4 cos®~ from the two closed loops.* We represent the two
lattice rows as a matrix 7" (called the transfer matrix), with the ijth entry being the sum
of weights produced by all the configurations that map the jth link pattern to the ith
(where there is some ordering on the link patterns).

A vector with a basis in the space of link patterns can be written as

=3 vala).

acLPp,

If this vector is the unique ‘ground state’ eigenvector of T,
T |\I’> = Amax |‘I’> )

where Apax 18 the maximum eigenvalue, then repeated action of T' on some initial state
lin) produces
TF|in) ~ AF_|®), as  k— oo

This process can be seen as building up a semi-infinite lattice with infinite copies of the
transfer matrix. The eigenvector then expresses the relative weights of all possible link
patterns of size L, produced by the configurations on the lattice.

As shown by Di Francesco and Zinn-Justin for other types of boundary conditions
[27,109], it is possible to derive exact closed form expressions for certain properties of the
ground state eigenvector for finite system sizes. To achieve this one needs to generalise
the model just described, by considering an inhomogeneous version of the transfer matrix.

This is done in the next section.

1.2.1 Baxterisation

In order to define the transfer matrix we will first introduce the operators R and K, as
well as their unchecked versions, to be defined shortly. We furthermore list some useful
properties that we will need in later calculations. Throughout the following we will use
the notation [z] for

[Z] =ZzZ= 2_17

and define

g=e".

Definition 1.2.1. The Baxterised elements R;(z), and the boundary Baxterised elements

*The loop at the left boundary does not contribute a weight, as it only involves one left boundary tile,
and is therefore a loop produced by the rule eiege; = e1. At the end of this chapter all the weights will
be set to 1 and this technicality will no longer be important.
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Ko(z,¢) and K1(2,¢) of the Temperley-Lieb algebras are defined as

EcaTE 1)
Koz ) = HEGw) £lacte g B
(1/2,(7(.{)1,) ’ ’ ’

where the parameter z is called the spectral parameter. Each boundary element can also

be equipped with an additional free parameter .

The weight k(z, (,w;) here is given by

k(z, ¢ w) = [ze™/2 [()[ze™/2 (], (1.2.2)

and k(z) is defined in terms of g-Pochhammer symbols [48],

6,.2. 4 4.-2. 4
; (qﬁzi,Qq )400((] i 2,q4)oo’ gl <1,
) (05272 ¢Y) oo (g%2% ¢ ) oo (1.2.3)
Kk(z) = 2.
1 (7%27% 0 Moolg™ 2% 0 oo ol > 1
2 (522 Nalg 2 5g N 1T
where -
(a;D)os = JJ (1 — ab™).
n=0
This normalisation factor satisfies the functional relations
k(2)k(1/z) =1,
K(=gq/2) _ —l¢7] (1.2.4)
k() [¢%/2]
and has the special value
k(1) = 1. (1.2.5)

Note that the definition (1.2.3) for  is non-analytic across the unit circle |¢| = 1. For
these values of ¢ there is an alternate definition of x, described in [49]. At the special
point ¢ = e2™/3 we can take k = 1, as this satisfies the functional relations (1.2.4) and
(1.2.5). We note, however, that this choice for x is not the limit of either function in

(1.2.3) as ¢ — e*>71/3,

Proposition 1.2.1. The Bazterised elements obey the usual Yang—Bazxter and reflection
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equations with spectral parameters:

Ri(2)Ris1(zw)Ri(w) = Ris1 (w)Ri(2w) Rit1(2),
Ro(z,0) B (2w) Rolw, ) R (1/2) = R (1/2) Ko(w, O R () Ko(2,0),  (1.2.6)
K1(2,Q)Rr1(2w) K (w, Q)R 1 (w/2) = Ry 1 (w/2)KL(w, Q)R 1(20) K1 (2, ).
They furthermore satisfy the unitarity relations
Ri(z)Ri(1/2) = 1, (1.2.7)

Kz(27C)K1(1/ZaC) =1, ¢=0,L.

Proof. These relations can be easily checked using the algebraic rules (1.1.2), or using a

graphical notation like the one in Figure 1.6. O

The above Baxterised elements are special cases of R-matrices, which can be defined
more generally using the Hecke algebra. This is explained in more detail in Appendix A.

We now introduce a graphical version of the Baxterised elements, using the planar
Temperley—Lieb—Jones algebra [50], which we will be able to use in a more general context
than Figure 1.6.

Definition 1.2.2. We define the R-operator R(w, z) to be the following linear combina-

tion of pictures:

1 (e [, Rl
file ) n(w/z><[qw/z1 O T D )

and graphically abbreviate R(w, z) by

R(w,z) =w >,

Z

Note that we can use this picture in any orientation, as the arrows uniquely determine

how the spectral parameters z and w enter in R. It is worthwhile to point out that
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R(cw,cz) = R(w, z), for any constant c. We also define the boundary K-operators by

_ k(qw,Go,wo) lae™l(qw)’]
Kolw) = k(1/qu, Co,wo) B> 1/qw Co,wo)
¢ "
_ k(w,¢r,wr) o] _lgeH][w?]
Krw) = k(1/w,(r,wr) @ 1/w CLv“’L)

The Baxterised elements R, Ky and Ky, will be used to define the transfer matrix of

the system. We can also write Ky as

w -qw
= , (1.2.8)
Co w C 'I/qw

0

where

__k(w, Go,w0) [q e *0][w?]
k(1/w, o, wo) k(1/w, o, wo) ’

W

S
which will be useful for defining the relations satisfied by K.

Proposition 1.2.2. The unitarity relations (1.2.7) for R and K can be graphically de-

KX - | 129

picted as

and

I
2~
I
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In addition, the Yang—Baxter and reflection equations (1.2.6) can be written as

A A
u
> u
= : (1.2.10)
> v
v
w w
and "
b4 z w Y 7! w!
= 5 =
7! w! 71wl z w z w

We furthermore note the crossing relation satisfied by R, i.e., R(z,w) = R(—quw,z),
which graphically reads [48]

< woo=  gw > (1.2.11)

Z Z

The above relations are straightforward to prove from the definitions, by considering
two loops to be the same if they have the same connectivities, and replacing closed loops
with a factor of —(q + ¢~1). The unitarity relation for R (1.2.9) is proved here as an

example.

Proof. The LHS of (1.2.9) produces four pictures,

200 D0 1C s

The first three of these have the same connectivity, so they can be grouped together with

coefficient
1 (—(q +q Dw/2z/w] + [qw/2][z/w] + [w)/2] [qz/w]> —0
r(w/z)k(z/w) [9z/w][qw/ 2]
This leaves only the fourth picture, which is equal to the identity. O

Finally, we will also define slightly different versions of Ky and Kp, which will be
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useful in proving the commutativity of the transfer matrix,

w w W-I W-I
w! W w
¢/ ¢ % N, ¢,

These K-matrices satisfy the following versions of the reflection equations,

1wt 2! w! 71wl 7! w!

= , = . (1.2.13)

g Mg g g g Mg R

These are easily proved using the crossing relation (1.2.11).

1.2.2 Transfer matrix

Definition 1.2.3. Using the pictorial versions of the R and K-matrices in Definition 1.2.2
we define Sklyanin’s double row transfer matrix 77 (w) = Tr(w; 21, ..., z1; o, (1) picto-
rially in the following way (see [27,77,92]),

A A A A

9 22 i1 <L

This can also be written as
Tr(w) =Try (Ko(w_l) R(w,z1)...R(w, z) Kp(w) R(zp,w™)... R(zl,w_l)) ,

where, in terms of pictures, the trace means that we join the two ends of the line with

the parameter w attached to it, as shown in the above diagram.

Proposition 1.2.3. All the possible values of w give us a commuting family of transfer

matrices (see for example [92]), i.e.,
[TL(v), TL(w)] =0,

and hence T (w) defines an integrable lattice model.
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Proof. First, note that with the notation (1.2.12) and the crossing relation, T'(w)T(v)
may be depicted

A A
_____ wlo
-w/q
v
v/q
27 7y,

Using the unitarity relation (1.2.9) twice, and repeated application of the Yang-Baxter

equation (1.2.10), the above becomes

A A
w
v

/g
-w/q
27 2L

Now, at both boundaries, the reflection equations (1.2.13) can be applied, resulting in

A A
,,,,, wl
,,,,, vl
)
/g
“w/g
<] <L

and the process involving the Yang—Baxter equation and unitarity relations can be re-
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versed, to finally produce

2]

which is the graphical depiction of T'(v)T(w).

spectral parameter w, but only on zy, ..

Tr(w; 21, . ..

,ZL) |\I/(Zl, e

-3y 2L

L

,20)) o [U(z, ...

7ZL)> .

O

As a consequence of this commutativity, the eigenvectors of T, do not depend on the

Following [27,29], we note that the Yang—Baxter and reflection equations (1.2.6) also

immediately imply the following interlacing conditions of the transfer matrix with R;,
Ky and K.

Proposition 1.2.4.

Ri(2/%i41)Tr(w; 21, . . .
Koz, Go) T (w; 21, . ..
K (21, CL)Tr(w; 21, . ..

Pictorially, the first relation is

i

Zivl

=T (w; 21, .

cy Rl Ry e

) ZL)Ri(Zi/Zi+1)7

= TL(’U), 21_17 2y ey zL)K0(21_17 CO)v

=Tr(w;z1,...,20-1, Zfl)KL(ZL, L)

The other relations have similar depictions.
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1.2.3 Hamiltonian

Definition 1.2.4. The Hamiltonian of the TL(n) loop model with open boundaries is

defined in terms of the logarithmic derivative of the transfer matrix with respect to w at

the point z1 =...=zp =w =1;
lq 0
H==— l T |
1 9w, og T'(w; ;1)
8 8KL(w) 8R( )
w —1-25 9w + const.

w=1

This can be calculated and expressed as the following operator,

. . L—1
H = (—smwo _ eo) e <Smw) _ eL) + 3 (<2008 — ;) + const.,

sin (wo + ) sin (wr, + 7y st

(1.2.15)

where ¢, ¢y, are
_ 4sinvysin (w; + )

a= k(1, G, wi)

1.3 Specialisation n =1

In the next chapter we will introduce the ¢g-deformed Knizhnik—Zamolodchikov equation,
which depends on ¢ as well as an additional parameter s. At s*¢® = 1 the solution of this
equation is polynomial [52,53], and in Section 2.1 we will use the interlacing conditions
(1.2.14) to show that at ¢ = s* = 1 the ground state eigenvector of the TL(n) loop
model is a solution of the ¢KZ equation.

The specialisation ¢ = 1 is equivalent to setting n = 1 or v = 27/3, and this
also corresponds to anisotropy of the XXZ spin chain, A := cosy = —1/2. In order
to construct a special representation we will also set wg = wy, = —2v and b = 1. At
this point we have several simplifications, the first of which is that &k as given in (1.2.2)

becomes
k(z,(w) = [2/qC][2C/q] =: k(z, Q). (1.3.1)

2mwi/3

As stated in Section 1.2.1, when ¢ = e we take the normalisation factor x(z) to

be identically equal to 1. This choice for k causes R to be invariant under negation of its

arguments, so the crossing relation (1.2.11) can be written without the negative sign,
R(z,w) = R(qw, 2).

When the above specialisations are taken, the constant in the expression for the
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Hamiltonian (1.2.15) disappears, and the rest simplifies to

L—-1
H=co(l—eq)+er(l—er)+ Y (1-e), (1.3.2)
7j=1

3

For convenience, we keep the notation ¢, and make use of the fact that ¢ = 1. We

also see that the relations of the 2BTL algebra can now be expressed as

2 .
e; = ey, Vi,

€i€i+1€; = €, 1<i<L-—1.
This has a one-dimensional representation p defined by
pie;— 1, 1=0,1,...,L, (1.3.4)

which is a quotient of the link pattern representation, as it maps every link pattern to
the identity (this is easily seen by viewing each link pattern as a word in the e;, as
described in Section 1.1.2). We choose the values wy = wr, = —2v and b = 1 in order
to construct this representation. We note that p(H) = 0, hence 0 is an eigenvalue of H
in the link pattern representation. In fact, because the eigenvalues of e; are 0 and 1, for
co, cr, non-negative, 0 is the lowest eigenvalue of H and corresponds to the ground state
of the O(n = 1) loop model.

Moreover, we can use a version of the Perron—Frobenius theorem to show that the
ground state is unique. Consider the matrix H = IL — H, which has non-negative
entries for cg, ¢y non-negative, and which shares eigenvectors with H. The expansion
of H™ includes every possible word in the generators e; of length m or shorter, so for
large enough m, acting with H™ on an arbitrary basis vector produces a vector with all
entries non-zero. Thus H is irreducible, and the Perron—Frobenius theorem states that
the eigenvector corresponding to eigenvalue L (equal to the ground state of H) is unique.
We will be interested in the ground state eigenvector |¥) as a function of the parameters
co and ¢y,

H|Y(cp,cr)) =0.

In the same way, the one-dimensional representation indicates that the ground state

eigenvalue of the transfer matrix is equal to 1, so the eigenvalue equation is

Tr(w;z1,. ., 20) | VYE(21, ..oy 20)) = [¥r(z1,...,20)) - (1.3.5)

In the homogeneous limit z; — 1, the transfer matrix 77, becomes the probability matrix
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of the stochastic raise and peel model [78,81], for which the steady state eigenvector
(1.3.5) is unique, again by the Perron—Frobenius theorem. The eigenvalue spectrum is
continuous, so it can be argued that there exists an open set around z; = ... = zy, = 1 for
which the eigenvector remains unique. We will thus assume that the eigenvector remains
unique for generic values of z1, ..., zf.

The ¢KZ equation will allow us to obtain an explicit characterisation of |¥ ) for finite
L. We will in particular be able to derive a closed form expression for the normalisation
Zr,, which is the sum of all the components of |¥},), as well as for a boundary-to-boundary
correlation function defined in Chapter 3. In order to do so we need a recursion relation
for |¥), which we will discuss in Section 2.2.2.

It is worth noting that in the limit e; — 1 the boundary Baxterised element K,
maps to the identity, and this is the limit in which the two-boundary model maps to the
one-boundary case. Similarly, in the limit eg,e;, — 1, we obtain the trivial boundary

case.
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Chapter 2

The ground state of the TL(1)

loop model

The aim of this chapter is to calculate the elements of the ground state eigenvector of
the TL(1) loop model with two open boundaries, corresponding to the 2BTL algebra
as discussed in the previous chapter. As will be shown, at ¢° = 1, the ground state
eigenvalue equation (1.3.5) for the inhomogeneous transfer matrix of the TL(1) model
is equivalent to a particular instance of the g-deformed Knizhnik—Zamolodchikov (¢KZ)
equation.

The gKZ equation is a set of finite difference equations, introduced by Frenkel and
Reshetikhin [41] in the context of the representation theory of quantum affine algebras.
This equation depends on a number of parameters, traditionally ¢, ¢ (this is not the same
as our ¢), and if applicable the boundary parameters a,b, ¢ and d. It also has two extra
parameters, k and r, called respectively the ‘rank’ and ‘level’ of the equation. It has been

found that when these parameters satisfy
t* gL abed = 1, (2.0.1)

the ¢KZ equation has polynomial solutions [52,53,91] (see also [38,39]).

Interesting recent developments [53] relate polynomial solutions of the ¢KZ equation
associated with U, (sly) to the polynomial representation of the double affine Hecke alge-
bra [51,70,88]. These solutions can be expressed in terms of Koornwinder or Macdonald
polynomials with specialised parameters [1,39].

As mentioned, the ground state of the TL(1) model is a solution of the gKZ equation
with very specialised parameters. In particular, the parameters a, b, c and d are set to 1,
the parameter ¢ is equal to ¢ in our notation, and the parameter ¢ is related to a new
parameter s. We take both the rank k and the level r to be 2, and the restriction on

the parameters (2.0.1) becomes ¢%s* = 1. Since the ground state eigenvalue equation is
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equivalent to the ¢KZ equation at ¢ = 1, this condition gives us the further restriction
s* = 1. As we will see, the version of the gKZ equation used here has Laurent polynomials
as solutions.

The ground states for TL(1) models with a variety of boundary conditions have been
studied in the past (see for example [23,27,66,109]), and each one is related to a version
of the ¢KZ equation. In the models with zero or one open boundaries, there exists a
highest weight vector, which is an element of the link pattern basis. The component
of the ground state eigenvector corresponding to this basis element plays a special role
in the solution, because it is possible to specify this component exactly, and from there
calculate every other element of the vector. In the case of periodic boundaries, due to
the cyclic symmetry there is not a unique highest weight vector, but an equivalence class
of them. Again the corresponding components of the eigenvector can be fixed, and the
qKZ equation provides the means to then calculate the other components.

However, in the case of two open boundaries, there is no such highest weight vector.
This fact causes the calculation of the ground state eigenvector in the case of two open
boundaries to be more challenging, and until recently little progress had been made.

In this chapter we deal with this case, and generalise the results for reflecting [27] and
mixed [109] boundary conditions. It is very hard to find a general expression for all the
components of the two boundary eigenvector, but a certain subset of them can be found,
and for the others certain restrictions can be made. We also calculate the normalisation
of the eigenvector, which is the sum of all its components. This can be found explicitly
despite the lack of an exact formula for all the elements of the eigenvector. The main
results in this chapter were also discovered independently and through slightly different
means by Cantini [10], in the same year.

For small system sizes L < 2, we solve the ¢KZ equation explicitly for all components,
up to an overall factor that we take to be 1. For arbitrary size, we find an explicit
expression for two special components of the eigenvector, using recursive properties of
the TL(1) transfer matrix. We then use the same recursive properties to find an expression
for the overall ground state normalisation.

With the specialisation s* = 1, we find that the dependence on s factors out of the
final result. However we keep the notation for s in the expressions for the components

with a view to generalisation.

2.1 The g-deformed Knizhnik—Zamolodchikov equation

As stated above, the ground state eigenvector of the TL(1) transfer matrix is a solution
of the gKZ equation with a certain specialisation. This connection will provide the
foundation for an explicit analysis of the ground state eigenvector for finite system size

L. We will first describe the ¢KZ equation for open boundaries, and then prove the
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equivalence with the transfer matrix eigenvalue equation (1.3.5).

We consider a linear combination |Z) of states |a) labelled by link patterns:
(21, 20)) = D &alz,. o r20) o) .

Here the sum runs over the set of link patterns of size L, and the coefficient functions &,
are Laurent polynomials in the variables z1, ..., z;, with coefficients that are functions of

the boundary parameters (o and (;, as well as ¢ and s.

Definition 2.1.1. The g-deformed Knizhnik—Zamolodchikov equation [41,93] is a system
of finite difference equations on the vector |Z). For open boundary conditions they can
be written as [10,14,27,109],*

Ri(zi/zi41) |E) = m|E),  1<i<L-1,
Ko(1/21,6) |2) =m0 |E) (2.1.1)
Ky (szr,sCr) |2) = w1 |2) .

This definition uses the Baxterised elements R;, Ky and K, of the two-boundary
Temperley-Lieb algebra, defined in (1.2.1). The operators R;(z;/zi11), Ko(1/21, () and
Ki(szr,s(r) act on link patterns |a), whereas the operators m; (i = 0,..., L) act on the

coefficient functions £ only;

7§ 20y Zig 1 o) = &0y zign, 24, ), 1<i<L-1,
0 5(21,) :f(l/zl,...),
m €( o) = £ 1/,

For later convenience, we note that the ¢gKZ equations can be rewritten
€ |Z) = —a; |Z), 0<i<L, (2.1.2)
where e; are the generators of the 2BTL from Definition 1.1.4, and

i/ qzi1)

a; = (m; +1) ,  1<i<L-1,
2/ 2i11]
IR V)
ap = (mp + 1) ] [z%] , (2.1.3)
k(szr, sCr)

R ]

where k was defined in (1.3.1). The operators a; (i = 0,..., L) satisfy the relations of

*We write the equations in a form used by Smirnov [93] for the type A case (see Appendix A of this
thesis for more details on the type classifications).
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the Hecke algebra of affine type C' [23], as well as those of the Hecke algebra of type BC.
The Hecke algebra is described in more detail in Appendix A.

For later convenience, we also define operators s;, such that

si=(q+q¢ ) —a, 1<i<L-1,
i (2.1.4)
Sk:%_ak, kZO,L
sin (wg, + )
With our chosen specifications for ¢, wp, and wy, (see Section 1.3), these definitions can
be condensed to

S; — —1- Qa;, V. (2.1.5)
The s; can be explicitly written as

[qzi/zi1)

si:m(l—m), 1<i<L-1,
_ k)

0 g T
~ k(1/szr,sCr) .

LT g O

2.1.1 Equivalence with the transfer matrix eigenvalue equation

At the special values of ¢ and s previously mentioned, the elements of the eigenvector are

polynomials in 25, ..., 25, and we use this fact to construct a definition for |, that is

appropriately normalised.

Definition 2.1.2. With the specialisations listed in Section 1.3, the ground state eigen-
vector |y (z1,...,2r)) of the transfer matrix of the TL(1) model of width L has eigen-

value 1, and is written in the link pattern basis as

WLz, s20)) = Y ez, 20) o),

OCELPL
where the v, are coprime polynomials.

The basis orthogonal to the downward link patterns |a) is given by the row vectors
(B8], with the usual inner product (-|-) defined by

<B| a> = 5&,5-

Written in this basis, the left eigenvector (¥| of the transfer matrix corresponding to
eigenvalue 1 is a row vector with every element equal to 1. This is because the transfer

matrix is a stochastic matrix, whose columns sum to 1.
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Definition 2.1.3. The normalisation of the eigenvector is defined as
Zy, = (Y| ¥),
or more explicitly,
Zi(z1,...,21) = Z%(Zh o 2n) (Bl a)
B,a

=S (o) (2.1.6)

For the next theorem we will also need the following lemma.

Lemma 2.1.1. In the almost homogeneous limit z1 — q, zo = ... =z, = (o = (1. = 1,

the Hamiltonian (1.3.2) can be normalised and expressed as

H:€160—1.

The ground state eigenvector of this Hamiltonian, corresponding to eigenvalue 0, is non-

negative.

Proof. At the point z0 = ... = 2z = (o = {;, = 1, we can calculate the Hamiltonian as

was done in Section 1.2.3, obtaining

L—1

L+ 23 + 2] pot lq/21] [qz1
Normalising H by %, and taking the limit as z; — ¢, this becomes
~ 3
H := lim la/2] H =ejep + lim [Q/Zi
21—q  [21] z2—=q (14 22 + 277) [21]
= e1€eg — 1.

In matrix notation the non-diagonal entries of this Hamiltonian are non-negative, so
according to the Perron—Frobenius theorem the ground state eigenvector must also be

non-negative. 0

Theorem 2.1.2. The specialised ground state eigenvector |¥) also satisfies the qKZ
equation, Definition 2.1.1.

The proof of this given in [22] was incomplete. We give here the full proof.

Proof. We first act on both sides of the eigenvector equation (1.3.5) with the Baxterised

38



element R(2;/z1), and using the interlacing condition in (1.2.14),
Ri(zi)2i41) VL (2, 2i01)) = Ri(zi/zi01) T (w; 21, ziv1) YL (20, 2i41))
= Tr(w; zit1, 2i) Ri(2i/zi41) [P L (205 2i41)) -

Since the eigenvector in (1.3.5) is unique, this implies that

Ri(zi/ziﬂ) ‘\I/L(Zi, Z,‘+1)> = ﬂi(zl, ey ZL) ‘\I/L(Zﬂ_l, Zz)> 5 (2.1.7)

where 3; is some rational function. By definition, none of the elements of |¥) have a
denominator, so the denominator of (..., z;, zit+1, . ..) must be the same as the denom-
inator of R;(z;/zi41), i.e., [qzi/2ziy1]. We can rearrange the above, using the unitarity

relation (1.2.7) of R, and swap the parameters z; <+ 21 to get

Ri(zi)zi01) |9 L(2i, zi01)) = Bile ooy 2iv1, Ziy oo o5) WL (2041, 20)) (2.1.8)

which leads directly to

Bi(- - zis zigts- ) = Bileo o Zig1, 26y 05)

Since we already know the denominator of 5;, the above property gives us four choices

for the numerator, namely

+[qziy1/2)

g2/ 2i41] +1. (2.1.9)

Bi(zis zit1) =

In both cases the sign is fixed to +1 by setting z;11 = z; in (2.1.8).
Assume f; to be the first choice in (2.1.9). In the quotient p : e; — 1 as defined in
(1.3.4), every link pattern is projected onto the identity, and (2.1.7) becomes

lazi+1/2] ,

Z1(2i,2i41) = (g7 2] L(%it15 2i)-

Since Zp, is a polynomial in the z’s, it must be of the form
71, = [qziv1/2])5i(21, ..., 2L),

where S; is a polynomial symmetric in z;, z;11. By considering the above argument for

all other values of 7 we find that Z; must be of the form

7z, = H lqz/2i]S (%1, .., 2L),

1<i<j<L

where S here is a polynomial symmetric in all its arguments. This means that the eigen-

39



vector normalisation vanishes when z; = ¢z;, for any j > i. However, the specialisation
in Lemma 2.1.1 has 21 = gz; for all j > 1, and it is shown that Z cannot be 0 at that
point. Our assumption must therefore be false and we must take 3; = 1.

Thus, we have shown that
Rz(zz/zHl) ’\I/L(Zl, - ,ZL)> =T; ‘\I/L(Zl, ceey ZL)> , 1<+<L-1.
Similarly, we can show that

Ko(1/21,¢0) [Wr(21,. .., 20)) =m0 [VL(21, ..., 21))

KL(SZL,SC:L) |\IJL(Z1, .. .,ZL)> =Ty, |\I’L(21, .. .,ZL)> y

where the proof of the last equation makes use of the fact that when s* = 1, K (sa, sb) =
Ki(a,b) and R(s%z,w) = R(z,w). O

2.2 Recursions

We will use the ¢KZ equation (2.1.1) to calculate the elements of the ground state eigen-
vector of the TL(1) loop model for size L. However this equation does not contain enough
information to fix the elements, so we will also use a recursion that is an inherent property
of the loop model.

We begin by defining some maps between spaces of link patterns of different sizes.
These maps will be very useful in constructing recursions satisfied by the transfer matrix

and its eigenvector.

Definition 2.2.1. For 1 <i¢ < L+ 1, let ¢; be the map that takes a link pattern of size
L, sends site j to j+ 2 for j > i, and then inserts a link from site 7 to ¢ + 1, thus creating

a link pattern of size L + 2. For example,

w [ o [

Let g be the map that takes a link pattern of size L, sends site j to site j+ 1 for all

J, and inserts a ‘)’ on the first site.
Let ©14+1 be the map that takes a link pattern of size L and inserts a ‘(’ after the last

site.

We will also define similar maps on vectors in the link pattern space defined in Sec-
tion 1.1.2. The action on the basis is a straightforward extension of the action on the

link patterns, so we use the same notation for both maps.
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Definition 2.2.2. Let ¢; : LP; — LPy o be the map defined by

i an ) = an |picy) .

« «

Similarly let ¢g : LPy, — LPr4+1 and ¢r4+1 : LP, — LPr41 be defined by
BoY cglB)y=> csloB),
B B
Bri1 Y _cslB) = csl@rLiaB).
B B

It is worth noting that the vector resulting from the action by ¢; is of length 2542,

but it has only 2 non-zero entries, which are indexed by link patterns with a small link
from ¢ to i + 1. Similar statements can be made for ¢y and @y,

2.2.1 Transfer matrix recursion

Proposition 2.2.1. The transfer matrix satisfies the following identity for general q:

[q/zw][q?2; /w]

(2 ]

TL(w;Zl,...,Zi_H = qzi,...,zL) 0 Y; =
The proof of this proposition is in Appendix B.1. A similar relation was proved in [27]
and for the case of periodic boundary conditions in [29].

Proposition 2.2.2. Likewise, at the boundaries, and for q = e2™1/3  the transfer matriz

satisfies

Tr(w; 21 = qCo, - - -, 21;C0,CL) © Yo = Yo o Tr—1(w; 22, ..., 21,40, CL), (2.2.1)
Tr(w;zi,...,2 =C/¢;:C0,Cr) o pr, = pr.o Tr—1(w; 21, ..., 20-1;C0,C/q).  (2.2.2)

The first of these is proved in Appendix B.2.

2.2.2 Recursion of the eigenvector

In order to find a recursive definition for all components of |¥r), we must refer to the

recursive property of the transfer matrix described in Proposition 2.2.1. We will suppress

the arguments z1,..., 2 of T and |V ) except where detail is needed. The notation Z;
will mean that z; is missing from the list 21,...,27,. When we specify ¢ to be a third

root of unity, the proportionality factor in Proposition 2.2.1 becomes 1, so

T (w; zig1 = qzi) 0 @i = @i 0 Tp_o(w; 24, Zi11). (2.2.3)
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Acting with both sides of this equation on the eigenvector Wy _o(Z;, Zi11)),

Tr(w; zig1 = q2i) (%’ |‘I’L72(2ia2i+1)>) =i |Vr-2(%, 2iv1))

which, by uniqueness of the eigenvector |Wp), implies

U (zig1 = q2)) = pi(Zi5 21, -5 Zis Zig1, - -5 20) @i |WL—2(Zi, Zi41)) (2.2.4)

where p; is a proportionality factor. This proportionality implies that any component
corresponding to a link pattern without a small link connecting ¢ and i+ 1* vanishes when
zi+1 = qz;. In Section 2.4 this property of the eigenvector will be derived in another way.
Relation (2.2.4) was already proved for subcases of the most general open boundary
conditions in [27,109], and for periodic boundary conditions in [29].

Likewise, from the boundary recursions (2.2.1) and (2.2.2) of the transfer matrix we
deduce that

WL (21 = q0; C0)) = T0(22, -+, 215 C0) Po|¥r-1(21;4C0))
\Wr(zr =Co/a;CL)) = ri(z1y- - 20-15C0) oL 1¥r-1(20;CL/q))
where ry and r;, are proportionality factors analogous to p;.

The above recursions for the eigenvector imply the following recursions for the com-

ponents of the eigenvector.

Lemma 2.2.3.

1/J(L¢ioa)(2’z‘+1 =qzi) = Pi(2i; 21, - s Ziy Bi 1y - 20) VET2 (30, Zig),
U500 (21 = 4C0) = 10(22, . - -, 25 C0) V5~ (215 4C0),
(Poop) B

Uis,0m (2L = 4/CL) = TL(z1, - 20-15C0) ¥5 T (2L C/g),
where « is any link pattern of length L — 2 and B is any link pattern of length L — 1.

Clearly the normalisation Z given in (2.1.6) also satisfies these recursions. In Ap-
pendix C, we show that Z is symmetric in its arguments, and use this to prove that p; is
symmetric in all its variables except z;, and that r¢o and r7 are symmetric in all the z;.
It is also shown that the function p; takes the same form for each i. We henceforth drop

the index ¢ from p.

*We use the term ‘small’ or ‘little’ link to mean a link connecting neighbouring sites.
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2.3 Solutions to the ¢KZ equation for small L

We now want to solve the gKZ equation to find the components of the ground state
eigenvector. For this purpose we use the form of the equation given in (2.1.2). We will be
looking for the lowest degree solution for which all the ¢, are not identically zero. Any
higher degree solution must be a scalar multiple of the lowest degree solution, because of
the uniqueness of the TL(1) ground state eigenvector.

For L = 0, the solution is trivial, but it will be needed for calculations of the recursions
as described in Section 2.2.2. Obviously the eigenvector is of length one, i.e., a scalar.
The definition of the eigenvector has the components being coprime, and so by analogy

we take this scalar to be 1.

2.3.1 Example: L =1

When L = 1, there are only two link patterns, denoted by ‘)" and ‘(’. The ground state

eigenvector of the TL(1) loop model in the basis of link patterns is then

T) =) ) + 9 [()-

The e; act only on link patterns, leaving the polynomials unchanged. In particular, ey acts
on both link patterns to produce ¢)’, and e; acts on both to produce ‘(’. Remembering

that the a; act only on polynomials, the ¢gKZ equations can be rewritten as

(W + ) ) = —aod |() —aoty |)),
W+ ) |() = —ard [() — arey ])).

Recalling that s; = —1 — a;, Vi, we can match up the coefficients of each link pattern to

get a system of four equations,

aop =0, sothy =1y, a1y =0, s19 = 1y.

These equations, with the definitions of a; in (2.1.3), give us all the information we need

to find the minimal degree solution. From the first equation, we know that

k(1/21,C0) ¥

is invariant under z; — 1/z1, and we can deduce from this invariance that ¥ must be of

the form

Y= k(21,00) f1(21),
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where f; is a polynomial invariant under z; — 1/z1. Similarly, from the third equation

we find that ¢y must be given by

Wy = k(1/s21,5¢) fi(=1),

where fl is invariant under sz; — 1/sz1.
We find that the remaining two equations are satisfied if f; and fl are both constants
with fl = s2f1, and this gives us the lowest degree solution. We want the components to

be coprime, so we choose f1 to be —1,* and the solution for L =1 is

w( = —k'(Zl, CO)?

(2.3.1)
Yy = —5%k(1/sz21,5CL).

Recursion to L =0

According to the recursions listed in Lemma 2.2.3, specialising the above solutions at
z1 = (1/q and z; = q(p respectively will produce the boundary proportionality factors
rr, and ro for L =1 (recall that the solution for L = 0 is simply 1). This gives

—s2k(1/sCL,s(0),
—k(Co,CL)-

r.(CL)

2.3.2
70(Co) ( )

2.3.2 Example: L =2

For L = 2, the eigenvector is of length four, and the link pattern basis consists of the
elements { ‘((>, }()>, )(), ‘))> }. As before, in the ¢KZ equations the coefficients of each
basis element can be collected together to form a system of equations. As an example,
we take i = 0 in (2.1.2), and obtain

- Za0¢a |a> = Z%z@o ‘O‘>

= (Y + ) DO + (o + ) )

These equations can be written as

0 = aogh(y = aotd((,
Yo = sy, Y= S0Py

*We choose —1 instead of 1 with the benefit of hindsight — at this stage it makes no difference to the
solution, but this choice results in a neater expression for the final solution for general L.

(2.3.3)
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The rest of the system for L = 2 is

0 = a2¥)() = azyy),

(2.3.4)
Yo =829 ¥y = s2¢y( s

0= a1vhy) = a1y = ary((
s19() = Py) Y+ Y)( -

(2.3.5)

Asin the L = 1 case, it is an easy consequence of the equation agtp() = 0 that if 1y # 0, it

should contain a factor k(z1,{p). Such vanishing conditions hold for all the components.
Proposition 2.3.1.

i. P and P vanish or contain a factor k(z1,Co), the remainder being invariant under

21 < l/zl.

i. Py and yy vanish or contain a factor k(1/sza,8(L), the remainder being invariant

under szy <> 1/sza.

iti. 1)), Uy and P vanish or contain a factor [qz1/z2], the remainder being a symmetric
function in z1 and zs.
Solution

With the known factors and symmetries from Proposition 2.3.1 above, we thus look for

a solution of the form

2
w(( = Hk(zi, <0) X [q21/22][Q/Z122] X fQ(ZI, 22)7
i=1
2
¥y = [ k(121 561) x [az1/z)las*2122] x Falzr, 22),
1=1

where fo(z1,22) is a symmetric function invariant under z; <> 1/z;, and fg(zl,ZQ) is
symmetric and invariant under sz; <> 1/sz;. Note that with k as defined in (1.3.1) we

could write this as

2
Ui = [T *(irGo) X k22, 21) X fa(z1,22),
=1
2
1/))) = Hk(l/szi,sCL) X k(l/szl,szQ) X fg(zl,zg).
=1
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The other two components may be determined from

Yo = sodyy, Uy = s — ¥y — Y- (2.3.6)

We pause here to define an important polynomial, which will appear throughout the

rest of this thesis. The symplectic character ) of degree A = (A1,...,Ar) is defined by

dety, [z;\jJrL*jH — z;/\rLﬂfl}
Xa(21-0,20) = . (2.3.7)

L—j+1  —L+j-1
det, [zi I+ — z + }

For convenience, we use the notation
(21, .., 20) = xal25, ..., 22). (2.3.8)

The symplectic character is symmetric, and for the degree A(X) with /\gL) = L%J it

satisfies the recursion

Ty (215 20 |ymgm = (=D T k(zin 2m) a2 (24, 25).- (2.3.9)
k41,5

The classical character x,, or equivalently the Schur polynomial of the type C root
system, with degree A = A\(&) appears repeatedly in related studies on loop models [27,109]
and symmetry classes of alternating sign matrices [71].

When s* = 1, ¢ = e*"/3 we find that the solution to equations (2.3.3)~(2.3.5) can be
given explicitly by

fa(z1,22) = —7(1,0,0)(21, 22, (L),

fa(21, 22) = —7(1,0,0)(5C0, 521, 22).

Recursion to L =0

From Condition (iii) of Proposition 2.3.1, when we set zo = gz1, all components vanish
except for (). From (2.3.6),

z/}()’22=qzl =(-1- ao)w))’m:qzl
= ﬂowk(l/szl, sCr)k(1/szo,sCr)k(1/s21, s22)
[q][=1]

X 7(1,0,0) (821, 822, 80) | zo=g21

= k(z1,¢0)k(21,Cr)?,
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where we have used the properties of k
k(s%a,b) = s*k(sa, sb) = k(a, 1/b) = k(1/qa,b) = k(a,b). (2.3.10)

Since the solution for L = 0 is simply 1, we can easily see that the proportionality factor

p in Lemma 2.2.3 for L = 2 is
p(21) = k(z1, o)k (21, (L) (2.3.11)

Recursion to L =1

Similarly, when we set 21 = g(p, the components 1) and 1 vanish, and )y becomes

) |1 —qco = 8% k(1/522, 5C1)k(Co, CL)k(Co, 22)°

Using our solution for 1y(22) from (2.3.1), we deduce that

ro(z2; Co) = —k(Co, Cr)k(Co, 22)*. (2.3.12)

In the same way, setting zo = (/¢ in P gives us
rr(z1;¢L) = —szk(l/sCL,s(o)k(l/sCL,szl)Q. (2.3.13)

2.3.3 Example: L =3

It is computationally very intensive to compute explicitly the full solution for L = 3.
However, we can compute a solution for the subset of equations where v and 1)) are
not individually determined, but only their sum is (see Appendix D for more details).
We find

1/1(((: H k(zjazi) T(1,1,0,0)(Z1,Z2,Z3,CL)93(Z1,Z2,Z3)7
0<i<j<3

Py = 2 H k(1/s2i,825) T(1,1,0,0)(5C0, 821, 822, $23)93(821, 22, 523),
1<i<j<4

with 7 as before, and where g3 is symmetric and invariant under z; «> 1/z;. We have
also introduced the notation zg = (p and 241 = (r. Imposing the boundary recursions

in Lemma 2.2.3 requires that the lowest degree solution is

g3(21, 22, 23) = 7'(1,0,0)(21, 22, 23)-
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Recursion to L =2

The above calculation also gives us

ro(22, 235 C0) = —k(Co, L)k (Co, 22)%k(Cos 23)%,

2.3.14
rr(z1,22;C0) = —SQk(l/SCL,sCO)k(l/sCL,szl)Qk(l/sgL,822)2. ( )

Recursion to L =1

Computing 1) = s3¢(((, and setting z3 = qzg, we find the recursion between size L = 3

and size L = 1:

p(22; 21) = k(22, C0)*k(22, L) k22, 21)*,
= plaizg) = k(zi,00) k(2 C) (2, 25)Y, G A4+ L (2.3.15)

2.4 Solution for general L

As in the case of L = 2 in Section 2.3.2, for general L we may derive factors for certain
components. For each ¢ from 1 to L—1, every link pattern in the LHS of the ¢KZ equation
(2.1.2) will have a small link from i to i + 1 once e; has acted. The ¢gKZ equation then
says that a;1, = 0 if a does not have a small link from ¢ to ¢ + 1. This leads to the

following conditions on .
Proposition 2.4.1.

1. If a does not have a small link from the left boundary to 1, 1, vanishes or contains

a factor k(z1,Co), the remainder being invariant under zy <> 1/z.

1. If a does not have a small link from L to the right boundary, 1., vanishes or contains

a factor k(1/szr,sCr), the remainder being invariant under szr, <> 1/szy,.

1. If o does not have a small link from i to i + 1, ¥, vanishes or contains a factor

[qzi/zi+1], the remainder being a symmetric function in z; and z;y1.

Using the above conditions, for general L the component ...  is given by

H k(Zj, Z,‘) fL(Zl, . ,ZL), (2.4.1)

0<i<j<L

where f1, is symmetric and invariant under z; — 1/z;. The majority of the factors in this
expression are imposed by the symmetry conditions.

Likewise, the component ...y is expressed as

Py = H k(1/szi,82) fr(sz1,...,s2L), (2.4.2)

1<i<yj<L+1
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where f1, is symmetric and invariant under sz; — 1 /sz;. Other components may be de-
rived from the extremal components by acting with products of Baxterised versions of the
operators s;, as described in Appendix A [23]. However, in the case under consideration
it is not possible to derive every component of |¥) in this way. In Appendix D we explain
the reasons for this in detail for the case L = 3.

To get more information about the polynomials f7 and fL, as well as about the other
components, we use the recursive properties of the eigenvector, as we have previously for
small L. As before, the recursions come from Lemma 2.2.3, which relates components of

the eigenvector for L to components of the eigenvector for L — 1 and L — 2.

2.4.1 Recursions

We have found the proportionality factors for small system sizes, given in (2.3.2), (2.3.11),
(2.3.12), (2.3.13), (2.3.14) and (2.3.15). We make the assumption that these factors

continue their pattern for larger system sizes, as stated in the following conjecture.

Conjecture 2.4.1. For general L the proportionality factors are

p(2i3 21, 2iy Bigt, - -5 20) = K(2i, G0) K (i, (L)? H k(zi, 25)%,

i+l
L
ro(za,. ., 21; Co) = —k(Co, ) [ [ #(¢o, )%,
= L-1
ri(z1,. 213 (n) = —s2k(1/sC, sGo) [ [ k(1/sCL, s2)?.
=1

Using these factors, we can come up with associated recursions for the symmetric
functions fr and fL. For example, we can calculate the size L eigenvector component
@D(Lm() using the ¢KZ equation and then, according to Lemma 2.2.3, setting z;, = gzr—1
will give us p(zr—1; 21, . . ., 2—2) multiplied by the size L —2 component w(L___(Q. Recalling
the definition (2.1.5) of s;, we have from the ¢KZ equation that

L _ L
1/}(...() = 3L¢(...( )
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=0, it follows that

and since 1/J(L (
2L=4?L—1

k(szp, s
T,Z)(L() B == WL([][L2§]L) H k‘(Zj,Zi)fL(Zl,...,ZL)
LT B2LL o<icizr 2L=q211

L2

= k(z1,¢) [ 1,2 [] kG2 fulen, sz, 8%q200)
i=0 0<i<j<L—2

= fr(z1 201, 8°qZL-1)
= k(z22-1,¢0) k(20— k(zp-1,2)} e e S
(z0-1,C0) k(2L hCL)il;[l (20-1,2i) o2 2n) L

Here we have used the properties of k given in (2.3.10). From above, the proportionality

factor in this relation is given by p(zr—1;21,...,21—2), so we arrive at a recursion for fr,
L—2
2 2
fulzs oz, 82qzp1) = k(zp-1,C) [ k(zo-1, )2 fra(z1, .. 20-2).
j=1

Similarly, we can use the recursion from ¢6...) to zp)L.___)Q to find a recursion for f;. Due
to the symmetry properties of both these functions, the recursions can be generalised to

arbitrary i,

fr(en, oz s®qzi . zn) = k(2 Co) [ ke ) frma(za, . 2i dign, o 20),
At
fulz,. . zi8%qz, . 20) = k(2. G0) [ k(20 2)* fr—a(z1, -5 26 B 20).
i+l
(2.4.3)

The boundary recursions from Lemma 2.2.3 can be immediately applied to the ex-

tremal components (2.4.1) and (2.4.2), and we find that f;, and f;, in addition satisfy

L-1

fr(z ez, Co/a; Go o) = = T R(1/C %) oz, 215 Go, Co/a),
= (2.4.4)

L
fr(gCo 22,5 205C0, Co) = =7 [ [ Ko, %) o122, -+, 225460, Co),

Jj=2

where we have explicitly indicated the dependencies on (p and (r..
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2.4.2 Degree

Polynomial solutions of the ¢gKZ can be labelled by their top degree p, where p is a
partition, uy > po > ... > ur > 0. These solutions are of the form

where the notation z¥ stands for the product 21" ... z}*, the coefficients ¢, are polynomials
in {p and (y,, and w- 1 denotes the orbit of p under the action of the group W, defined

as follows. The generators of W act on an L-tuple p by the transformations

t;: (-"7/*%7/*{/2'4—17-") = ("'7/’%-&-17“%"')7 1§ZS7’L—1,
to : (,U,l,ug,.. ) — (1 —,ul,/,LQ,...), if w1 >0,
tr : (pe1, po, - - -) = (oo o1, L),

where g acts as the identity if py < 0. In effect, W - p is the set of all L-tuples that can
be obtained from p by any combination of the above actions.

We can use the recursions (2.4.3) and (2.4.4) to find the minimal degree of fy, and ff,
for arbitrary size. The argument here is for f7, but it is easily seen that it holds for f7, as
well, and therefore that they have the same degree. In (2.4.3), consider i = 1 and denote
the top degree of fr, by v(&) = (V%L), .. .,I/éL),O,O, ...). The (top) degree of k(z1, z;) is
(1,0) in the variables 2? and z?, so the degree in z? on the right hand side of (2.4.3) is
2L — 3. Since the degree in z7 on the LHS must be the same, the added degrees in z?
and 23 of fr(z1,...,21) must be greater than or equal to 2L — 3.

In addition, by comparing degrees of any zj2 in (2.4.4), it immediately follows that
uj(-L) is at least equal to V](Lil) + 1. We thus find that the following inequalities must
hold,

UiL) + I/éL) > 2L -3,

V](-L) > y](-L_l) +1.

For a minimal degree solution these inequalities become equalities, and using the solutions

we explicitly constructed for the small system sizes L = 1,2, 3 in Section 2.3, we find that
L . .
J(-):L—j (j=1,...,L).

We will write v(X) = A 4 XEHD - where AP is the partition of [A(F)] = [% (% - 1)]
with [
AP = {;JJ j=1,..., L, (2.4.5)
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ie.,
)\(271) = (n—l,n—l,...,l,l,0,0), )\(271—&-1) — (n,n—l,n—l...,l,l,0,0)-

From the degree of k(zj,z2;) it immediately follows that the product of factors in
the expressions for the extremal components, (.. and ty..), amount to a degree of
AEHD L NE+2) - Solutions of the ¢gKZ equation of minimal degree, which are relevant for

the TL(1) loop model with open boundaries, therefore have degree p) | with

pB) = A o \(E4D) 4 \(E42)

so that
ul =20 +1-2j. (2.4.6)

The total degree of these solutions is equal to | ,LL(L)| = L? and the degree in each variable

22 is equal to py = 2L — 1.

(2

2.4.3 Eigenvector

By using recursion and degree properties of the general solution, we can find expressions
for fL and fr. We emphasise again that we have taken s* = 1 and ¢ = *>71/3.

For L = 2 and L = 3, the solution contains a symmetric function that involves the
symplectic character defined in (2.3.7). The solution for general L can also be expressed
in terms of this symplectic character. It turns out that the following two functions satisfy
the necessary recursions (2.4.3) and (2.4.4), agree with the small size solutions, and have

the correct degree v(X),

L(L+1)

fr(z, o z) = (1) 2 myasn (21,520, C0) T (215 - -+, 21),
~ LI+ , o p (2.4.7)
fr(szi, ... 820) = (=1)" 2 (%) Ty@+1)(8C0, 821, . .., 820)Ty1) (521, - - -, SZL)-

It is worthwhile noting that (2.4.3) and (2.4.4) are satisfied because of the recursion for
the symplectic character in (2.3.9), and the specification s* = 1.

2.4.4 Eigenvector normalisation

We have derived in Appendix C, see (C.1) and (C.2), the recursions for the normalisation

71, as defined in (2.1.6). Using the recursion (2.3.9) for the symplectic character defined
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in (2.3.7), we note that

TL+2(C05 Zla oo 7ZL7 (L) TL+1 (COv Zlyen- 9 ZL) TL+1(Z17 sty ZL? gL) TL(Zla e 7ZL)|Zi+1=qZ¢
= k(2i,C0)” k(zi,C0)? [[ *(zioz)* mo(Cos -0 5 Zivns - L)
i+l
X T—1(C0s - -5 Zis Zig1y o) TL—1(- vy 2y Zig1s -, CL) Tr—2(e -5 Zis Zig1, -+ -)-

This product of four symplectic characters therefore satisfies the same recursions as 77,
(the boundary recursions are also easy to show). In addition, for L = 1 and L = 2
this product is equal to Z; and Zs, respectively. Since the recursions (C.1) and (C.2)
specify enough points to uniquely determine Z;, of degree p(&), see (2.4.6), up to a factor

independent of L, we conclude that

Zr(z1,. .. 21) = 1042(C0s 21, - - -, 21, CL) Tr+1(Cos 215 -+ -, 21)

XTL+1(2’1,...,ZL,€L) TL(Zl,...,ZL). (2.4.8)
In particular, the normalisation of the ground state of the Hamiltonian (1.3.2) is obtained
by setting z; = 1, and is given by

ZL = ZQ(CQ,CL) Zl(Co) Zl(CL) Zo, (249)
where

Zy=r11(1,...,1),
Zi(ci) = 041G 1,0, 1),
ZZ<607CL> = TL+2(C07 17 ey 17€L)7

and ¢; is defined as 5

I+ G+

&)

as in (1.3.3).
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Chapter 3

The boundary-to-boundary

correlation function

In an attempt to rigorously prove conformal invariance of the scaling limit of critical
two-dimensional lattice models, an interesting new class of parafermionic observables for
Potts and loop models was recently introduced, see for example [44, 86,94, 96]. These
observables are expressed in terms of the loop representation of the Fortuin—Kasteleyn
cluster expansion of the Potts model [4,5], and can be shown to be discretely holomorphic
for certain parameter values. The operators corresponding to these observables carry a
spin conjugate to the winding angles of the loops. In this chapter we will compute an
exact closed form expression for the expectation of one such type of observable, with spin
one, for the two-boundary TL(1) loop model as described in Chapter 1. The remarkable
aspect of this result is the feasibility of an exact calculation of an expectation for a finite

size model that is not free fermionic.

\\\\\\\\\/ f
\\kj fj f\\\
Jf \\\\Jf Jf
\\\\\\kj F\\k
\\\\\\k\\k\\k
J /J /\\\\\\\\

Figure 3.1: A percolating cluster with its associated hulls drawn as loops.

We consider the TL(1) loop model as an alternative description of the two-dimensional
critical bond percolation model [77]. In this setting the percolation model is defined on
a finite width, vertically infinite square lattice, as in Figure 3.1, where bonds are placed

diagonally across the faces with a certain probability. Percolation occurs when a cluster
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of bonds stretches from the left boundary to the right. As previously mentioned, the
loops in the TL(1) model correspond to hulls drawn around the bond clusters, so a loop
stretching from the left to the right implies a percolating cluster.

The expectation value calculated in this chapter can be interpreted as the density
of percolation clusters passing in between two chosen vertices of the lattice, x1 and
x9 [12,34,66,95]. The analogous calculation for the density of clusters closed around
a cylinder has also been performed [69]. We will sometimes refer to this density as
the boundary-to-boundary correlation function for the two-boundary TL(1) model. Our
calculation is valid for odd and even L, however for odd L the boundary conditions of the
TL(1) model cause the interpretation in terms of the percolation model to break down.

This expectation value also corresponds to the spin current in a generalised Chalker—
Coddington network model [13,43,64] for the quantum spin Hall effect. The Chalker—
Coddington network model is based on the semi-classical picture of electrons in two
dimensions moving under the influence of a strong perpendicular magnetic field in a
long-ranged disorder potential. The network consists of a square lattice whose edges are
unidirectional channels and whose vertices are scattering centres. A potential correlation
length much larger than the magnetic length leads to the formation of clusters where the
wave function amplitude changes only slightly. These clusters correspond to the clusters
of bonds described above. The classical limit of the generalised Chalker—-Coddington
model [64] on the square lattice is therefore described by the solvable TL(1) lattice
model. In a further generalisation, Gruzberg et al. [43] used a pseudo spin description
of the particle and hole states. When the SU(2) spin symmetry is observed, the full
quantum mechanical spin current corresponds to the observable we study here.

In this chapter we will exactly calculate the correlation function for finite system
size L. We will first give an explicit description of this quantity, before defining it as an
expectation value in Section 3.1.1. We then discuss the symmetries and recursion relations
satisfied by the function, and we use these properties along with a degree argument to
prove an explicit form for the correlation function, given in Section 3.5. Our proof is
complete except for two conjectures, both of which we have observed to be true for small

L, and which we expect to hold in general.

3.1 Definition of the correlation function

Given a configuration C' of bonds on the lattice, and any two marked vertices (at positions
x1 and x2), we consider all the loops (hulls) that pass between these two vertices. We
give a weight of 0 to those that close on themselves or have both ends connected to the
same boundary, and a non-zero weight to loops that connect the left boundary to the
right. The weight given is either 1 or —1 depending on the winding of the loop, so that a

percolating cluster with a hull that crosses back and forth between the marked vertices is
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only counted once. The sum of the loop weights gives the number of percolating clusters
passing in between x1 and x2 in the configuration, multiplied by the sign relating to the
winding. The average of this value over all configurations, weighted by the probability
of obtaining each configuration, then gives the average density of percolating clusters
between the marked points, which we refer to as the correlation function F{#1:#2},

This correlation function is given explicitly by

Flovat = 5™ po) NG signf ) (3.1.1)
cer

Here T" is the set of configurations, and the probability P(C) of a configuration C' is
the product of weights of all the individual face configurations as defined by the R and
K-matrices in Section 1.2.1.* Nézl’m} is the number of paths passing in between the
points z; and x9 and running from the left to the right boundary, and sign{cxl’“} is +1
if 1 lies in the region above the paths, and —1 if it lies below. The sign of the path in
Figure 3.2 thus is —1.
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Figure 3.2: Path between markers 1 and 2 (at positions x1 and x5 respectively)
with phase —1, arising from Figure 3.1, contributing to YL(4).

3.1.1 The observables

Definition 3.1.1. We define the operator F ézl’”} by marking two vertices inside the
transfer matrix 77, from Definition 1.2.3. The locations of the markers are given by x;
and x4, each of which is an ordered pair (k,y). The first coordinate, k, can take any value
in {1,..., L+ 1}, corresponding to the possible positions along the width of lattice. The
second coordinate y can take one of three values: b (bottom), m (middle), or t (top).
The markers give weights to loops passing between them as described in the previous

section.

*Throughout this chapter we take ¢ to be the third root of unity e*™/3

introduced in Section 1.3.

and wo = wr, = —47/3 as
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As an example of the observable we have

A A A A

FlEm.ED) _ 59 ,,,,,,,,,,,,,,,,,,,,,,
& @ ¢,

9 22 -1 2L

The boundary-to-boundary correlation function is given by the expectation value Féxl w2}

of this observable. We will now derive an expression for this expectation value.

The probability distribution of downward link patterns at the bottom of the transfer
matrix is given by the ground state eigenvector |¥((o,(r; 21,--.,21)), calculated in the
previous chapter, which is an element of the space LP, as defined in Section 1.1.2. To
describe the probabilities for the upward link patterns at the top of the transfer matrix,
we must first define a new space, LP 1, which is spanned by the upward link patterns
of length L. The elements of this space are denoted (&|, not to be confused with the
notation used for the left eigenvector of the transfer matrix defined in Section 2.1.1. For
upward link patterns, we use the same shorthand notation in terms of opening and closing

brackets as was defined in Section 1.1.2 for downward link patterns.

Definition 3.1.2. Between LP 1, and LP; we define the LP-inner product as follows. Let
|o) € LPp be a downward link pattern and (| € LP;, be an upward link pattern. Then

(alayp=1, Va,a.

This inner product can be viewed as the result obtained when an upward and a
downward link pattern are attached to each other. All resulting closed loops and loops
connected to the boundaries disappear, giving a weight of 1. This is best understood

pictorially; for example, choosing @ =*)()())((” and a =*(())(()(’, we have

=
NEPANE

The probabilities for the upward link patterns at the top of the transfer matrix are

prescribed by (‘Il\, which is the groundstate eigenvector of the adjoint transfer matrix,

(@[T =] ((¥]) = (D].
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Lemma 3.1.1. The adjoint transfer matriz is given by

T[T/(wa CU? CLa Zlyen- 7ZL) = TL(qw_l; CLa CO, ZLy - - - ,Zl).

Proof. This is seen by considering the result of rotating the transfer matrix by 180°.

Each vertical pair of R-matrices can be transformed by the crossing relation (1.2.11) into

Zi

< w > w/q

1w > q/w

\J

Zi

The right boundary K-matrix Ky (w), when rotated by 180°, is identical to Ky(w/q)
by (1.2.8). Similarly, Ko(1/w) rotated by 180° is identical to K (¢/w). Thus, the
adjoint transfer matrix can be obtained by a swapping of parameters; (o <> (1, 21 < 21,

29 > Z[1, - .., and replacing w — q/w. O

Lemma 3.1.2. The elements of the vector (¥| are related to those of |¥) by the same
swapping of parameters as in Lemma 3.1.1, as well as a horizontal reflection of the link
patterns, e.g., o =")(()()’ goes to a =)())(’ for L = 6. Thus,

Y5(C0,Crs 215 - - -5 21) = Ya(CL,C0s 215 - - -5 21)-

The expectation value F' éxl’M} , as defined in (3.1.1), is thus given for the infinite
lattice by
I /\{ b }
FI{/II’IQ} — (\If| Fle 2 ‘\IJ>LP7 (312)
(U|W)Lp

with ﬁle’m} as defined in Definition 3.1.1. As (a|a)Lp = 1, Va, &, we have that

(U W) p = Z@Za Yo = Z1 Z1,

a,a

where Zj, = )~ 1Y, is the normalisation of the eigenvector, given by (2.4.8). Since Z,
is symmetric in all the z;, as well as between (o and (7, we have EL = Zj, so the

denominator of (3.1.2) becomes Z7%.

Lemma 3.1.3. The function F, is antisymmetric, Féml’zﬁ = —Féxz’xl}

Féth} + F}Em,»’%) _ Fl{/m’x?’}.

and additive,

Proof. These properties are easily seen from the definition. O

Because of the additivity property of FT,, it suffices to concentrate on the case where
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z2}

the two markers are placed on adjacent sites, so that Néxl’ can only be 0 or 1. The
markers can be separated by a horizontal lattice edge, or a vertical one as in Figure 3.2.

There are a number of possible positions for the pair of markers in the transfer matrix.
If the markers are vertically separated, they can be situated on the top or bottom row,
and at any of the L+ 1 positions along the width of the lattice. Recalling Definition 3.1.1,

for the bottom row we define

9

(k) _ p{(km),(k,b)
M = Fl ;
and from the expectation value YL(k), we can calculate F' L{(k’t)’(k’m)} by

plE0Emy e ) =Y Az, 1 2. (3.1.3)

This fact comes directly from the definition of the transfer matrix. In addition, we will
show (see Section 3.2.1) that Y7, is invariant under horizontal translation of the markers,
so we sometimes drop the label k.

Horizontally separated markers can straddle any of the L horizontal positions, and

can be in one of three vertical positions. With the markers at the very bottom we define

)’(ték) _ ﬁi{/(k,b),(kJrl,b)}‘

It will be shown in Section 3.2.2 that the expectation value X]gk) is invariant under vertical

translation of the markers, i.e., Fg(k’t)’(kﬂ’t)} = Fg(k’m)’(kﬂ’m)} = Xék). Furthermore,

we can write the operator )A(gc) as a product, ng) =17y /ig?), where kx is the operator

consisting of the two markers. Hence,

1 ~ ~ 1 ~ 1
X = (WX 0y = — (0T £ |0 =
L 72 L LP Z% X LP 7

oy k
3 (U |0)
L L

This also implies that the expectation value Xék) does not depend on the spectral pa-

rameter w.

We will at times suppress some of the arguments of polynomials. Unless other-

wise stated, Y, = Yr(w; (o,Cr;21,...,21) with a special dependence on w, and Xék) =
Xék)(co, Cr;21,-..,21) with a special dependence on z;. Where relevant, variables will

be given explicitly, and the notation Z; in a list of arguments will mean that z; is missing

from the list (a convention used in the previous chapter).

3.1.2 Relations between the observables }A/L and X I

Relations between X 1, and EA/L are obtained by looking at the way the markers can move

within configurations with fixed local orientations of paths.
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Proposition 3.1.4. }A/L 1s related to )?gg) by
?L(w = 221, ..,20) = )?g)(zl, ceeyZL)s

and )?ék) is related to ?L by

T (i+1) -1 > . A A

X" =wg i =w, . ) o = @i o Y _o(ws .., 2 Zig, L),
v () —1 > ) I

X (o z=wg i =w, . ) 00 = —@io Y o(ws ., 2y 2y, L),

where @; is the map from Definition 2.2.2.

Proof. These relations can be proved pictorially. We first prove the relation that expresses
}A/L in terms of X 1. At the specialisation w = z;, the lower face at position i only has one

possible configuration,

Vilwms; = O

<] < 3L

The marker z; can be moved along the loop on this face, producing

A A A
=l ]
"""""""" ) ;
__________ W=Zl®_F\2>

77 Zi 3L

which is just )?g)
The relations that express X 1, in terms of )A/L_g are similarly proved. For the first of

these, the specialisation z;11 = gz; = w imposes one possible configuration on the four
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central faces, which acts on the small loop introduced by ¢;,

A

) oo IR N
L zi+1:wl ©; = \J

Zi=wq~ W
................... ~l l 2 cesscescssccasccscas

<] Ly =4 =W 2L

Again the marker x; can be moved along the loop, and as in Proposition 2.2.1 (remem-

bering that the chosen specialisation for ¢ makes the proportionality factor 1), this leaves

A A

1] <L

which is exactly ¢; acting on ?L_g(w; wvyZiyZit1,--.). The proof of the second relation

is analagous. O

3.2 Symmetries

(k

The expectation values Yy and X L) have a number of symmetries, most arising from

properties of the transfer matrix. In this section we will describe these symmetries.

Lemma 3.2.1. It is easily seen that the interlacing conditions listed in (1.2.14) still hold

k)

to the left and right of the markers in the operators )?jg or ?ék), for example

R(Zl/zz+1)5§:£k)( e ey Ry Ri41y - - ) == ng)( ey i1y Rgy e e .)R(Zi/zi+1),

for all values k # 4,7+ 1.

Recall that the ground state eigenvector |¥) satisfies the ¢KZ equation for open
boundaries (2.1.1), explicitly

R(zi/2i41) [9(..., 20, 2ig1, .- ) = [© ( Zz+1a2u )
f{ (211, ) [¥(z1,..)) = |¥( )Y, (3.2.1)
Kp(zr,¢0) |9(.. |0 ( )
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Similarly, the vector (U] satisfies

(W(... 20, 21, - | R(zig1 ) 2) = (U(. .., 241, 20s -]
(W(z1,...)|Ko(z1,C0) = (27, ..)], (3.2.2)
(W(ooszn) Kz C) = (W(o 2z )]
These properties will be used to prove the two propositions below.

Proposition 3.2.2. ng) has the following symmetries:

Wz, fork #di+ 1,

><

Xék)( <y Ry Zit1, - - )
(k)

k
XP (. ) =xWert ), fork #£1,
k k
XWC )y =xW g, fork#£ L
Therefore, Xék) € (C[zfc, ... ,z,f_l]WB, i.e., regarding the variables zy,...,z;, as complex

k)

numbers, X( 1s invariant under the action of the Weyl group of type Br_1 and thus is

symmetric in Ul€ 1{z]} as well as invariant under zj <> 1/2;, V1 < j < k —1. Similarly,

we also have that Xék) € (C[zkH, .. ,zf]WB.

Proof. For k # 4,7+ 1, we use the unitarity relation (1.2.7) of the R-matrix to insert an
(k)

identity into the numerator of X;", and by the interlacing condition in Lemma 3.2.1 and
the ¢KZ equations (3.2.1) and (3.2.2),

(T X 10) o = (T R(zi1/20) Rz 200) X4 10) o
= (U|R(zi41/20) X (2, 2) Rz zi01) [9)

— (i1, 201X (i1, 20) 9 (i1, 20)) 1 -

(k)

Since the denominator of X

(k)

is symmetric, we have shown that X;" is also symmetric
under z; <> Zjy1.

Similarly, for k # 1 and k # L respectively,

(OIX )y = <wo<zh<o>Ko<zl L) X W) p
= (XD G Ko ) 19 p
eGP e Cru I TE R
(X W) p = (B(.., 2K é’ﬂ(...”z; V(2 ))p -

k)

Again, the denominator of Xé is invariant under z; — 1/z; and zp — 1/zp, so the

result is proved. O
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Proposition 3.2.3. YL(k) has the following symmetries:

YL(k)(' ey Ziy Zidly ) = YL(k)(- e Zid s By ), fork #£i4+1,
YL(k)(zl’ o ) = Y[(/k)(zl_1> . ')7 fOT]/u' ?é 17
YL(k)(...,zL):Yék)(...,zzl), fork £ L+1.

Therefore we have that YL(k) € Cl%, ... ,z,il]WB N (C[zki, - L
Proof. The proof is exactly analagous to that of Proposition 3.2.2. OJ

In the next section we will deduce further symmetries of YL(k). Then in Section 3.2.2

)

these symmetries of Y7, will be used to find further symmetries of X(Lk .

3.2.1 Symmetries of Y},

Proposition 3.2.4. YL(k) 1s independent of k, and is symmetric in the combined set of
inhomogeneities, YL(k) € (C[zfc, .. .,zf]WB.

Proof. Consider an infinite lattice made up of double-row transfer matrices. Let P be
the set of all paths p that start from the left boundary and end at the right. Since Y]Ek)
depends only on the spectral parameter of one double-row transfer matrix, we can assume
that the internal spectral parameters of all transfer matrices are equal. Let us call this
common value w. Therefore, a path is independent of its vertical position and we shall
abuse notation to also denote by p the equivalence class of all vertical translates of a
particular path p. The weight w), of each path is the product of the Boltzmann weights
associated with the local path orientations from each R and K-matrix involved in fixing
p.

The set P can be split into two mutually exclusive subsets: P, the set of paths that
start in the top half of the K-matrix on the left, and P, the set of paths that start
in the bottom half. These sets have a 1-1 correspondence: each path p € P, can be
transformed into a path p € B, by a vertical flip. The weights of the two paths are
related by wy(z1,...,21) = ws(z; ..., 27 ).

Consider now Yffk), ke{l,...,L+1}, and a path p € B,. Because we must consider
all of the possible vertical positions of p, it may have multiple contributions to Yz. The
number of contributions m, depends on the number of times the path crosses back and
forth over the vertical line on which the markers of SA/L are placed. It can be seen that
when k£ is odd, all paths in P}, contribute positively, because each path enters ?L(k) from
the left. They all contribute negatively, i.e., enter from the right, when k is even. The
opposite is true for the paths in P;.

For example, for k = 1, the path p; € P}, in Figure 3.3(a) has one vertical translate

that also winds through the two markers, hence its multiplicity m,, = 2. The sister path
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p1, depicted in Figure 3.3(b), is obtained by flipping the complete configuration (but not

the markers), and has m;, = 1.

QN

T N
F\k
N

(a) path in P, (b) path in P;

Figure 3.3: Paths contributing to YQ(I).

Since a path must cross position k from left to right exactly once more than it crosses
from right to left, there is always one more path contributing positively than negatively.
As a consequence of this, for p € B, and its sister path p € P, it holds that mp = m, —1

when £ is odd and mj = mj, + 1 when £ is even. Consequently, Y7, is given by

Yék)(zl, zp) = (=D Z mp wi(21, ..., 21) — Z my wp(21, ..., 2L)
pEP pEPR,

= (—1)¥ Z ((mp + (D)) w21t 2 ) — my wp(z, - ,zL)) .

peEP,

As we showed in the previous section, YL(k) is invariant under z; — 1/z;, for i < k as well

as for ¢ > k, so consider the construction

Y o) = 5 (V9o YOG )
= DY (mp + (O )y (e )
pER,
+ (mp + (=DM wp(21, .y 20) —myp wp(27 Y z;1)>
= % Z (Wp(zl_l, . ,zgl) + wp(z1, .. .,zL)).

pEP,

It thus follows that each translational equivalence class of paths p in P, has only one
contribution to Y7, which is equal to the average of the weights of p and p. It is also
clear from the above that YL(k) is in fact independent of k. Since Y7, is independent of its
horizontal position, there is no longer a restriction on the symmetries, so it is symmetric

in z; and invariant under z; — 1/z;, Vi, j. O

Proposition 3.2.5. As a function of the spectral parameter w, Y7, is symmetric under
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w — q/w and a swapping of boundary parameters,

YL (w; Go,Cri 21 -+ - 20) = Yo(qw™ 5 ¢, Cos 21 - - -, 2L).-
Proof. From Lemma 3.1.1 we know that
Yr(w; o, Crs 21, -+, 20) = FL{(k’t)’(k’m)}(qwfl; CryCos 2L, - -5 21),
for some k, and by (3.1.3) this becomes

Y (w; Co, (i 21, -5 20) = Yrlqw™ ' ¢, Coi 1/ 2n, - . o, 1/ 21).

Then use of the symmetries given in Proposition 3.2.4 completes the proof. O

3.2.2 Symmetries of X,gk)

Wg

Proposition 3.2.6. X]gk) s an element of(C[sz, ey By ,zic] , and has the property

k .
Xé) = ’Xg)|zk<_>zj'

Proof. This comes from the symmetries of Y7, in Proposition 3.2.4, and the second rela-

tionship in Proposition 3.1.4. OJ

Proposition 3.2.7. ng) has the antisymmetry
k k _
XW )= =X ).

Proof. If a path p € P, has a contribution of wy(z1,...,21) to Xék), then its sister path
has the contribution —wy (2 Lo ,z;l). As a result, Xék) is antisymmetric when all
z; are sent to 1/z;. From the symmetries already established in Proposition 3.2.6, this

antisymmetry must be attributed to z; — 1/z. O
Finally, note the additivity property around an elementary plaquette,

Xék) . }’}I(/kﬂrl) . F\z(k,m),(kJrl,m)} + i}ékz) —0.

(k’m)’(k+1’m)}, with the markers in the

(k)

middle of the transfer matrix, has the same expectation value as the operator X DA

The invariance of Y7, implies that the operator F\L{

3.3 Recursion relations

The transfer matrix allows us to deduce recursion relations that the expectation values
should satisfy, and the symmetries listed in the previous section can be used to generalise

these relations. In this section, we will list relations that are satisfied by the expectation
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values Xék) and Y7, in order to show that there are enough such relations, given their

respective degrees, to determine these polynomials. Most of these relations are based
on the recursions satisfied by the transfer matrix and the normalisation, as described in
Section 2.2.

Proposition 3.3.1. If the markers in the observable ﬁL are located sufficiently far away

from the region where we specialise z;, the following recursions hold,

Fr(ziv1 = qz) = Fr2(%, 2i11),
Fr,(Co; 21 = qCo) = Fr—1(qCo; 21),
Fr(Crizr =qCh) = Froa(qCp s 21).

For Yy, these properties always hold, as by Proposition 3.2.4 we can move the markers

horizontally away from the specialised position. For Xék), the first recursion holds if

k #1i,i+ 1, and the second and third hold if k # 1 and k # L respectively.

The proof of these recursions given in [20] did not describe the recursion of the vector

(U|. Here the full proof is given.

Proof. We will prove here the first recursion. The other two are similarly proved, but
also rely on the fact that the components of the eigenvector are invariant under (o — ¢y !
and (1, — (7, see (2.4.1), (2.4.2), (2.4.7), and the definition of the ¢KZ equation in
Section 2.1.

From Section 2.2.2, the eigenvector |¥) has a recursion at the point z;4; = gz;,

W1 (zig1 = q2i)) = p(2i5 21, - - -, Ziy Zig1s - - 21) 03 | YL—2(Zi, Zig1)) -

From Definition 3.1.1, it is clear that the observable F 7, satisfies the same recursions as
the transfer matrix in (2.2.3), (2.2.1) and (2.2.2),

~

Fr(zit1 = qzi) o pi = i o Fr_2(%, 2i4+1),

provided that the markers are not too close to i, as stated in the proposition. It remains

to show
(Vr(ziv1 = qz)| wi o< (Yr2(Zi, Zig1)]. (3.3.1)

We define goz-r to be a small upward link from position ¢ to ¢+ 1, acting on a downward

link pattern. We will prove here the property
oL (2 = qzip)) o< [P ra(%i, Zig1)) |

and then call on Lemma 3.1.2 to prove (3.3.1).
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The ¢KZ equation (2.1.2) can be written explicitly as
e; |¥) = Z'@Z}a eia) = Z (—aia) ) ,
(6% (e

and from Section 2.4, we know that the only non-zero terms on the RHS are those where

a = ;8 for some size L — 2 link pattern 5. Thus,

Zwa eilo) = Z (—aithp.p) l@il) ,
o B

where every link pattern on the RHS has a little link from ¢ to ¢ + 1.

Another way of thinking of 90;-[ is as the bottom half of an e; operator, which acts on
|a) € LPy, to give |o) € LPr_9, where ;o = e;a. By acting on |¥) with cp;f instead of
e;, the little link from ¢ to ¢ + 1 is not introduced, so in the place of the ¢KZ equation
we have

Z¢a ‘P§ o) = Z (_aiz/}sﬂz‘/ﬁ) 18,
a B

and we want to show that when specified to z; = gz;+1, the RHS of this equation is
proportional to the ground state eigenvector |Wy_o(Z;, 2;11)). Recalling the definitions

of a; in (2.1.3), we have

[ziv1/qzi)

lgzi+1/2i] 1,
2/ 2i11] v

_aiwéiﬁ(ziaziJrl) = wéiﬁ(zm, z;) + 21/ 2i01] %/B(Ziazi+1)'
Specialising z; = qz;+1, the second term disappears. In the first, the coefficient becomes
1 (recall ¢* = 1), and the first component recursion from Lemma 2.2.3 can be applied to
get

—a;i5 (21, zig1)| =p(Zig1s- -5 iy Zig 1, -0 0) ¢§_2(73i, Zit1),

2i=qzi41
and thus,

OO L(qzitt, 2it1)) = P(Zit15 -+ 20y Big1y - - ) [Wn—2(Zi, Zig1)) -

Using Lemma 3.1.2, this result implies (3.3.1), where the proportionality factor is p(z;).
Finally, the proportionality factors obtained in the numerator and denominator of Ff,

cancel, resulting in the desired recursion. O

A description of the derivation of the bulk and left boundary recursions for the transfer

matrix can be found in Appendix B.

67



3.3.1 Relations for Y,

Proposition 3.3.2. Y7, has the following 4L — 4 bulk recursions,

7 =Yio(o 220, G,

+1
Zi:qilzj

and for the boundaries there are 4 recursions,

YL(CO;"-7Zi7"‘)

iyt Yi1((gCo)*Y .. %, ..,

= YL_l((CL/q)il; . .,éi, e )

Y Sy Ziy e
2 Nemcosgs

Proof. By the symmetries of Y7, in Proposition 3.2.4, the recursions in Proposition 3.3.1
can be generalised; for instance, the bulk recursions are true with z; = gz;, not just

Zi = qzi-1. O

Proposition 3.3.3. We also have the relations

YL(wa COa CLa Zlyeeey ZL)’ 41 = iXE?(COa CL; Zlyenesy ZL)7

w=z;
YL(w; CO) CL; Rly«- ) ZL)’w—qzil = :FXEL) (CL) CO; Rly«-e) ZL)'

)

Proof. These come from Proposition 3.1.4, the antisymmetry of Xék in Proposition 3.2.7

and the symmetry of Yy, in Proposition 3.2.5. Ul

Viewing the above relations as specialisations for z;, and assuming that we know X7,
Yr_1 and Y;_o, we thus find from Proposition 3.3.2 and Proposition 3.3.3 the value of
Y, in 4L + 4 values of z;.

3.3.2 Relations for Xék)

Proposition 3.3.4. Xék) satisfies the 4L —8 bulk recursions (we have taken i > k without
loss of generality),

(k) _ (k) N . ,
XL zi:qilzjil _XL—Q(""Z“"'ﬂz]?"‘)v J> k?
k k—1 ~ ~ .
X£)zl—qilzi1:Xé—Q)(“"zj"“>zl'7"')7 ]<k7
=0T E

and 4 recursions for the boundaries,

k A
= X ((aGo)™hs. . 24,0,

=X €/ E ).

X9 (Gos vz )

Zi:(QCO)il

X ¢z )

z=(CL/q)F!
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Proof. Again, the recursions in Proposition 3.3.1 can be generalised by the symmetries
of Xék) in Proposition 3.2.6, provided i, j # k. O

Proposition 3.3.5. Xék) also satisfies the relations

(k) B L
e z=(an/0)E Yi—a2(2k; i, 2k),

(k) B I
XL gy = Y2035 20 2,

provided k # 1.

Proof. These come from Proposition 3.1.4, and the symmetry of Y7, under w — ¢/w. O

Therefore, assuming we know Y7 _o, ngk_)2 and ng_)l, we know the value of X](-Jk),

viewed as a polynomial in z;, in 4L points.

3.4 Degrees of }A/L and )A(L

We recall definition (3.1.2) of the expectation value

1 ~ -~
Pt = -2(Yl FEh 1 0) .
L
Conjecture 3.4.1. The numerator of Fy, contains a factor Zp, cancelling one of such
factors in the denominator. Equivalently, F7, is of the form P/Z;, where P is a polyno-

mial.

For small systems we have observed this to be true, but it is still an outstanding

problem for general L.

Proposition 3.4.1. Conditioned on Conjecture 3.4.1, the numerator of ch) must be of
degree width 4L — 2 in each variable, and the numerator of Y must be of degree width
4L+ 2. Thus we have enough recursion relations, listed in the previous section, to fix the

numerators of both expectation values.

Proof. For both expectation values Xék) and Y7, the degree width of the numerator must

equal the degree width of the denominator. The degree width of Zy is 4L — 2 in each
variable z;. By the above conjecture, this means for ng) that the numerator must also
be of degree width 4L — 2 in each variable.

For Y7, we must also take into account the action of the transfer matrix. The numer-
ator and denominator of each term in the transfer matrix have degree width 4 in each
variable. We can factor the denominator out, so the degree width of both the numerator

and the denominator of Y, are now 4L + 2. O
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3.5 Solution

and Y7, we must introduce some auxiliary

Before we present the exact expressions for Xék)

functions.

Definition 3.5.1. With a slight change in notation from (2.3.8), let

L L—j
(21, 20) = o (21, -, 21), )‘5‘ ) — {QJ :

where the symplectic character x) is defined in (2.3.7).

Definition 3.5.2. We also define

Tr41(Coy 215+ -5 20) TLe1(CL, 21, - -+ 2L
ur(Co,Cri 21, -+ -, 21) = cr log 100,21, 5 28) TG 2oy )]

TL(Zla ey ZL) TL+2(C07 CLa 21y 7ZL)
where the constant cy, is given by

cr = (=)t

V3
R

It is interesting to note that the function w; has the form of a Toda lattice wave

function; we refer the interested reader to [47].

Theorem 3.5.1. Conditioned on Conjecture 3.4.1 and Conjecture 3.5.1 (below), the

expectation values ch) and Yy, are given by

0
Xg“) = zk—a ur(Go,CL; 215+ -5 2L), (3.5.1)
2k
— = . -1
YL = wa uL+2(CO:CL7217"' » 2L, Vg aw) ’ (352)
w v=w

where v is a dummy variable.

This will be proved in the next section.

3.5.1 Proof of the main result

It is easy to see that the degree of the numerators of (3.5.1) and (3.5.2) are 4L — 2 and
4L + 2 respectively, as required by Proposition 3.4.1. In addition, the denominator of
(3.5.1) is Zr,, and the denominator of (3.5.2) is Z, times the denominator of the transfer
matrix. We have also calculated by brute force the expectation values for system sizes
L = 1,2 and 3 and verified the solution for these cases. Thus, in order to prove that
these expressions are the correct forms for Xék) and Y7, in general, we must prove that

they satisfy all the required recursions as set out in Section 3.3.
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Lemma 3.5.2. The function u has a list of simple recursions, based on the recursion for
T in (2.3.9):

ur,(Co,Cr;- -+ 20—2,2,92) = ur—2(C0,CL5 - - -, 2L—2),
ur,(Co,Cr; 21 = qCos 225 - - -) = —ur—1(qC0,CrL; 22, - - .) — cr. log [—k(Co, ()],
wr(Co, CLi - 21,20 = ¢ ') = —ur—1(C0, ¢~ e -y 2-1) — e log [—k(g (L, o) -

Proof. The first of these is easily obtained by using the recursion (2.3.9) on each of the
7T-functions in the definition of uy, and noting that the proportionality factors on the top
and bottom cancel exactly. The second recursion we prove now, and the third works in

a similar way:

T1+1(C0, €05 22, - - -, 21) Tr+1(CL5 40, 22, - - -,ZL)]
ur(z1 = =crlo
r(z1 = 4) =1 g[ 71.(¢C0, 22, - - -, 21) Tr+2(C0, €L, 40, 22, - - -, 2L)
:cLlog[ -1 7r_1(20,...,21) TL+1(QC0,CL,22,---,ZL)]
k(Co,Cr)  71r.(q0, 22, -, 21) To(CLs 225 - -+, 2L)
71.(qC0, 225 - - -, 21) TL(CLy 22, -+ -, 2L) ]
= —cr lo —cr log |[—k((p,
L g{TL—1(22,-~-72’L) T1+1(qC0,CrL, 22, - - -, 2L) z log [=k(¢o, ¢z

= —ur-1(q0,CL; 22, - - -) — cr log [~k(Co, ()] - O

These recursions immediately imply the recursions for Y7, and X]gk) that do not in-
volve the marked parameter; that is, the 4L recursions in Proposition 3.3.2 for Y7, as
well as the 4L — 4 recursions in Proposition 3.3.4 for X;. The remaining recursions,
from Proposition 3.3.3 and Proposition 3.3.5, which respectively complete the degree ar-

)

guments for Y7, and X ( , are more complicated. These two recursions are addressed in

the next section.

)

Relations between Y, and X(Lk in Proposition 3.3.3 and Proposition 3.3.5

Conjecture 3.5.1. The proposed expression for Y7 in (3.5.2) is invariant under the

transformation w — q/w.

The proof of this in [20] was found to be flawed, and a correct proof has not yet been
found, so we merely assume this symmetry. It can be shown explicitly that Y7, satisfies
this symmetry for small L (we have confirmed it for L = 2 and 3), and we expect this

symmetry to hold for arbitrary L.

Proposition 3.5.3. The expressions (3.5.1) and (3.5.2) satisfy the first relation in
+1

Proposition 3.3.3, where w = z; Conditioned on Conjecture 3.5.1 they also satisfy

+1

the second relation, where w = qz;~.

Proof. Taking expression (3.5.2) for Y7, at the point w = z;, and using the first recursion

71



in Lemma 3.5.2,

0 ‘ _1
wo UL4+2(Z1y e oy Ziy ooy 2L, QU W) s
W=2z;
= wa—w ur (21, vy Ziye ooy 20, W)
w=z;
=2z —a ur(21,..-,2L),
821

which is exactly X(Li) from (3.5.1). The other relations in Proposition 3.3.3 follow by the
antisymmetry of (3.5.1) under z; — 1/z; and Conjecture 3.5.1. O

Proposition 3.5.4. The expressions (3.5.1) and (3.5.2) satisfy the relations listed in
Proposition 3.3.5.

1

Proof. We will prove the cases where z; = z,¢~! and z; = (gz;) ', and the other two

cases follow from symmetry under z; — z; !. We take the expression for Xék) (3.5.1) at

the point z; = 2,71,

0
Zkai UL(...,Zi,...,Zk,...)
“k zi=zkq "1
— 5. 5 -1
= Zk uL(zly-"azlv"‘azk7'"7zL7vq ,Zk) )
8zk

v=2z}

which is exactly the expression for Y7 in (3.5.2) at the point w = z;. Similarly, at

2 = (qz) Y, (3.5.1) becomes

0
Zk:ai UL(-- sy Ry y Rk )
“k zi=(qz1) 71
. 0 . . 1 -
:—zklmuL(zl,...,zi,...,zk,...,zL,vq 1,zk1) ,
K v:zlzl
which is exactly (3.5.2) at the point w = 2z . O

We expect both Conjecture 3.4.1 and Conjecture 3.5.1 to hold true for arbitrary

system size. Under these conditions Theorem 3.5.1 is proved.
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Chapter 4

Separation of variables for the

symplectic character

In this thesis we have found exact finite size expressions for two quantities related to
the two-boundary TL(1) loop model: the normalisation Z of the ground state eigenvec-
tor, see (2.4.8); and the boundary-to-boundary correlation function F, see (3.5.1) and
(3.5.2). Both of these quantities are expressed in terms of the polynomial character of
the symplectic group, Yy, defined in (2.3.7).

For each version of the TL(1) loop model with left and right boundary conditions,
physical quantities can be expressed in terms of this character. The function x depends on
the bulk inhomogeneity parameters as well as, if applicable, the parameters corresponding
to the boundaries of the lattice. Analogous calculations in the periodic version of the
TL(1) loop model result in physical quantities that can be expressed in terms of the Schur
function, a multivariate polynomial well-known in representation theory.

The Schur function, corresponding to the root system of type A (in the classification
of Dynkin diagrams), is symmetric in all its variables, and it is the polynomial character of
the general linear group. The symplectic character is an analogue of the Schur function
for the root system of type C; that is, not only is it a symmetric function, but it is
also invariant under inversion of its arguments. The boundary loop models have this
symmetry because of the effect of the boundaries, which do not exist in the periodic case.

In addition to appearing in solutions of statistical mechanical models, both the sym-
plectic character and the Schur function play an important role in the representation
theory of the classical groups [42]. They are also used as generating functions for count-
ing problems in enumerative combinatorics; for example, each one provides a generalised
enumeration of alternating sign matrices with various boundary conditions, as well as
plane partitions and rhombus tilings [15, 36, 71].

For all of these applications it is important to understand the asymptotic behaviour

of the polynomials, as the number of variables goes to infinity. In the case of the two-

73



boundary TL(1) loop model, the calculation of the asymptotic limit of the symplectic
character will give the thermodynamic limit of the physical quantities Z and F. In
particular we would like to analyse the effect of the two boundaries in the asymptotic limit,
which involves setting the bulk parameters to 1 and keeping the boundary parameters
general.

Okounkov and Olshanski studied the asymptotic limit of type A Jack polynomials and
type BC orthogonal polynomials with all but a finite subset of variables set to 1 [72,73].
For both of these problems, the authors considered polynomials with a degree growing
linearly with the number of variables. In contrast, the symplectic character that we would
like to analyse has a degree that is quadratic in the number of variables (see (2.4.5)) and,
as far as we are aware, its asymptotic behaviour is an open problem.

With the asymptotic limit described above as our motivation, in this chapter we
study a method for the separation of variables (SoV) of symplectic characters, initiated
by Sklyanin [92] and extended by Kuznetsov, Mangazeev and Sklyanin [56-59]. This SoV
method makes use of the Q-operator introduced by Baxter [4] for the solution of the 8-
vertex model. The aim of the so-called Q-operator method is to transform a chosen multi-
variable polynomial into a product of single variable polynomials. Using this method, the
problem of the asymptotics will be reduced to that of finding the asymptotics for each
factorised part. In order for this approach to be useful the @-operator method must also
be reversible, which is one of the main technical hurdles in SoV.

Symmetric polynomials are eigenfunctions of certain multivariate differential opera-
tors, or Hamiltonians {H;}, which form a quantum integrable system. The Q-operator
for a quantum integrable system is a quantisation of the Bécklund transformation for the
corresponding classical integrable system. This connection was first found by Pasquier
and Gaudin [76], who discovered a correspondence between the classical Bécklund trans-
formation and the @Q-operator for the periodic Toda lattice. The operator () can be
realised as an integral operator with a simple kernel. In the quasi-classical limit, this
kernel turns into the generating function of the canonical transform [58, 76].

A number of examples are given in [59] for the application of the Q-operator method
to systems of symmetric polynomials associated with the root system of type A. In
particular, [59] discusses SoV for Schur functions, being a special case of Jack polynomials.
As indicated above, this chapter aims to extend SoV using the @Q-operator method to
the irreducible character of the symplectic group, X, which is the Schur polynomial for
the root system of type C. The only other study of SoV methods for root systems other
than type A that we are aware of is for the open quantum sl(2,R) spin chain [25].

The key hurdle faced when applying SoV to type A polynomials is the inversion
of the method. The inverse of the separating operator has not been found for type
A polynomials in general (a notable exception is the Schur function, see [59] for more

details), and another method has to be used to reverse the process, known as the ‘lifting
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operator’. For the symplectic character, it has not been possible to find an equivalent
lifting operator, but the inverse separating operator is easy to find, presumably because of
the symplectic character’s relationship to the Schur function. This raises some questions
about the invertibility of the method for more general type C' polynomials.

The key ingredient of the @Q-operator method is the construction of the separating
operator S whose action on a polynomial P is proportional to a product of single variable

polynomials,
L

(SP\)(21,- . 2p) = Pa(L, ..., 1) [ [ aa(xo). (4.0.1)
=1

For the case of the symplectic character, as with Schur functions, S is invertible. The

structure of the method is given in the next section.

4.1 The (-operator method

We consider a quantum integrable system with a commuting set of Hamiltonians, given by
differential operators H; (i € {1,...,L}). These have eigenstates equal to the polynomial
Py:

H;Py\(x1,...,21) = hj(AN)Py(x1,...,21), (4.1.1)

where the h; are the corresponding eigenvalues, which depend on the multi-degree A =
(A1,...,Ar) of the polynomial.

The aim of the Q-operator method is to find a version of the spectral problem (4.1.1)
that involves a related factorised polynomial in place of Py. Acting on both sides of
(4.1.1) with S,

SH;S™! (SP))(z1,...,21) = hj(A) (SP) (a1,...,2L),

and using (4.0.1),
L L

(SHjS_l) HQ)‘(xi) = h]()\) HQ)\(xz‘)-

i=1 i=1
The main results of this chapter are the explicit construction of the operators S and
S~! for the symplectic characters, as well as a ‘factorised Hamiltonian’ H j, which acts in
the same way as SH;S ~1 on the factorised polynomial. H j is not uniquely defined, and

can be constructed using ¢y as shown in the next section.
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4.1.1 Factorised Hamiltonian

The operator H j can be constructed from a single variable operator in the following way.

If there exists a differential operator in x;, denoted Wj;, such that
Wiga(zi) =0,  [Wi,qz(zg)] =0 (k #1), (4.1.2)
then we construct the operator
Wij = Wi+ h;i(\).

Noting that W; ; commutes with any function of z; where k # 1, it is easy to see that

L L
Wij [Tore) =00 [ ar(an), ¥, (4.1.3)
k=1 k=1

and therefore any linear combination of the form

will also satisfy (4.1.3).

4.1.2 Factorisation of the separating operator S

We will show that S can be written as a product of operators,

S = (ponl R QzL) ‘Zlixl,---yzL:mL’ (414)
where the operator (), is an integral operator that acts as
(Q=P\) (21, .., 21) = ax(z) Pa(21, - .., zL), (4.1.5)

and po sends f(z1,...,2r) — f(1,...,1). Furthermore, the @, have the important
properties

[QZZ'?QZJ} = 07 [QZ”H]] — 07 Vl,j

Having found the operator @).,, we introduce new operators A; for which

(Pi-1Qz)|.,—,, = Aipi.
Here, p; sends f(z1,...,21) — f(x1,...,2;5,1,...,1). These new operators act as
(AP (21, @iy 1, 1) = ga (@) Pa(zn, - wimr, 1, 1), (4.1.6)
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and (4.1.4) becomes the factorisation
S=A4A... AL

4.1.3 Summary

Given a particular family of polynomials, the @-operator method can be condensed into
five steps:
1. Specify H; and h;(A) in (4.1.1),
Specify W; satisfying (4.1.2), and construct the factorised Hamiltonian,
Construct S~ 1,
Find @, such that (4.1.5) is satisfied,
Find A; such that (4.1.6) is satisfied, and construct S.

Ot N

The inverse separating operator is given before the construction of § for two reasons;
firstly, for the symplectic character it turns out to be simpler in form, and secondly, the
details relate to those of the differential operators H and W used in the first two steps.

As previously stated, this chapter focuses on the case where Py is equal to x), the
symplectic character, which will be defined in Section 4.2. For this case, we closely
follow [59], in which the factorisation of the Schur functions is treated. The technical
detail in the symplectic case however is more elaborate.

Section 4.2 describes the symplectic character and some of its properties. The sections
following proceed in the order of the steps above. Section 4.5 also describes the inverse

of the operator S, = A ... Ay, which satisfies

k

— X,\(Q?l,...,xk,l,...,l)
SkIHq/\(xi): .
i1 X,\(l,.. .,1)

4.2 Properties of the symplectic character

The polynomials we will consider, defined in (2.3.7), are the irreducible characters of the
symplectic group. These form a basis of (C[l’li, cel xf]WB, the ring of Laurent polynomials
with complex coefficients invariant under the action of the Weyl group of type By, i.e.,
polynomials symmetric in x; and invariant under z; — x;l. Each character is labelled by
a partition A = (A1,...,Ar), with A\; > A\;11. We refer to them as symplectic characters
[42,103], and for the purposes of this chapter define them as follows,

Definition 4.2.1.

apu\T1y...,2],
X)\(xh"'vxlz) = M7
as(1,...,xp)
where
ap(z1,...,2p) = detg, [zfﬂ —xi_”j] ,
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0 is defined as the partition (L, ..., L—i+1,...,2,1), and we use u to denote the partition
A+9,s0 u; = A+ L—i+1. The subscript L on the determinant denotes that the matrix

is size L x L.

The polynomials a, are Laurent polynomials in the ring (C[xic, .. ,xf] that are an-
tisymmetric in (z1,...,z7) and under z; — :L';l. These antisymmetries mean that
ay(x1,...,2r) = 0 whenever z; = z; or ; = 1. For the definition of A;, we will
need an expression for xy, when some of the arguments are set to 1, so we must find an

alternate definition for x in this limit. We therefore define a ‘truncated’ version of a:

Definition 4.2.2.

|:.%‘Hj _ xf”]}
*) - ! v Jick
a,’ (21, ..., op1) = dety, . (4.2.1)
[Mz(Lfi)+1]
J i>k

Lemma 4.2.1. Fori=k,..., L, set x; = % with u; € R. Then

agf)(azl, oo Tp—1) ~ cp(e)ay(xr, ..., L),

in the limit as € — 0. The prefactor ck(e) does not depend on p.

Proof. As an example, we first prove the above for the case where k = L. In this case
the parameter « can be set to 1. In the Lth row of the determinant a,(x1,...,zrr—1,¢€%),

the jth element is

et —e M = 2sinh (ep;)

= 2eu; +hoo.t.

Taking this to first order in €, we can factor 2¢ out of the determinant, leaving p; in the

bottom row. Then

o1
alP (@1, xp) = lirg ?Eau($17 ey TL-1,€%),

so cp(e) =1/2e.

In the case of general k, the parameters u; allow us to take multiple arguments to 1

along distinct trajectories. In the rows from & to L of a,(x1,. .., x5—1,e""%, ..., e""L), we
expand up to order e2(L—k)+1,
L—k L
2 8’[,LZIU 2m+1 2 5u lu 2(L m)+1
2 sinh ) &~ E sy 2 :
. (Euz,uj =0 (2m +1 —k 2(L —m) + 1)

The resulting matrix can be shown to be a product of two matrices. We use 1,, for the
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identity matrix of size n, and 0 for a matrix of zeroes whose size is determined from

context:

*HJ}

J A

{ ¢ v i<k

dety,

_ZL 2(auiﬂj)2<Lim)+l}
m=k  (2(L—m)+1)! i>k

1, 0 [xw M

= dety,

2(eu) 241
0 [ QL—)+1)! L,jzk

- oL—kt1g(L—k+1)? agl) ) aF)
15 (2L — m) 4 1)1 (k) 0

m=k

This leads to the result

al(z1,..., 2p51) (4.2.2)

—(L—k+1)2 77L—k ) 1)!
= lim € Hm:O( m+ )

e—0 2L—k+1a(1)
(Wgeyeur)

EUL
ay(z1,..., 21, ... e

auL)
)

so the proportionality factor c(e) is

e (LR T 6 (2m + 1))

oL—k+141)
Uk sy UL)

c(e) =
We note that there is an alternative inductive proof similar to that used in [59], which
we give in Appendix E.

Corollary. Because ci(e) is independent of u, at the point xp 1 = ... =z = 1 we have

an alternate definition of x,

a&kﬂ)(azl cey TE)
X/\(£U17...,.'Bk,].,..-,1) = (k+1) :
(o )

This new definition allows us to directly calculate the symplectic character when some

of its arguments are set to 1.

4.2.1 Factorised forms and homogeneous identities

This section will list some useful identities and factorised expressions for a,, and . First

recall that the denominator of a Schur function is given by the Vandermonde determinant,
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which has the product form

dety, {xfﬂ} = H (T — Tn). (4.2.3)
1<m<n<L
The Weyl denominator formula for type C' gives us an analogous identity for the sym-

plectic character [42],

We can also use (4.2.3) to show

L

e II =) (4.2.5)
1

al(}) = det, [M?(L_j)_H] =
=1 1<i<j<L

This result and simple row expansion of (4.2.1) immediately leads to the following iden-

tity,

L
aP(2) =" [T T e —ud) | (s —27m), (4.2.6)
k=1 i#k 1§i<;ZSL
ik

which will be useful later. Furthermore, from (4.2.4) and (4.2.2), it is easily shown that

L—k k—1
a((sk) (X1, xp_1) = H (2t +1)! H i (y — 1)2(E=k+1)
i=0 i=1
< JI @-=z) J] @-=" (4.2.7)
1<i<j<k—1 1<i<j<k—1
In particular,
L—1
af’) = [[2i+1), (4.2.8)
i=1
which, along with (4.2.5), leads to
L p
(.. 1) :H(QTZW T =),
i=1 T 1<i<i<L

which is Weyl’s dimension formula for the symplectic group [42,103].
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4.3 Hamiltonians and eigenvalues

We now construct the system of mutually commuting Hamiltonians H; that satisfy the

eigenvalue equation (4.1.1) in the symplectic case, i.e.,

Hjxa(x) = hj(M)xa(x), (4.3.1)

where we have used a bold x to refer to a list of variables z1,...,xr.

Let D, = :ca%, and recall the definition of the usual elementary symmetric function

€5,

ej(xl,...,:nL): Z xrl...xrj.

1<m<..<r; <L

Lemma 4.3.1. The Hamiltonians Hj, for j =1,...,L, are given by

Hjfr(x) = (as(x)) " "ej(D2,, ..., D3,) as(x)fa(x),

with corresponding eigenvalues
hi(A) = e(pi, -, 17),
recalling that u = A+ 9.
Proof. The proof that these Hamiltonians satisfy (4.3.1) is equivalent to the proof of

ej(Df;la .- '7D:%L) a“(X) = ej(,LL%, s ,/L%) (I‘u(X).

Hj

J_ —Hj 2,0 _ 2.7 i3
We set v; = z;” —2; "’ and note that D v; = pj v;. Writing a, as

ay(x1,...,20) = Z (=1)707 .. o7,

oEeST,
we then have
2 2 2 2
¢j(D2,...,D} ) ap= Y > Di. DY (D)7l gE
1<rm<..<r; <L \o€SL ‘
2 2
= Z Z Py - Ho,, (=1)%07 .. vt

c€eSL, 1§7"1<...<TjSL
Due to symmetry, the inner sum is independent of o, and equal to ej(u%, . ,u%). This
can be taken out of the outer sum, which is equal to a,. O
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4.4 Differential equation for ¢)

In this section we describe the single variable polynomial gy (z), and define the differential
operator W; that satisfies (4.1.2).

Definition 4.4.1. The polynomial gy is given by

xa(z,1,...,1)
)=
a2) xa(l, .. 1)
It will be useful to introduce ¢, (21, ..., 2), defined as
Su(z1, - z) = alf D (21, 2) fal),

and in particular

Z'u‘j — Z_:u]'

L
) = 2T )

(4.4.1)

where we have used the identity (4.2.6). Recalling that y = A+ d, we can write g»(z) as

0A(2) = Pu(2)/¢s(2). (4.4.2)

Lemma 4.4.1. The polynomial ¢, (z) satisfies the differential equation

zh

— 1) u(z) = 0. (4.4.3)

n:l

Proof. By definition,
L

ZHi — z7Hi)
D26,() = 3 it — ,
) = 2 T =1

so the nth term of the sum in ¢, is reduced to 0 by the nth factor in the product. Ul

Lemma 4.4.2. The differential equation Wqx(z) = 0 is satisfied when

where
(Lz? +2Lz—22+ L)

(22 1)
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Proof. Equation (4.4.3) can be written as

L
H(Dz — 1) ¢s(2)ar(z) = 0.
n=1

Using (4.2.7) and (4.2.8), we obtain

(2 1)(z— 1)1
%) = —rpr—nr

and applying the derivative,

(z = 1)2=2(L2% + 20z — 22+ L)
ZL(2L —1)!

Lz24+2Lz—22+1L
= o2 +(z2—1) .

Dz‘bé(z) =

Since D, obeys the same product rule as the usual derivative, we have

Z2 Z — 4Z
(Lz%+ 2Lz — 2 —|—L)>f(z)

D. 05(:)1(2) = o) (D +

=¢5(2)Zf(2).
Substituting this result back into (4.4.4) we obtain

L

0=T1(2>-12) a2,

n=1

for z # +1.

4.5 Inverse separating operator

The inverse of the operator S = A; ... Az, must satisfy

for all A.

Proposition 4.5.1. S7! is given by the differential operator

(Silf) ($1,...,.%'L):(—1) 2 (ﬁg(xl,...,x[/)il KL H¢5<xz) f(.fL'l,...
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where
Ky = dety, [D (L— j)}

Proof. Acting with the operator S~! on the product of gy (z;) results, using (4.4.2), i
K, acting on a product of ¢, (x;). Taking one factor of this product into each row of the

determinant K,

> 1

L 2(L ])+1( Hm _Hm)
dety, [ DXL g, (; } — dety, i ,

where we have used the explicit expression for ¢,(x;) given in (4.4.1). This can be
|: } ‘J —z, —Hj
n;éj (,LL] :U’n)
detL [M?(L_j)+1:| det |: i_f‘j:|

J (u?n I (i = :U’n))

expressed as the product of two matrices,

2(L—j)+1

2(L ])+1 HNL _ '_,U'm
(af" —x; 1_w

dmlz 42 Tl 020 — 122)

The first determinant in the numerator is just a,(}), see (4.2.5), and the second is the
1) 1
(ai)?, we

definition of a,(x1,...,2). Since the denominator is equal to (—1)

finally obtain

L(L 1)

KLH¢6 ()ga(z:) = (1) du(21,...,21),

from which it immediately follows that S~! satisfies the required property. O

We can also find the inverse of the operator S = A; ... A, which must satisfy

b xa(x T, 1 1)
S—l (1) = ALy e e ey by Ly ee ey ]
k 1_‘[ ( Z) X)\(lavl)

This will be useful for calculating the asymptotics of x with all but a few of its arguments

set to one.

Proposition 4.5.2. Sk_l s given by the differential operator

k
(STLF) (21, wn) = (=1) T g (an, .., wp) " dety, [Dggk—ﬂ] [T ¢s(xi) (... a0

i=1

The power of —1 here has been corrected from that which appears in the published

version of [21].
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Proof. The proof of this is equivalent to the proof of

k
dety, [Dif.’“‘j’] [T éu(@) = ()7 gular,...,ap). (4.5.1)

i=1
On the LHS, we insert one factor ¢, (x;) into row ¢ of the determinant, so that each

element of the matrix becomes

—im)

Hm
k ])¢ Zﬂmk ) (" -z '
ton [ Lo (117, — 13)
-+

Using the proof of Proposition 4.5.1 as a guide, we rewrite the RHS as

1) (k+1
k(k=1) a,(i )a,g * )(:cl, cey TE)

(")

and use the product formula for the denominator while using the determinant formula

for the numerator, to produce

[méij _ $;#g} ‘
det, = dety, [M2<L—j)+1}
[ 2(L—i)+1} ¢
(-1 LIS Hj .
2
(T o T (1, = 122))
[ | TH
PN e EsTe) [xl i ]iSk p 2=
_( 1) 2 detr, dety, 3
|: 2(L_i)+1:| M3 Hn;éz( M iun)
H )
- >k
[ 2(L—j Hm
L (xf : )
k(k—1)+L(L—1) [Zm:l tom T zm (50 =13 :|i<k
= (- 2 det, = (4.5.2)
I AL—2(i4j)+2
> P
[ m=1 3, Hn;em(u?n—u%)} ,
L >k

The elements in rows k to L can be written, with n =14 4+ j, as

L
DI | I

HT<S(IU’7“ ILLS m=1 1§7"<S§L
r,SFEM

detL[ [NfL 27]}]:1 [“?(L_j)]jm }

- dets [“?(L_j)}

9

which is 0 when 7 > L + 1, and 1 when n = L + 1. This means that (4.5.2) can be
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expressed as

2<L*]‘) Hrm —Hm
L Lm ('™ —x; )

[*] i<k Z =1 O ) )
k(h=1)+ L(L-1) J<L—k =L pn e (i =02) | i<k
(=1) 2 detr, J>L—k+1
A 0 i>k41

G>L—k+1

where ‘x’ is an entry that does not contribute to the determinant, and A is a matrix
with 1’s on the backwards diagonal, 0’s below and ‘x’s above. Then the expression can

be reduced to

L k— m —m
d Mn§ j)(l‘? —a; ")
ety 2 2
=t [ Lo (170 — 13)
which is exactly the LHS of (4.5.1). O

4.6 The integral operator (@),

In this section we will construct the operator @), satisfying

[Qxa] (1, ... 20) = a(2) xa(x1, ... 2L). (4.6.1)

In order to construct @), as an integral operator, we will need to define an appropriate

domain of integration, which we will do first. The integration variables are t1,...,tr_1,
Y1,--.,yr, and w. The integration variables interlace the x’s as x; < y;/t; < x;41, for
1=1,...,L—1

Definition 4.6.1. For any Laurent series f(t) = ), .7 cmt™ with no constant term,

i.e., cg = 0, the domain P of the integral over ¢ is defined as

/ /dtzm _/ dtZCmtm_Z%m.

m>0 m<0 meZ

For 1 <i < L —1, we also define

dt; [tTi+1d
JLav= L L
D; P b Jia

and we will need two domains for the integrals over yy,,

xL<y7L<oo, and 0<y7L<x1.

t1...1-1 t1...1—1

With these definitions we can now write down explicitly the operator (), that satisfies
(4.6.1).
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Proposition 4.6.1. @, is given by

[sz] (£U1,...,xL) =

1 “dw
¢6(2)a6(x1,---7xL>/1 w/DdY aé(ylv"'ayL)f(ylv"'ayL)v

where

e o ff, v
D Dy Dy 1
L—1

t1..tr 171 xr l’lt2
[ - )|
0 w H Yl

=1

o0 L—-1 CCth
dyr 0 |y —wazyp || =
/t1-~-tL—196L H Y

=1

Proof. The LHS of (4.6.1) becomes

dw
dY
¢5( )a6 T1y--+, / / a,U« Y1, 7yL)

while the RHS can be written as

It is therefore enough to prove that

2d
/1 U:U/DdY ap(yis-- - yL) = ou(2) au(rr, ... xp). (4.6.2)

To do this, we first use the following three ingredients:

i. We expand a,(y) along the bottom row, producing
L
S (=DMl =yt detp [yﬁ” — ¥ “”} L (4.6.3)

r=1 J#T

For each term in this sum, the integrals over y;, can be performed easily, resulting

in

T _ M
yL - Y “Hro (w“?‘ w .“T [(mL H $ltl> _ < H xth) ] . (4.6.4)
=1

=1

ii. The integral over w becomes elementary:

d 1
/ ww (whr +w™Hr) = p — (M —27Hr) . (4.6.5)
1 T
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iii. Combining (4.6.3) and (4.6.4) we find the further simplification

L—1xt2 Hr 1 L—1 y Hor
Z] l Hj —Hj
W) (AT ) | deten [ - u]

=1 =1 J#r

L
2 r ] — Hr —Hy—Hr
H " det; 4 [ l# (ylﬂg Br n Hj—H )} s

L

M —2pr g+ M — g
T detr oy 672l =y,
=1 J#r

after which the remaining integrals over Y; can be inserted into each row of the

determinants, e.g.,

// dy;--- // dYp-idety [t?ur(yfj_m - yi_uj_ur)} i#L
Dy Dr1 j#r
=detr [// dY; £ (yf “’“—y[‘”_”’“)}

i£L

J#T

1 o
:detL—l [2_2(1.;‘_{_1 Hr x?] Hr :L,Hftlj Hr + z; i — [ )]
/’L] 'LLT i#L
J#T
(-1t —pr [ — e —
:ﬁ detz—1 [xiﬂ (il — 2y ) — a7 (2 — )} -
gAr \Hir L

Using these ingredients, we finally find the following expression for the LHS of (4.6.2),

L .
Z 2) X

]79{’ (IU’T

r 2% Hj —Ur Hj —Hj
(Hazl detr_q [ Ty ($Z+1—xz+1)—xi (x;? —x, )] L
J#T

- H ;" detp [wé‘h(mé‘il wif) =l (2} —ay “J’)} ;é) . (4.6.6)
=1 J#r

At this point it has become clear that if (—1)"~! times the difference of products is
independent of r (so that we can factor it out of the sum), the remaining sum will be

precisely equal to ¢,(z). Hence, it remains to show that for each r,

au(x) (H x " detL 1 [ Z+1 ( z+1 x;flj) - xi_ﬂr ('Tf] - xi_uj):| i£L
J#T

L
—pr b (o — i o (I —pj
_sz detr [:Ei+1( Titr — Tyi) — % (@ — )} i#L) :

=1
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This can be achieved by increasing the size of the matrices in the determinants by
one row and one column, at i = 1 and j = 7, cancelling the factor of (—1)"~!. The
new column has entries of 0 except at ¢ = 1, which is 1, and the new row has entries
#7) for the first determinant and =" (|7 — 2 *7) for the second. We then

use row reduction, adding the 1st row to the 2nd row, then the 2nd to the 3rd, and so

—Hr (M -
(2 — g

on. For ease of display, we place the additional column on the end, producing an extra
factor of (—1)%~" that will be cancelled at the very end when we permute the column

back to 7 = r. Thus we obtain
L _ 1 —u
(-1 <£[1 ;" dety, [ [”32 SCARE J)L#T [1} ]
. . r (o —1j
_ll;[lxlu detL[ [mg‘ (@ — )L# M D

where [1] denotes a column of 1’s. The factors outside the determinants are then inserted

into their respective rows, resulting in

— (—D)L (detL [ |:l,é‘3 _ wi—uj}#r [:Ef’"] ] — dety [ |:fo — mi—uj]#r [x;ur] ]) :

These two determinants can be combined by simply performing the subtraction in the

last column. Permuting this column back to j = r, this finally results in

detr, [:cfj —x;“j} =ayu(z1,...,21). O

4.7 The integral operator A;

The next and final step is to obtain the operator Ay, which satisfies

(Pr—1Q-f(x)) ’Z:wk = Agprf(x), (4.7.1)

where

pkf(l‘l,...,.%'L) :f(xl,...,xk,l,...,l).

Proposition 4.7.1. Relation (4.7.1) is satisfied by

.1 1 e dw
A = hn% % B / aw 4y ®© a((skﬂ)(yh ),
ehLe ¢5(xk)a5 ($1, . afEk—l) 1 w  Jpe)
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where

dY(E):/ le---// dY_;
D) Dy Di_1

+ / h dys 6 H i
Yk yr —we’ )
t1..0p—1€° U

=1

dtp_1 ("1 dy,
// 4V, :/ k-1 Yr—1
Dk,1 P tk‘—l tk 1Tk —1 yk‘ 1

We remind the reader that the domain of integration P is given in Definition 4.6.1.

t1..tp_171 et k—1 tle
dyr 0 | ye — — ][
/ ( S

=1

and

Proof. The x) form a linear basis of C[yfc, o ,yzc]WB, so it suffices to show that (4.7.1)
holds for f = x), and the general case will follow by linearity. We thus want to prove

that Apprxa(x) = ox(Tr) pr—1x0 (%), ie.,

Tk
hm 9. / dw / dY(E) (kJrl) (y17 .. 7yk) ¢M(xk) (k) (‘Tl? Tt 71."3*1)7 (472)
D)

using the fact that a( + )ka,\ = a&kﬂ).

This proof is very similar to that of Proposition 4.6.1, but with a few added subtleties.
The differences in the proof are outlined here, and we give the details in Appendix F.

As in step i. of the proof of Proposition 4.6.1, the determinant a,(, +1)(a:1, cey k) 18
expanded along a row, but this time along the kth row instead of the last. Also, the
integrals over y; take the place of that over y7, in this step. The simplification in step
iii. is also very similar. The products outside the determinant now run from 1 to k& — 1,
and contain an extra factor of e**#r. The k — 1 integrals over Yi,...,Y,_; are inserted
into the first k¥ — 1 rows of each determinant.

After these integrals are performed, the sizes of the matrices are increased as before.
This time we choose the entries of the new row proportional to sinh (eu;) so that the
matrices simplify after row reduction. After this, the prefactors in front of the two
determinants can be cancelled, and the determinants can be combined.

The final step is to approximate to first order in €, and then perform row reduction
on the rows from k to L, in order to remove the dependence on p, from each row. The
result is a factor a,&k)(xl, ..., Tk—1), which can be factored out of the remaining sum over

r. This last sum is simply equal to ¢,(x), and the proof is complete. O
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Conclusion

Two physical quantities of interest for the Temperley—Lieb loop model at the special point
n = 1 have been calculated in this thesis, the groundstate eigenvector and its normalisa-
tion in Chapter 2 and the boundary-to-boundary correlation function in Chapter 3. In
addition, a key step has been laid down for the asymptotic analysis of these results in
Chapter 4.

We have shown in Chapter 2 that the ground state eigenvector equation for the
TL(1) loop model with open boundaries is equivalent to the ¢-deformed Knizhnik—
Zamolodchikov equation. We have used this connection to obtain an explicit description
of key components of the ground state |¥) for finite system sizes and without resorting
to the Bethe ansatz. The derivation of the normalisation Z of the TL(1) ground state
is presented in Section 2.4.4, with the result expressed as a product of four symplectic
characters x (also known as Schur polynomials of the type C' root system). Our results
for two open boundaries contain as special cases those of reflecting and mixed boundary
conditions, which have been considered before [23,27,109]. The general result for the
open boundary case has proved to be less tractable than those corresponding to these
other boundary conditions, as it is not possible to express the eigenvector components
as factorised operators acting on a ‘highest weight’ component. Though we were able
to find symmetries and relations that the eigenvector components must satisfy, in some
cases the relations did not contain enough information to specify the components exactly.

Our result for the normalisation leads in Chapter 3 to an explicit expression for a
finite size correlation function F' of the open TL(1) loop model. In a two-dimensional
percolation model on a finite width lattice, this quantity is the average number of per-
colating clusters passing in between two chosen points. This observable also falls within
a class of parafermionic correlation functions that can be shown to be discretely holo-
morphic, and hence are precursors to analytic correlators in the conformally invariant
continuum limit. We stress furthermore that our result is exact for systems of finite
width, and not asymptotic, which is unusual for systems that are not free fermionic. Our
main results (3.5.1) and (3.5.2) are expressed in terms of the same symplectic character
x as appeared in the normalisation. Analogous results have been obtained for cylindrical

boundary conditions for both site and bond percolation [69].
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Naturally we desire to study the asymptotic limit of these results, as this limit corre-
sponds to the thermodynamic limit of the system. In the case of the correlation function,
we wish to use the asymptotic analysis to check our results against the continuum limit,
which was calculated non-rigorously using conformal field theory by Cardy [12]. To calcu-
late the asymptotic limit of Z and F', an asymptotic analysis of the symplectic character
x must first be conducted. We are particularly interested in the role the two boundaries
play in the limit as L goes to infinity, so we would especially like to study the asymptotics
of the symplectic character when all z; are set to 1 but {y and (;, are kept general.

In Chapter 4 we have set out the @Q-operator method of separation of variables for
the symplectic character, as initiated by Sklyanin [92] and as applied to type A Jack
polynomials in [56,59]. The steps of the separation method are laid out in Section 4.1.
The separation of variables for the symplectic character follows a process similar to that
of the type A Schur polynomial (more commonly known as the Schur function). However,
some of the intermediate steps are technically much more involved. In particular, the Q-
and A-operators contain a double integration in each variable, whereas the corresponding
operators for the Schur function contain only one. This is related to the fact that the
Hamiltonian for the symplectic character contains double derivatives.

The problem of asymptotics for the symplectic character can now be regarded as
a problem of asymptotics for the separated polynomial, which is a product of single-
variable polynomials ¢). As mentioned earlier, we are particularly interested in the
asymptotic limit of y, when all but k variables are set to 1, and the operator Sy of
Proposition 4.5.2 and its inverse are useful here. The differential equation satisfied by
q», given in Section 4.4, is expected to be helpful in determining the asymptotics of gy.

This is certainly worthy of further investigation.
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Outlook

The XXZ quantum spin chain with open boundaries at both ends is closely related to the
TL(1) loop model at the anisotropy point A = —1/2; as discussed in the Introduction.
We hope and expect that the results in this thesis will lead to the calculation of finite
size correlation functions for the XXZ spin chain. The symplectic character can also be
interpreted as a Toda lattice wave function, an observation which hints at an interest-
ing link between the quantum integrable TL(1) model and classical integrable models.
Other incarnations of the TL(1) model to which our results may be applied include the
conformally invariant stochastic raise and peel model [78,81] and supersymmetric lattice
models with boundaries [19,107].

In the case of the stochastic raise and peel model, the ground state is a stationary
state distribution. In this setting an expression for the normalisation is important, so
that the stationary state is a properly normalised probability distribution.

One way forward would be to express certain linear combinations of the components
of the ground state eigenvector in terms of multiple contour integrals such as was done for
reflecting boundary conditions [31,110]. However, the success of this approach seems to be
related to the existence of factorised expressions for the ground state components, which
exist for reflecting and mixed boundary conditions [23]. In the case of open boundaries,
the lack of a pseudovacuum leads to a lack of such convenient factorised expressions,
so we anticipate some fundamental difficulties with this approach. We further hope to
make a connection between our solutions and Macdonald-Koornwinder polynomials of
type (CV, C) for specialised parameters [51], as well as with those in the form of Jackson
integrals for ¢KZ equations on tensor product spaces, see [65,99] for the case of type A.

There is another, independent reason for computing the normalisation, which is in
the context of the Razumov—Stroganov conjecture [3,17,84]. The original version of this
conjecture was proved in [11], but the more general versions remain unproved. This
conjecture states that there is an intriguing relation between the TL(1) ground state
|¥) and the combinatorics of a fully packed loop (FPL) model on finite geometries,
as well as other combinatorial objects such as alternating sign matrices and symmetric
plane partitions [9]. In particular it states that the ground state normalisation is equal

to the statistical mechanical partition function of an FPL model on a finite patch of
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the square lattice. Such a link has been made for the ground state of the model with
identified open boundaries, see [24], but for the model considered here, which has two
genuinely open boundaries, it is not known which FPL geometry (if any) gives rise to a
partition function equal to the normalisation of |[¥1) as given in (2.4.9). Understanding
the underlying combinatorics for the general case of two boundaries will therefore lead to
a deepening of our understanding of the Razumov—Stroganov correspondence, as well as
to possible generalisations of symmetric plane partitions and alternating sign matrices.
The method of separation of variables for the symplectic character is a small part of a
much larger theory of polynomials. An obvious extension of this work is to generalise the
method to Jack polynomials of type C' and BC, or even Koornwinder polynomials. It is
not expected that the inverse separating operator will be easy to construct in the more
general case, as it is still an unsolved problem in the case of type A Jack polynomials.
However, another method for reversing the SoV process was used in [56], using a so-called
lifting operator, and it is hoped that an analogue of this will prove useful for the more

general C' and/or BC' polynomials.
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Appendix A

The Hecke algebra

R-matrices are fundamental objects in the study of integrable lattice models [2]. In a
lattice model of width L, R; describes the possible states at site i. The R-matrix defined

in (1.2.1) is just one example of a more general R-matrix,

Ri(z) = a(z) + b(2)T;, 1<i<L-1,

where the T; are algebraic objects, and a(z) and b(z) are coefficient functions. The
T; satisfy certain relations such that when a(z) and b(z) are chosen appropriately, the

Yang—-Baxter equation,

Ri(2)Riy1(zw) Ri(w) = Rty (w)Ri(zw) Rit1(2),

is satisfied.

If the model in question is periodic, the site ¢ = L is identified with ¢ = 1, and the
Yang-Baxter equation is also valid for R;_; and R;.

If the model has non-diagonal boundary conditions, K-matrices are introduced to
describe the possible states at one or both of the boundaries. A more general form of a
K-matrix is

Ki(2) = c(2) + d(2)T;, i=0,L.
Again, ¢(z) and d(z) are coefficient functions and the algebraic object T; is chosen so

that the reflection equation,

Ko(2) R (zw) Ko(w) Ry (w/z) = Ri(w/2)Ko(w) R (2w) Ko (2), for i =0,
Ki(2)Rp_1(2w)Kp(w)Rp_1(w/2) = Rp_1(w/2)Kp(w)Rp_1(2w) K1 (2), fori=1L,

is satisfied.
The relations satisfied by the T; are those of the Hecke algebra [63,89]. The Hecke

algebra is related to the symmetric group, and it has a number of versions relating to the
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Dynkin diagram ‘type’ classifications.

Definition A.1. The Hecke algebra of type Ay, is generated by {T; | 1 <i < L — 1},
and defined by the relations

(Ti — q)(T; +q ) =0, TTi1 Ty = Tia TiTis 1,

with the T; commuting otherwise. The latter of these relations is commonly known as

the braid relation.

The most relevant presentation for the Temperley—Lieb loop model is given by the
simple transformation

so that
2 _ 1y, o .
ei =—(¢+q e, €i€i+1€; — €i = €;4+1€i€i+1 — €it1.

By setting e;e;+1e; —e; = 0, we obtain the sly quotient known as the (zero-boundary)
Temperley-Lieb algebra given in Definition 1.1.1, with ¢ = e!?. A representation of the

Temperley—Lieb algebra on the tensor product space ®1~L:1(C2 is

e — 1®i—1 ® ® 1®L—i—1’

o O o O
S =K O
o O o O

and is used to build the R-matrix of the six vertex model, Rg,.

By taking sli quotients of the Hecke algebra, one can build modules of rank k£ — 1.
Such higher rank modules are discussed in [32,91]. For example, one can construct
a representation on the tensor product space ®ZL:1(C’“, which can be used to build an
R-matrix generalising Rg, [6,54].

In addition, systems with boundaries can be dealt with by including additional gen-

erators in the algebra, with boundary-type braid relations. We give one example here.

Definition A.2. The Hecke algebra of type By has the generators and relations of
Definition A.1, along with the additional generator Ty that satisfies

(To — eiwo)(Tg —e iwo) = 0, TOT1TOT1 = TlToTlT().

The presentation defined by (A.1) can be extended to the type B case by defining

TO _ eiwg

0= 9isin (wo + 1)’

105



so that )
9 — sinwyp

€0 )60, €pel1epel — €pe1 = e1epe1ep — e1¢ep.

~ sin (wo + 7
Again, the sly quotient is obtained by setting both sides of this last relation to 0, and
this produces the one-boundary Temperley—Lieb algebra from Definition 1.1.3.

Similarly, the Hecke algebra of type BCY, is defined by the generators and relations
of type Bp, along with the additional generator T, which satisfies similar relations to
Ty, with T7_1 taking the place of T7. However, the type BC'y, algebra is no longer finite-
dimensional, as elements of the form (7pT} ...T7)™ cannot be reduced. The presentation
defined in (A.1) can again be extended, and the sla quotient produces the two-boundary
Temperley—Lieb algebra from Definition 1.1.4 [18].

Finally, it is worthwhile to point out that the operators a; and s; defined in (2.1.3)
and (2.1.4) are generators of the Hecke algebra of type BC' [23]. They are related to the
T; by

a; =q—"1;, si=q L+ 1T, 1<:<L-1,
iwk:_T T, — —iwpg
ap =k P b — k=0,L,
2isin (wg + ) 2isin (wg + )

and satisfy
CLZ‘SZ':SZ'(IZ'ZO, OS’LSL,

along with the relations (we list them here for the a;; the relations satisfied by the s; are

identical)
a? = (g4 q YHay, 1<i<L—1,
9 sin wy,
DL L - k=0,L
Y%= Gin (W +7) R B
and

Qi1 10; — A = Qip10;Q541 — Aig1, 1<i<L—1,
apaiapal — apal = ai1aopairag — a1ag,

ararp-1arar—1 —apar—1 = ar-1arar—10y — ar—10ar.

For the zero-boundary and one-boundary ¢KZ equations (corresponding to the type
A and type B Hecke algebras respectively), the highest weight element of the solution
vector can be found explicitly by fixing its degree and considering its symmetries. All
the remaining elements can then be written in terms of operators acting on the highest

weight element. These operators are Baxterised versions of the Hecke algebra generators
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s; [23], and have the form
qufl _ qlfu
qt — q ’

Because the type BC Hecke algebra is infinite-dimensional and lacks a highest weight

h(u) = s; —

element, this approach only partially works for the gKZ equation with two boundaries.
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Appendix B

Proofs of the transfer matrix

recursions

B.1 Proof of Proposition 2.2.1: The bulk recursion

In the following we will use the shorthand notation

[q/7]

) = T2

) b(z) = ——.

We first define o; = @;ar,—o to be the link pattern of length L with a small link connecting
sites ¢ and 7 + 1 inserted into the link pattern ay_s. Restricting our focus to the action

of the transfer matrix on the sites ¢ and 7 + 1, we have

A

Tp(w; zip1 = qzi) |of) =

Y
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As each R-operator consists of two terms, the action of T, on sites 4 and ¢ + 1 produces

sixteen terms,

BN
A
a(zw)a(qziw)a(w/z)a(w/qz;) ” //

e

;JKJK
L

N
A

a(ziw)a(gz;w)a(w/z;)b(w/qz;
(ziw)a(gziw)a(w/z)b(w/qz) “.Jf

C

Some of these pictures are equivalent with respect to their external connectivities. In total

there are five different kinds of connectivities. For instance, one of the connectivities has

fa

a(ziw)b(gziw)a(w/z)b(w/qz) J/ o+
A JC -
SN L

\\
/

J /\\\\

F

a(ziw)b(gziw)b(w/zi)b(w/qz:)

F

+

a(zw)b(qzw)a(w/z)a(w/qz) |

Y

Q

The closed loop in the first diagram is erased at the expense of a factor —(q+ ¢~ 1), after
which the coefficients of the three diagrams sum to 0. Using the fact that a(qu)a(u) +
b(qu)b(u) — (¢ + ¢ 1)a(qu)b(u) = 0, it is easy to show that this happens for four of the
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five total kinds of connectivities, and that we are then left with

Tr(w; zis1 = qzi) |ol)

&l

i-1 Zit2

= a(zw)b(gzw)b(w/z)a(w/qz) T [ 1N\ | [~

= a(zw)b(qzw)b(w/z)a(w/qz) ¢i )

w

A

lq/ ziw][q? 2 [ w)]

[¢2zw][qw ) 2] @i Tr—2(w; 2, Ziy1) |ap—2) -
v )

B.2 The left boundary recursion (2.2.1)

Here we will describe the recursion of the transfer matrix at the left boundary. The
recursion at the right boundary is similar.

Setting 21 = q(p, the entries of the eigenvector are zero unless they correspond to
link patterns with a little link from position 1 to the left boundary. We have the transfer
matrix acting on this little link,

17, 0 o =

z21=qCo >

- —/Z;
0

q

There are 8 possible configurations in the above picture, which can be grouped into

3 kinds of connectivities. The following is a summary of the connectivities along with
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their weights:

/\\\\

L\\\W

lg/q¢ow] ([g°¢o/w] | la¢o/w] \ (k(g/w, ) | [1/dllg®/w’]
[q%Cow] <[qw/qu] - [qw/qu]> (k(w/q, ¢o) M k(w/q, Co) >
N [1/q¢ow] [¢*Co/w] k(q/w, (o
[¢2Cow] [qw/qlo] k(w/q, o

1/Gow] | [1/qw]lg*Co/w]lqwéo/dllqw/qS]

~ | —

|

 [¢?¢ow] [q*Cow][w/Co][q? /wlo][g*Co/w]
_[/¢ow] | [wl]

= [%ou] T eu]

[1/qGow] [géo/w] <k(Q/w,Co) N [I/Q][qQ/wz])
[¢*Cow] [qw/qCo] \k(w/q,C0)  k(w/q,Co)
qGo/w][1/qCow]

[w/Co]lg?Cow]

— k(Q/w7 qCO)
k(w/q7 q<0> 7

[1/gGow] [¢°Co/w] [1/q]la®/w?]

[¢*Cow] [qw/qlo] k(w/q, (o)

_ [1/qCow][q*¢o/w][1/q][q* /w?]
[a2Cow][w/Co][q?Co/w] g2 /wo)
_ Wdle?/w?]
[w/Co][q?Cow]
_ [1/q][q? /w?]
k(w/q, q¢o)

The second and third of these can be seen as the two contributions to a left boundary

K-matrix, with an inserted loop connecting to the left boundary. The weights agree, and

the whole sum can therefore be written as g o Ko(w, ¢(p), in a system of size L — 1. This

implies

TL(CO;Zlv---)OSOD :@OOTLfl(qCD;ZQ,...).

21=qCo
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Appendix C

Symmetries of Z and the

proportionality factors p,, ryp, and

'L

Recall the ground state eigenvector normalisation,
Zp = (¥|¥),

which is equal to the sum over the components of |¥). Acting with the left eigenvector
of the transfer matrix, (¥|, on both sides of the ¢KZ equation (2.1.1), and using the fact

that m; commutes with (¥|,

miZ1 = (| Ri(2i/zi41) |¥)
- Zq/)a (| Ri(2i/zi+1) |a)

=2 _to quﬂl/zi] (wla) - 2L g, la>> -

qzi/zi+1] 2i/ zi11]

Since e; |a) = |o/) for some link pattern o/, and (¥]|a) =1 for all «, this becomes

wilp = 20;1% quwl/zi} _ [#i/zi] >

qzi/zi+1] 92/ zi11]

:Zwa = ZL'

Similar arguments can be made to show that moZ; = Z and npZ; = Z1. We therefore

know that Zj remains unchanged under any permutation of the variables z;. Recalling
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that
D k(g = qz) @ila) = pizis . 2 i, ) Y WE T (R Fig) @il
(64 (63

we have

Zr(zig1 = q2i) = pi(%i5 -5 Zis Zig1, - ) Z—2(Zi, Zig1). (C.1)

Since Z is symmetric in the z;, p; becomes p; under the transformation z; <+ z;. We
henceforth drop the index ¢ from p;. Further, since the LHS is symmetric in everything
except z;, as is Zr_g, p(z;;...) must also be symmetric in all its variables except for z;.

Completely analogously we can derive boundary recursions for the normalisation,
which are

Zr(z1 = 4o, - -+ 21;€0,Cr) = 1o(22,- .., 21;C0) Z1-1(22, - - -, 21540, CL), (C2)

Zr(z1, .-, 20 = Cn/4:Co,Cn) = o2, - - 20-15C) Z—1(21, - - -, 20-15 €0, CL/q)-

As before, this shows that the proportionality factors ro and ry must be symmetric in

all their variables except for (4 and (;, respectively.
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Appendix D

Solving the ¢KZ equation for L =3

Here we will solve the ¢KZ equation (2.1.2) with L = 3. For this example we will take

g =e?™1/3 and s* = 1, but we will leave b generic. We use the notation

Y1 =P ¥s = Py
P2 =Y Y6 = )
¥3 = P Y7 =)
e = ) s = 1y,

and we recall the definition of s; in (2.1.5)
S; = -1 - a;.
Considering in turn each ¢ and «, the ¢KZ equation,

Y daleila)) ==Y (aia) o),

«

implies the following system of 32 equations:

0o =0 a=1,....4 (D.1)
S0Ya+4 = Ya
a1 =0 a=1,2,5...,8
5193 = 1 + Y2 + by + Uy (D.2)
5194 = V6 + g
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aste = 0 a=1,3,4,57178

S92t = P4 + Y5 + Y7 + g (D.3)
S91p9 = 11 + 3
azhaa =0 a=1,...,4
53120-1 = V2a a=1,3 (D.4)
53120—1 = bihay a=24

The relations where the action of the projector a; is zero entails certain symmetry re-

strictions on the components. For instance,

3
vi= [ *G2) []kGn0) fi(2 22, 2),
1<i<j<3 i=1
3
Py = H k(1/sz;,1/s2;) sz(l/szi, 1/sCr) fs(sz1, 822, 823),
1<i<j<3 i=1

where the fo (21, 22, 23) are symmetric functions invariant under z; — 1/z;.

Using the system of equations we may obtain the components 1, in terms of ¥; and
1g. Assuming we know 1)1, we find 19 = s3¢1 , then 13 = 52109 — 101, and 104 = b~ s31)3.
Then we can find g from

g = s21bg — Y4 — 5 — Y7, (D.5)

by using g = s194 — 1 and applying s3 on both sides of (D.5),

—1pg = 5352(51a — 1) + Y4 — s — bilg,

which implies
(b—1)Ys = (s3s251 — 81+ 1)¢u.

The expressions for v, 13, 14 as well as g can be neatly rewritten in a factorised form
as in [23]. However, if b = 1, the component g cannot be determined this way.

In a similar way, given g we can find 4, then g, and 1. Since we can express
¥4 and o in two different ways, these components have to satisfy certain consistency

conditions. Now we can find the remaining two components,

(b—1)t5 = s19p3 — Y1 — P2 — s296 + P4 + g,
Y7 = 5193 — Y1 — Yo — bibs.

Again, if b = 1, 95 and 7 cannot be found separately in this way. However, their sum

can be determined. Assuming we find an expression for one of these components (say, by
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solving sg5 = 11 for 15) that satisfies the appropriate degree, the boundary recursions
in Lemma 2.2.3, and the symmetries imposed by (D.2) and (D.3), the entire system can
be shown to be consistent.

At b = 1, as L becomes larger there are more and more components like 15 and
17, which cannot be calculated directly from the extremal components. However, as
above, certain sums of these components can be found, and consistency conditions can
be checked. Using the recursions discussed in Section 2.2.2, recursive conditions can also

be put on these components.
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Appendix E

Inductive proof of Lemma 4.2.1

Proof. This proof shows that a,(f) (z1,...,TK—1) is proportional to a,(f“)(xl, ..., T)) in
the limit as x; — 1, and relies on the proof for k£ = L given in Section 4.2.
We take lim._q a,(fﬂ)(xl, .oy Tp—1,€%). In the kth row of the determinant (given in

(4.2.1)), the jth element is

i — oo (o) =23 L)
et —e M = 2sinh (ep,) = 2 —
J — (2n+1)!

We use row reduction with the rows below the kth to remove the terms up to and including
n =L — (k+1). The remainder of the series is

N2(L—k)+1
L + h.o.t.,
(2(L — k) + 1)!
SO CL/(ik) (z1,...,7p—1) = lime 0 %aﬁkﬂ) (x1,...,2k—1,€%). Then by induction we
have that
aff’(wl, s Tp—1) o< lim au(x, .., wrn). O

Tp sy —>1
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Appendix F

Proof of Proposition 4.7.1

Proof. The proof of equation (4.7.2) is similar to that of Proposition 4.6.1:

i. The first step is to expand the determinant affﬂ) over the kth row, giving
I [yf] _ yi—ﬂa} .t
D (=D (g — ") det : (F.1)
—t [Mg(L—i)H]
J i>k jF#Er

We can perform the integrals over y; in (4.7.2), and, as before, the dependence on

w factors out.
ii. The integral over w has the same evaluation as (4.6.5).

iii. The remaining factor is combined with the determinant,

k1o pr k—1 B [%ﬂj - y;“j]Kk
e® H azt —[e7® H éy—l dety,_1
=1 Y =1 [,ﬂ(L_i)_l]
J k<i<L d jz,
2p () MG — M 7
k—1 [tiu (yij —Y; ! )} i<k
= eHr " dety,_
H ! L= [ 2(L—i)—1:|
=1 [y
J k<i<L jtr
—2 r + i - + T
1 t; ju (?JZHJ iz —y; HgH )L<k
— e EHr x, ' dety_
11_11 ! L { 2(L7i)71}
Ky k<i<L p

The k — 1 integrals over Y; in (4.7.2) can be inserted into the first k£ — 1 rows of the
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determinants, and evaluated as before. The two determinants then become

Fur

ﬁ(xz+1 i) =

<$z+1 RS i

‘:L.:Fl"r( Mg

€y

oFEhr H xzim detr—1 A@iui (2eFr sinh (ep;) — a0
g(L—i)—l}
L [MJ k—1<i<L
_(=pEteEe [T e
[ (12 = 13)
[ [ Fue Iz Flir (M —Hj
[xzfl ($z+1 - "Ez+1j) — (27— J)L<k_1
x detr_1 2eTHr sinh (EH]) xz:#{ (xk 1~ Tk “1)
2(L—i)— 1}
i [(,u, MT)H k—1<i<L

— ;"))

Ly~ 1(% 1 L1

i<k—1

)

—Hj

L

J#r

Again, as in (4.6.6), we will extract the ingredients needed for ¢, (z;) and show

that the rest is independent of r so that it can be factored out of the sum in (F.1).

As in Section 4.6, we increase the size of each matrix by adding a row at ¢ = L and a

column at j = r, introducing a factor of (—

1)E+r,

The new column has entries equal to

0 except at i = L, which equals 1, and the new row has entries of 2e7#" sinh (eu;). We

depict column r at the end:

k—1
(_1)r+1 eie,ur H $?:H/r
=1
(@t @ty —aily) 2 @l — 2]
[2 eFerr sinh (epj) — 71 () | — 2.

x detyp,

[(u — 2y 1}

[2eTeHr sinh (ep4)]

k—1<i<L,j#r

ir

i<k—1,j#r

)i

Now we use row reduction, subtracting the Lth row from the kth and then adding
the (k — 1)th to the kth, the (k — 2)th to the (k — 1)th, etc. We then multiply the first
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k rows by —:E;t”’“, and the Lth by ete#r,

i Hi _ . THd :‘tlh"] T
[@C’ i } i<k,j#r {x” i<k
ety | [t - p2yd01] 0
( ) L (lu’] :ur)uj k§i<L7j¢T
i [2sinh (ep5)]; 4, eerr

At this point we are able to combine the two determinants by subtracting the rth column

of the second from the rth column of the first, obtaining

i My HG fr o —hr T
[(x‘ i )} i<k,jr [(:CZ i )]i<k
2(L—i)—1
detL |:(/~‘L32 - Mg),u‘]( : :|k<i<L G 0
i [2sinh (ep1)] ., 2sinh (epy)

Now we approximate to first order in ¢, resulting in 2eu; in the bottom row. We can
factor out 2¢, and then use row reduction once again: To each row in turn from ¢ = L —1

to i = k we add p? times the row below, and we are finally left with

() =)
i<k (k)
2e det, ZQECL# (X1, ey Th—1)-
[ 2(L—i)+1}
Hi i>k

This then factors out of the sum in (F.1), which is equal to ¢,(x)). Putting everything

together, the factors of (—1) cancel out, as does the factor of 2¢, and we are left with

a®)

W (xlv s 7xk—1)¢,u($k)a

which is the RHS of (4.7.2).
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