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Abstract

The Ising and ()-state Potts models are statistical mechanical models of spins
interaction on crystal lattices. We study the partition functions on a range of
lattices, particularly two- and three-dimensional cases. The study aims to investigate
cooperative phenomena — how higher level structure is affected by the detailed
activity of a very large number of lower level structures. We investigate the analytic
properties of the partition functions and their relationship to physical observables in
equilibrium near phase transition. Our study is focussed on describing the partition
function and the distribution of zeros of the partition function in the complex-
temperature plane close to phase transitions. Here we first consider the solved case
of the Ising model on square lattice as a benchmark for checking our method of
computation and analysis. The partition function is computed using a transfer
matrix approach and the zeros are found numerically by Newton-Raphson method.
We extend the study of @)-state Potts models to a more general case called the Zg-
symmetric model. We evidence the existence of multiple phase transitions for this
model in case ) = 5,6, and discuss the possible connection to different stages of
disordered state. Given sufficient and efficient coding and computing resources, we
extend many previously studied cases to larger lattice sizes. Our analysis of zeros
distribution close to phase transition point is based on a certain power law relation
which leads to critical exponent of physical observable. We evidence for example,
that our method can be used to give numerical estimates of the specific heat critical

exponent «.
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Chapter 1

Introduction

This thesis describes our research in statistical mechanics [30, 48, 65]. Statistical
mechanics is an area where mathematical modelling is used to understand a physical
system. In physics, it is a key problem to predict behaviour of a physical system
[35, 46, 101]. This is useful for many applications [18, 43, 85].

Statistical mechanics models the microscopic properties of individual atom and
molecule of a material that can be observed in nature, and relates them to the
macroscopic or bulk properties [35, 96]. We study the statistical mechanical models
of spin variables on a graph, representing the molecular dipoles on the crystal lattice
of a physical system — such as a bar magnet.

One example of physical phenomena which can benefit from the statistical
mechanical study is the event of phase transition [27, 101]. The study helps in
predicting the critical properties of a phase transition by investigating the inner
activity of molecular dipoles in a physical system.

The model in this thesis is a model of ferromagnetism [41, 44-46, 68] on solid
state material that has a crystalline feature on its atomic scale. From experiment
[28, 71, 91, 97|, the crystalline structure shows the constituent particles being stack
together in a regular and repeated pattern in R®. This is formed by the translations
of some kind of basic cell, for example the translation of a cube to a cubic lattice

31).
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In modelling the effective ferromagnetism, the dynamics of the lattice such as
the vibrational and bulk motion are ignored. Instead, the dynamic is restricted to
the molecular dipoles residing at the lattice sites. The molecular dipole centre of
mass remain fixed in its location. We call the model variable represented by the
molecular dipole as a spin variable of the crystal lattice. Here the degree of freedom
is obtained from the spin orientation. The model is restricted to a system with
identical atomic type. The dipole-dipole interactions are short range [4, 41]. Thus in
the model we put a short range interaction between two neighbouring spin variables.
Here the interaction with external magnetic field is excluded for simplicity. Also for
simplicity, two spin variables interact with each other if they are close together. At
larger distance, the interaction is assumed to be negligible.

Let @ € N be the number of spin orientations. For () = 2 we consider the Ising
model [37, 62] which also called the 2-state Potts model [3, 79]. For @ > 2 we vary
the model in this thesis by the @)-state Potts model and the Zg-symmetric model
[58, 83].

)\ 4N 7’
\ Lo

N v
\‘ N XZZ
0N -
s -

Figure 1.1: Bar magnet and its magnetic dipoles in cubic lattice.

1.1 The Potts models — definitions

The @-state Potts model is a representation of ferromagnetism in which spins are
allowed to be oriented from () possible spin directions.

The physical spins are assumed to sit at a regular collection of points in R?,
called a lattice. For these models, we represent the lattice by a graph [64]. The spin

variable is associated to the vertex of the graph. The graph vertices can be thought
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as the graph embedding to Euclidean space R3. The graph and the Potts model are

defined as below.

Definition 1.1.1 ([19]). A directed graph A is a triple A = (V,E, f). The Vis a
set. The elements v € V are called vertices. The E is also a set. The elements
e € E are called edges. The f is a function f: E — V x V. Given e € FE and

v1, vy € V, the images f(e) = (v1,vq) gives the ‘source’ and ‘target’ vertez of edge e.

Definition 1.1.2. The distance dx(u,v) is the number of edges in the shortest path
from u to v. Two vertices u,v € V' are called nearest neighbours if f(e) = (u,v) for

some e € E i.e. when dy(u,v) =1.

A function ¢ : V' = @Q = {1,2,...,Q} is called a spin configuration for ()-state
Potts models. The value in set @ is the label representing the @ different spin
orientations.

Let €2 be the set of all possible spin configuration states or microstates for a

@-state Potts model on a given lattice.

Definition 1.1.3 ([49]). Let A, B be sets. Then Hom(A, B) is the set of functions
f:A— B.

We have immediately;

Theorem 1.1.1. Let A = (V, E, f) be a graph and QQ € N. Then the configuration
set on graph A is Q = Hom(V, Q). O

Thus, for a system of N vertices with () possible spin directions, the total number
of microstates |Q] = Q'Y = QY.

In physics, an observable is any physical property of a system which can be
experimentally measured. In a model with given ) we have a corresponding

operator:

Definition 1.1.4. Consider a physical system in the form of a set Q). A function
O : Q — R is called an observable of the physical system.
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One possible observable on a system would be the total energy, also known as
H : Q — R, or Hamiltonian. It is the form of H which determines what kind
of physical system we are modelling. Let J € R be a constant representing the
interaction strength of the nearest neighbour spins. The Hamiltonian of Potts model

is defined as follows. Let o € (.

Definition 1.1.5. The Hamiltonian of Potts model on A = (V, E, f) is defined as
Hpous(o) = —J Z So(i)o(j) where the Kronecker delta function,
(&.5)=f(e),
eck
1L, if oi) = o(j)
0, ifoli) #o(j)

The summation is over all the nearest neighbour interaction in A.

If J > 0 the system is in its lowest energy where all spin variables are oriented in
the same direction. This state corresponds to a ferromagnetic state. Conversely, if
J < 0 each spin variable is forced to be oriented anti-align to its nearest neighbours.

This state corresponds to an antiferromagnetic state.

1.2 Partition Function 7

Now we are ready to introduce the main function of this thesis. A partition function
denoted as Z is a special function that relates temperature with the states of a spin
system. It provides important information on thermodynamic properties of the
system [35, 58, 101].

Consider an ensemble of similar systems in a heat bath. The heat bath is a body
which has a huge heat capacity that remains its temperature fixed at all times. The
volume, pressure, number of particles and all other properties are assumed to be
fixed except the energy which is allowed to be transferred to its neighbour. So, any

system in contact with the heat bath will eventually reach a thermal equilibrium at
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the temperature of the heat bath. This ensemble is called a canonical ensemble [10].
The partition function for a system which allows the transfer of energy to its
environment while fixing other properties is called a canonical partition function or

simply a partition function.

Definition 1.2.1. For a given Hy (which requires given graph A), the partition

function is defined as

Zx(B) =) exp(—BHa(0)) (1.1)

gEQA

where the summation is over all possible microstates o of a system and = 1/(kgT)
15 the inverse temperature in which T s absolute temperature and kg 1is the

Boltzmann’s constant.

The dimension for the physical quantities (8, and J) in our model are not
restricted to any specific dimension. But we know that the dimension of H, that
depends on J must be in inverse relation to [ because of the exponent function for
the partition function (1.1). The value of fH must be dimensionless.

Denote the Boltzmann weight z = ¢®/ and H(s) = —Ha(0)/J. For a given

graph A, the partition function (1.1) can be written in polynomial form

Za(B) =) . (1.2)

SN

Suppose we have a system A in a particular configuration state o' € Q with
energy H(c"). The probability of a system A to be in the state ¢ is then equal to
the ratio of Boltzmann weight of the state o” over the sum of the weight of all possible
configurations. Let p be the Boltzmann probability distribution p : Q — [0, 1], then

% o eXp(_BHA(Ui)>
P) = NS p(FHA())
)

oe)
exp(—LHa(d?)
Zn
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where
> pla") =1,

The partition function Z, as denominator is also called a normalizing constant. For

simplicity we denote the partition function as Z.

1.3 Relation to physical observables

The role of the partition function Z does not stop at being a normalising constant
as in (1.3) but it also leads to thermodynamic properties. In this section, we present
some of the thermodynamic properties derived from Z.
The expectation value of an observable quantity O is given by
(0) = p(0)0(0). (1.4)
e

From the Boltzmann probability function (1.3), we can obtain the average energy

of a system given by

(H) = Y plo)H(o)

e

= =55 (1.5)

The (#H) is also known as the internal energy [33, 35, 65] of a system. The
internal energy is an energy that is associated with molecular motion. It is the sum
of kinetic energy and potential energy at molecular level. This is a function of state.

By the second law of thermodynamics [10, 94], in real process, there exists a
function of state called entropy [10, 15, 48]. It is a measure of the number of
underlying microstates related to macroscopically measurable state [27]. In other
words, it is the number of ways for a system to be in a specific macroscopic state

[58)].
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In canonical ensemble (§1.2) of similar systems with constant volume and
temperature, the entropy is expressed by the sum over the probability of every

possible configuration state o. The entropy S is defined as
S = k3" plo) n(p(0)). (1.6)

Substituting (1.3) into (1.6), we get this relation:

S = @ + kpn(2). (1.7)

Similarly, the relation (1.7) can be rewritten as
—kgTIn(Z) = (H) — TS. (1.8)

From the classical thermodynamic relation, the right hand side corresponds to the

definition of Helmholtz free energy [14]
F=(H)-TS (1.9)

This equivalently gives
F=—kgTIn(Z2). (1.10)

For a system with constant volume, number of particles and temperature, the
maximum entropy S also means that the Helmholtz free energy is a minimum at
equilibrium.

From the free energy, the specific heat C', is defined as the second derivative of

logarithm of the partition function with respect to 3, i.e.

OV d2 InZ

W

(1.11)

Further explanation here and elsewhere in physics on other thermodynamic

properties can be found in [10, 35, 58, 101].
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1.4 Physical motivation

1.4.1 Ising and Potts models

()-state Potts models are statistical mechanical models of ferromagnetism [41, 44—
46, 68] on crystal lattices [85, p. 60]. The case ) = 2 corresponds to Ising model
via 1 = +1 and 2 — —1.

Ising [37] showed that one-dimensional Ising model case manifest no phase
transition. Later, Peierls showed that at sufficiently low temperature, the Ising
model does have ferromagnetism in two or three dimension [12, 70, 78§].

One feature of this model is the study of the exact partition function [7, 55] of
square lattice Ising model. Onsager [75] successfully described the exact solution of
Ising model on square lattice. He considered the eigenvalue of a particular matrix
proposed by Kramers and Wannier [44, 45] to find the solution for free energy. Other
version of Onsager’s solution also described by Kaufman in [40].

Kramers and Wannier [44] considered the exact result of transition temperature.
They described the partition function in terms of the largest eigenvalue of certain
matrix. A similar method was used by Montroll [66, 67] which calculated the
problem separately. Kubo in [47] had also described the matrix formulation related
to the degeneracy of largest eigenvalue. Some generalized model with more than two

spins can be found in [3, 58, 79, 98] and in three dimension in [72, 73, 75, 89, 90].

1.4.2 Zg-symmetric model

The Zg-symmetric model [58, p. 295] is a general discrete planar model where the
spin takes one of () possible values distributed around clock-like circle. Detailed
description on this model is described in Chapter 6.

One interesting problem for this model is to determine the cross over point, say
(). where the spin-wave phase [36] would appear. Elitzur, Pearson and Shigemitsu

in their paper [22] showed that by using the Villain form [93] of Clock model [21]
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the spin-wave phase can be found above () = 4. The study of the cross over point
between the two-phase region and the three-phase region has suggested a relation
to solvable manifolds of the Andrews-Baxter-Forrester model [2, 36].

The study of the Zy model further leads to the study of zeros analytic structure
as introduced by Fisher [26]. Martin [57] studied the analytic structure of zeros
of the partition function. The zeros distribution suggests that the complex plane
may manifests the distribution which describes two- and three-phase regions. This
approach explores the cross over point locally for specific value of ). Martin
presented the zeros distribution of the partition function on Z5- and Zg-symmetric

models in [57, 58].

1.4.3 Omnsager’s solution

The Ising model was solved exactly on square lattice restricted to no external field
by Onsager [75]. His work was later on simplified by his student Kaufman [40] using
rotational matrix. The derivation of the Onsager’s partition function is discussed in

§4.1 and Appendix § B.
® L ® ®

N
o ® ® ®

Figure 1.2: Square lattices with different system size N by M.

Let a square lattice have N row and M column (shown in Figure 1.2) with T
be the temperature and B = 0 is the zero external magnetic field. We present his

result for free energy (logarithmic of the partition function) [75] as the following,

z\}gnooln(ZN’N(B =0,7)) =1In(2cosh(BJ)) + % /07r In (% (1 +4/1 — K2sin? qb))de

(1.12)
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where x = 2sinh(23.J)/ cosh?(2.J), 3 is the inverse temperature and J is the nearest
neighbour interaction strength. Zy s is the partition function for graph in Figure
1.2.

Other review on the work of Onsager and Kaufman exact solution can also be

found in [6-8, 35, 58].

1.4.4 What can be computed and what it means

The study of model for ferromagnetism aims to investigate the thermodynamic
properties of a physical system [7, 35]. For the @Q-state Potts model and for the
three-dimensional lattices, the exact results are still unknown.

Lee and Yang [50, 99] showed that the equation of states of phase transition is
closely related to the root distribution of the partition function. They proved that
under certain conditions the roots always lie on a circle — also known as Lee-Yang
circle theorem. They proposed the concept of zeros in the complex plane to study
the Ising model in magnetic field.

The thermodynamic properties and the phase transition however can only be
explored through the complete distribution of the zeros of the partition function in
the complex-temperature plane. Although only the real value has physical meaning,
the analytic structure of the distribution surprisingly shows a specific behaviour in
the thermodynamic limit [38, 39, 99]. Since the finite lattice partition function is a
positive polynomial, the zeros will always stay off the real axis. The zeros may only
touch the real axis at the thermodynamic limit. We will show the zeros distribution
in details in later chapters.

The study of complex-temperature zeros of partition function for the Ising model
on square lattice in zero magnetic field was first discussed by Fisher [26], and also
by Abe [1], Katsura [38] and Ono and Suzuki [74]. The singularity of specific heat
of the square lattice Ising model is discussed by observing the zeros distribution for
finite lattice size and the endpoints of the arc in the zeros distribution.

The study of statistical mechanical model could be continued further by
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investigating the model on different system i.e. different crystal lattice structure
[31, 85] such as triangular, hexagonal and cubic lattices. See §2.1.2 for detail.
Other study on triangular and hexagonal lattices Potts model can be found for

example in [23, 25, 51, 60, 88, 98|.

1.4.5 Phase transition — example of physical phenomena

A phase transition [46, p. 103] occurs when there is a thermodynamic change from
one phase of matter to another phase. One of the study on phase transition is
related to the prediction of critical point for a phase transition — for instance the
Curie temperature [41, 43, 48].

The roots of the partition function are used to study the phase transition and
critical properties in finite size system [29]. The phase transition occurs when the
zeros are distributed in a nice pattern [26] consists of subsets of set of zeros. We
called this a locus of zeros. This locus cut the real axis of the complex plane at the
thermodynamic critical point [87].

The order of phase transition is defined by the behaviour of the derivatives of
free energy [58]. It is called first order transition if there is a discontinuity in the
first derivative of free energy. Similarly, for higher order transition, it is called n'"
order if the first discontinuity is at the n'* derivative.

For example, consider a graph of specific heat in Figure 1.3. This graph shows
the existence of the second order phase transition. Onsager in his square lattice Ising
model showed that the phase transition was observed when there is a singularity in

the graph of specific heat as shown in this figure.

1.5 Objectives and Aims

We study a model known as Potts model that was introduced by Potts [79]. It
is a generalisation of the Ising model that was introduced by Wilhem Lenz to his

student, Ernst Ising for his doctoral thesis [7, 12, 79]. The case of Ising model
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Figure 1.3: Specific heat of square lattice Ising model (Onsager’s solution).

on square lattice considered in this thesis serves as a benchmark for checking our
computation. Then we further extend this study to a more general case called the
Zgo-symmetric model.

Our interest is to investigate how macroscopic structure may result from a lower
level activity of a very large number of microscopic structures. The approach in
statistical mechanics can provides prediction when the phase transition of some
material can take place.

The objective is to study the partition functions of these models and their
distribution of zeros of the partition function in the complex plane close to the
phase transition. We aim to investigate the analytic properties of the partition
functions and the relationship between analytic properties and phase transition in
equilibrium statistical mechanics.

In this thesis, we use the transfer matrix [7, 58] approach for computing the
partition function. The partition function is described exactly on the finite lattice
size. The zeros of the partition function are then computed and plotted in the
complex-temperature Argand plane (see the new result of complex-e” for example
in Figure 1.4).

We study the limiting properties of a physical system by analysing the analytical

behaviour of partition function as the lattice size changes. This is to relate the
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Figure 1.4: 3-state Potts model on 15 by 17 square lattice.

function to the experimental result (see e.g. [7, 35, 101]). With this model, we can

aim to describe physical observable properties for a large system [35, 58].

Outline

The outline of this thesis is as follows. The definitions of Potts model and the
partition function was initially presented in this chapter. This is continued with
the lattice graphs under consideration in Chapter 2. In Chapter 3, the method
of computation of transfer matrix is demonstrated. We show the computation by
simple examples and state the method for finding roots of the partition function.
The results of zeros distribution for the Ising, ()-state Potts and Zg-symmetric
models will follow in Chapters 4, 5 and 6, respectively. The description of results
starts by considering the solved case of square lattice Ising model in Chapter 4. We
implement the zeros finding approach to the Ising model partition function on square
lattice in this chapter. Chapters 5 and 6 mainly present our investigation for ()-state
Potts and Zg-symmetric model partition functions and their zeros distributions.

Later, the analysis of the zeros distribution for Ising and Potts models related
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to critical exponent of phase transition is presented in Chapter 7. Finally Chapter
8 will discuss the energy-entropy relation and also discuss the possible existence of

multiple phase transitions in Zg-symmetric models.
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Models on lattice

This chapter describes other details related to ()-state Potts models. The definitions
of the @-state Potts [3, 20] model was given in §1.1.

The main object of the study of each model is the partition function. The models
are studied on crystal lattices [64] which will be shown in section §2.1. Then the
duality relation on partition function will be introduced.

The modern technology like the X-ray crystallography facility [52, 85, 91, 100]
allows us to see the lattice feature in solid state material. For example, the
lattice arrangement in aluminium and magnesium is given by face-centered cubic
and hexagonal close-packed respectively. This lattice arrangement is following the

classification of lattice system described in the field of crystallography [11, 18, 82, 97].

2.1 Graph of regular lattice

This section will describe the lattice graphs under consideration in this thesis. The
aim is to compute a partition function Z for a specific lattice graph A representing
a laboratory size piece of crystal structure. Unfortunately, due to limitation of
computing resources, we are not able to compute the Z on very large lattice size. So
instead, we consider a sequence of finite lattices which in suitable sense (see §4.3)

extends to contain the laboratory sample.

15
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2.1.1 Thermodynamic limit

The lattice graph is studied based on the motivation from physics. We consider a
sequence of finite lattice graphs arranged in increasing lattice sizes. Although the
result of physical observable is affected by the finite size effect (explain in §4.3), at
large enough size, some kinds of observation reach stability. The size dependence
will vanish in a good model, since the bulk observables of a physical system do not
depend strongly on lattice size in the laboratory [87, p. 69].

The study of statistical mechanics aims to predict the bulk behaviour for a
physical system i.e. behaviour which is independent from the size of the system.
In particular, a sequence of lattices all approaching a ‘limit’ lattice in a way that
captures stable limiting behaviour is needed for the study. This sequence of lattices
consists of many lattices of the same type but in different sizes (such as square
lattices in Figure 2.2). Although the exact such sequence is not prescribed, from the
Omnsager’s solution [40, 75], we know that the sequence of square lattices does have
a stable limit (thermodynamic limit [35, 58]) for suitable observables.

Given these requirements, we define a sequence of lattices which includes
computable cases and laboratory size cases. Our hope is that limiting behaviour
is already observed in the computable cases. Here, we describe only the first step

i.e. defining the sequence.

2.1.2 Lattice graph

Here the specific sequence of graphs for each Hamiltonian will be presented. In two-
dimensional case, the regular patterns under consideration are the square, triangle
and hexagon. In three-dimensional case, the patterns under consideration are the
cubic, tetrahedron and octahedron. In literature what we refer to as the hexagonal
pattern is often referred to as the honeycomb lattice.

In crystallography, the crystal structure is described in two ways [85, p. 60].

First they are based on seven basic geometry shapes of unit cell in three-dimensional



Chapter 2 17

space. This type of shape is called the seven crystal systems. The second is related
to the way in which atoms are arranged in a unit cell. The unit cell is the smallest
structure in three-dimensional space which translated itself to form the whole crystal.
This atomic arrangement is called the Bravais lattice [31, 48, 85]. The repetition of
regular lattice shape is the nearest approximation towards many real structure of

crystalline materials.

2.1.2.1 d-dimensional lattice

The lattice graph is constructed under a graph embedding to d-dimensional
Euclidean space R? [32] consist of a finite set of regularly spaced sites. The vertex
of the graph is associated to the lattice site and the edge of the graph represents the
nearest neighbour interaction between vertices.

Let a 1-dimensional Euclidean space R have collection of point labelled
successively by u; where ¢+ = 1,2,... € N. Each site u; has exactly one successor.
The nearest neighbour pair is connected by an edge denoted (u;,u;11). For a graph
with N vertices, this 1-dimensional lattice graph is a finite graph given by Figure
2.1.

Figure 2.1: The one-dimensional lattice of N sites.

L]

Figure 2.2: Square lattice N by N for N = 2,3,4.

Similar algorithm for construction applies for higher dimension, d > 1. In R?, the

2-dimensional lattice sites can be denoted by v; ; where the indices 4,7 = 1,2,--- € N
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correspond to the row vertices ¢ and the column vertices j.

Let each lattice site v; ; have two successive nearest neighbours that are at ¢ + 1
given j and j + 1 given ¢. The nearest neighbour pairs are denoted by (v; ;, vi+1,;)
and (v; j, v; j+1). For N row and M column vertices, the graph forms N by M square
lattice structure shown in Figure 2.2. We shall denote the d-dimensional lattice by
N1 X Ny x --- x Ny for all number of vertices in respective directions, N; € N.

A triangular lattice in contrary has three successive nearest neighbours at each
lattice site. The nearest neighbours are given by pairs (v; j, vit1,;), (vij,vij+1) and
<Uz',j7 Ui+1,j+1>-

The hexagonal lattice in addition is constructed as follows. For i, =1,2,--- €
N, if ¢ is odd, the sites will have one successive neighbour, (v;j,v; j+1) when j is
even and two successive neighbours, (v;;,v;;+1) and (v;;,vit1;) when j is odd.
Conversely if i is even, the sites will have two successive neighbours, (v;;,v; 1)
and (v; j,v;i+1,;) when j is even and one successive neighbour (v; ;,v; j+1) when j is
odd. See illustration in Figure 2.4. For computer program, we can drop the hexagon
shape and compute the partition function by layering the lattice into a rectangular

shape.

Figure 2.3: Triangular lattice.

2.1.2.2 Dense sphere packing

In this thesis we consider two types of dense sphere packing which are the face-
centered cubic (fcc) and the hexagonal close packing (hep).

The face-centered cubic packing is obtained from a simple cubic geometry. At
each vertex point of a cubic lattice, there exist one spin variable and for each face

of the cubic, there exist another spin variable. Each vertex point is assumed to be
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Figure 2.4: Hexagonal lattice (left) to rectangular graph layering (right) for

computer program.

Figure 2.5: Cubic lattice.

i

Figure 2.6: Octagonal lattice i.e. face-centered cubic lattice.

)

Figure 2.7: Tetragonal lattice i.e. hexagonal close-packed lattice.
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a sphere of radius 1. See Figure 2.8. The cubic shape is the unit cell of the lattice.
The dash lines correspond to edges in the lattice graph.

The length of each edge of the cube is v/8 and the diagonal distance of each face
is 4. In total, there are 4 spheres in the cubic unit cell of this face-centered cubic
lattice.

A crystal lattice has dense sphere packing if it has highest number of atomic
density in a unit cell. The number of atomic density is also called the atomic
packing factor representing the fraction of volume occupied by atoms in a unit cell

over the volume of the same unit cell [85] i.e.

Figure 2.8: Structure showing the face-centered cubic lattice point arrangement in
a unit cell.

Likewise, the case of hexagonal close packing has the same density packing i.e.
\/Ll_S' Their unit cells are occupied by the same number of atoms that is 12 atoms
but are different by their packing sequence.

The packing construction is described based on the pattern of each layer of the
lattice. See Figure 2.9 for illustration. For the face-centered cubic, the packing
structure follows the successive layer with ABC sequence whereas the packing
sequence for the hexagonal close-packed follows the AB pattern. The overline
notation such as in the AB pattern means the repetition of atomic packing sequence

in each lattice layer (first layer in position A, then second layer in position B, then

repeat the position back to A and B and so on). More detailed explanation can be

found in the book by Shackelford [85] and Hales [31].
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We describe the dense sphere packing by the illustration of repeated polyhedra
glued together forming a finite three-dimensional lattice. This choice assists the
computation of the transfer matrix which will be explained in the next chapter. We
call the face-centered cubic and the hexagonal close-packed as the octagonal and
tetragonal lattices respectively.

Close—packed planes

Normal to close—packed plane B
A : C i
AR
(a) ABC stacking sequence. (b) Face-centered cubic.

Normal to close—packed planes

A
: j | N
‘ Close—packed planes
B ® ! e
o
A |
(c) AB stacking sequence. (d) Hexagonal close-packed.

Figure 2.9: Face-centered cubic, hexagonal close-packed and their stacking sequence
respectively.

2.1.3 Boundary condition

Consider a finite cubic lattice N, x N, x N, embedded in R3. The rest of the R3
space is left empty (vacuum). The condition separating the vacuum space from the

filled spaced is called the boundary condition. We call the outer sites of the lattice
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as the boundary sites or exterior sites. The inner sites are called interior sites (see
Figure 2.11). In general, each lattice site has 2d nearest neighbours except at the
boundary [17].

The type of boundary condition is related to interaction among the boundary
sites. Figures 2.2 and 2.7 are examples of lattices with open boundary condition
whereas Figure 2.10 is an example of a lattice with periodic boundary condition in

vertical direction.

Figure 2.10: 4 by 2 square lattice with periodic boundary condition in vertical
direction.

In addition to these two types, we can also study many other lattice graphs, for
example, the graph with duality condition [7, 16]. See Figure 2.14 for this example.
A concept of duality will be explain in the next section.

For the finite case, the boundary condition has significant role affecting the result
of the partition function. For N by M lattices, the ratio of the number of vertices
at the boundary over vertices in the whole lattice is given by

2N +2M -4

SN (2.1)

r

The larger the lattice, the smaller this ratio will be. At thermodynamic limit, this
ratior — 0 as NM — oo. We are interested in models where the effects of the

boundary conditions vanish in the thermodynamic limit.
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Figure 2.11: Increasing sizes of square lattices. The red sites highlight the spins at
boundary and the black sites are the interior sites.

2.2 Duality

In this section, the concept of duality transformation [83] will be introduced.

Let G = (V, E, f) be a graph defined as in §1.1.

Definition 2.2.1 ([95]). A curve is the image of a continuous map from [0,1] to
R3. A polygonal curve is a curve composed of finitely many line segments. It is a
polygonal u,v—curve when it starts at u and ends at v. It has no self crossing with

individual polygonal curve.

Definition 2.2.2 ([95]). A drawing of a graph G is a function f defined on VU E
that assigns each verter v a point f(v) in the plane and assigns each edge with
endpoints u,v a polygonal f(u), f(v)—curve i.e. f:V — R and f : E — f(E).
The images of vertices are distinct. A point in f(e) N f(€') that is not a common
endpoints is a crossing. The curve cannot have a changing direction at the crossing

point.

Definition 2.2.3 ([95]). Let G = (V, E, f) be a graph. The graph G is planar if it
has a drawing f without crossings. Such drawing is a planar embedding of G. A

plane graph is a particular planar embedding of a planar graph.

For any planar graph GG, we can form a related plane graph called its dual. Here

we introduce a notion of face F'. A face is a region bounded by edges including the
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outer infinite region. Let F; be the set of faces in G.

Suppose G* = (V*, E*, f*) be another planar graph that is a dual to G. The
graph G™ has the following construction. The set of vertices v* € V* corresponds to
the face F; € F. For each e € E with face I} on one side and F; on another side,
the endpoint of edge e* € E* are the vertices v*, w* € V* that represent the faces
F;, Fj of G.

Now, we introduce a notion of a body that is region bounded by faces, separating
its inner and outer regions.

Let L = (V,E, f) be a graph defined as in §1.1. A graph L embedded in

Euclidean space R? is a 1-to-1 function ¢, : V' — R® and a continuous function
[071]5 [071](5

O U — R? that is also 1-to-1 on U such that {¢2(0), #2(1)} = &(f(e)). The

eck ecE
[0, 1] corresponds to the edge in the graph. The embedding of graph L has also a
([0,1]x[0,1])p
1-to-1 function ¢s3 : U — R®. The ([0,1] x [0, 1]), corresponds to the face of
peEFL
the graph L.

Consider for example, the embedding for a cubic graph L = (V, E, f). The
body of a cubic is bounded by square faces p € Fp. Let L* = (V*, E*, f*) be the
dual graph of L. The graph L* has the following construction. The vertex of L
corresponds to the body of L*. The edge of L is then corresponds to the face of
L*. Also the face of L corresponds to the edge of L* which is perpendicular to the
surface of the face L. Finally the body of L corresponds to the point of L* which
located in the center of the cubic L. The dual graph for a cubic graph is again a
cubic graph.

Figure 2.12 present the illustration of a square lattice and its dual, which is a
self-dual up to boundary condition. Figure 2.13 in addition manifests the graph of
hexagonal lattice and its dual graph i.e. the triangular lattice. The case shown in
Figure 2.14 has been studied by Chen, Hu and Wu [16].

A dual of a model is a mapping of a model to another model. For example, a

dual of a 2-dimensional Ising model using a certain transformation, could be exactly
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Figure 2.12: Square lattice and its dual.

rewritten as another 2-dimensional Ising model [42, 83]. The high-temperature
regions of the original Ising model is mapped to the low-temperature regions of its
dual, and vice versa. This is a self-dual model which had been showed by Kramers

and Wannier [44].

Figure 2.13: Hexagonal lattice and its dual, a triangular lattice.

The duality transformation on lattice model is a wuseful tool for passing
information of one model to its dual. The duality relation for 2-dimensional -

state Potts model will be given in §2.2.2.

2.2.1 Z in dichromatic polynomial

Here we derive the partition function in a dichromatic polynomial form. We rewrite
the partition function which will allow us to express the duality relation in the

partition function. It relates the graph G and its dual graph G*.
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Figure 2.14: Self-dual square lattice.

With some modification, the partition function can be written in terms of graph

G and its subgraph. Let G’ C G, Vow = V and Ee C E. Recall z = €7, For

simplicity, let the interaction strength J = 1 and introduce a new variable v = x —1.

For writing purposes, we write o(j) as o; for any j € N.

The partition function (1.1) for Q-state Potts model can be written in terms of

where

(14 0070,) =

> exp(=fH(0))

€N
Zexp 6J Z 5010]
oef (ZJ f(e),
S I explGonn)
U€Q<7J> f(e
Z H (1+vds,0,) (2.2)
o€ (i,j)=f(e),

eck

1, if g; §£ g

z, ifto,=o;

The expansion of this relation will express Z in terms of a dichromatic polynomial

[5, 56, 58]. One of the possible ways to describe the equation (2.2) is by considering

a power set.
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Definition 2.2.4. Given a set A, the power set P of A is the set of all subsets of
A.

Alternatively, we call the edge in the graph a bond. Let P be the power set of
the set of bonds in E to Zy = {0,1}, i.e. P: E — Z5. Then

Ze = Y [ 1+,

o€ (i,5)=f(e),
eck
— Z Z |EG/ H (501'%_)' (23)
0€Q B €P(E) (i,5)=f(e),

e€Eg
The first summation is over all possible configuration of 2. The second
summation is over the elements of the power set P of the set of edges. See illustration
in Figure 2.15. The E¢ can be illustrated by bond denoted with 0 and 1; respectively
corresponds to missing bond and filled bond. We call this a bond covering 0 and 1

respectively.
(a)
. . L1
(b)

Figure 2.15: Set of bonds E¢ can be illustrated by bond 0 and 1.

The expression v/Fe’l H (00,0;) is forced to zero for every configuration

(i.3)=f(e),
e€Eq
summation which all the spins connected by filled bonds that are not aligned.

Then the dichromatic polynomial is as the following;:

G'CG
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where |C(G')| = ¢ is the number of connected clusters in G’, including isolated

vertices. The connected cluster refer to the isolated sublattice with vertices

connected by one or more edges and also the individual vertex (with no edge).
The value of Q¢ is the total number of configurations in which the filled bonds

form ¢ connected clusters. Refer illustration below for examples.

[ o—0

[ [ o
a) b)

Figure 2.16: Example of connected cluster including its isolated vertices with

a)|C(G")] = 4 and b)|C(G")| = 3.

For the 2-state Potts model, let |E| = L be the total number of edges and

|V| = N be the number of vertices. Again by equation (2.2) we take

Zg = Z H (1 + 03,0,

o€ (i,5)=f(e),
eGE

= > I 4+ =1)b,)

o€ (i,5)=f(e),
ecE

of o
S H < ;1+ : 1(25(,1,%—1)). (2.5)

o€ (i

EEE
Alternatively, the bond coverings mentioned earlier may be reinterpreted
corresponding to the possible choices of the new summation in the expansion of
the product in equation (2.5). A bond covering corresponds to the number of edges
at each vertex. The lattice graph has even bond covering if each vertex of the

subgraph G’ has even number of edges.
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Factor out the largest term of the product,

Ze -3 Y% <x+1)L|EG/| (CET_1>EG/| M om0

0€Q B €P(E) <i7j>Ef(e),
eclic

_ (””’“) >y (Z:)Eal IT 20, — 1) (2.6)

0€Q Egy€P(E) (i,5)=f(e),
eGEgl

Figure 2.17: Examples of non-even bond covering.

Example 2.2.1. Given a graph GG with open boundary condition. For the expression

Z H ) the individual case shown in Figure 2.17a and 2.17b have

o€ (i,5)=f(e),
e€Eq

value

S (200 —1) = 0

o€

2(250102 - 1)(250203 o 1) = 0.

oc€eN

respectively.

The expression Z H 05,0, — 1) always equal to 0 when the subgraph G’

o€Q (i,5)=f(e),
ecEq
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describes the non-even covering of Gj; i.e.

2 M e =1 = 3 e =)

o€Q) (i,5)=f(e), o€

ecEq
= ) 205, - 1

gef) gef)
= 2) 650 — 2"
oefN
= 929oN-1_9oN
= 0 (2.7)

Thus we have,

L Eq
2 x+1
Eq€P(E),
even covering G’

- (51) 2 X gy (28)

even covering

The above formulation is another way of writing the function. The partition function

is derived by the bond covering in the dual lattice. See also Martin [56].

2.2.2 Duality relation for partition function

Now, consider a lattice graph D = (Vp, Ep, fp) as the dual of graph G. For any
subgraph G’ C @G, there exist subgraph D’ C D such that the Ep is the complement
of set E. Then the number of edges in subgraph of dual lattice D' is |Ep/| = L—|Eq|.

Some islands are formed around cluster G’. The partition function of graph D is
Zp = 200l 3 gl (2.9)
island I

where [(]) is the circumference of island I.

A 2-dimensional 2-state Potts (Ising) model partition function is invariant up to
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the boundary condition under this transformation [58, §1.5]
oor—1
. 2.10
r+1 ( )
For arbitrary value of spin state @, the duality has the following relation:
—1
po it @D (2.11)
r—1

A model on a square lattice is one simple example of this duality. It has the
self-duality properties which holds up to the boundary.

Example 2.2.2. For the case of 2 by 2 square lattice with () = 2, the partition
function is

Z (1) = 22% + 1227 + 2. (2.12)
By equation (2.9), the partition function of the dual graph will be

- -

_______

(2.13)
Applying the duality relation on Zp, ,, then

z+1 r+1\*
Z 2 2
Do <x—1) (:U—l) +
2
—7 . 2.14
(I—1)4 Gax2 ( )

Now, consider an example of a self-dual polygonal lattice that have 2 vertices
and 2 edges.

Example 2.2.3. The drawing of the 2-gon is as below:
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The partition functions are

ZGQ-gon (QJ) = ZD27gon(:U> = 22:2 + 27

T+ 1 z4+1\°
A = 2 2
D2-gon (:L‘ - 1) (:L‘ - 1> +

Applying the transformation twice will reproduce the original equation. We can

see for example in the duality transformation graph later in §4.4 that the zeros of
these two polynomial partition functions are invariant in some regions of the graph.

In general, we write these two polynomials of a graph and their duals as follows.

Let P be some polynomial in Z¢, then

|E(G)]
r+1 r—1

1
Zp(z) = 22/F@PIp (E)

The duality concept is a useful tool for validating any result found using our
calculation. This validation is done by reproducing and comparing the zeros
distribution of a specific lattice with the known result from previous study [35, 101].

We have described the lattice graph under study for this thesis. The duality
relation has also been introduced here. Next chapter is devoted to present the

computation technique for the partition function.
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Computation for partition

function

In this chapter we present the computation of a transfer matrix [7, 58] for
the partition function on finite lattice. We begin with an example of model
configurations on lattice in the first section. Then it is followed by the description
of the partition vector and transfer matrix. The final section will briefly stated the
zeros finding for the partition function.

Initially a brute-force approach [81] is used for computation where the
Hamiltonian is directly substituted into the partition function (1.1). This approach
requires long period of time and requires many calculations as the lattice size
increases. The number of configuration states increases exponentially with respect
to number of vertices on graph.

For this reason, a better approach is needed to reduce the number of calculations

for the partition function. For that we use a transfer matrix approach.

3.1 Models on lattice — example

In this chapter, we consider the @)-state Potts model on a square lattice. Let a

square lattice have discrete variables called vertices with associated spin which can

33
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take any value @ = {1,2, ..., Q} representing the spin directions.

Recall Definition 1.1.1 of a graph. Let I' = (V, E, f) be a square lattice graph.
Then |V| is the number of vertices in the lattice. The total number of configuration
states is given by |Q] = QVl. The state 0 = {o;|i is indexed for location of the
spin} € €. Each spin variable interacts with its nearest neighbours will gives value
1 if the pair spins in the same direction and 0 otherwise.

Figure 3.1 shows all possible microstates for 2 by 2 square lattice. The spin
up denoted as ‘4’ and down as ‘—’ correspond to spin 1 and 2 respectively. For a

2-state Potts model on 2 by 2 square lattice, §2 is given by

Q = {(1,1,1,1),(1,1,1,2),(1,1,2,1),(1,1,2,2),
(1,2,1,1),(1,2,1,2),(1,2,2,1),(1,2,2,2),
(2,1,1,1),(2,1,1,2),(2,1,2,1),(2,1,2,2),
(2,2,1,1),(2,2,1,2),(2,2,2,1),(2,2,2,2)} (3.1)

Q] = 2'=16.

Gl 63 I I+ - + - - - -
o ¢ aan
(a) (b)

Figure 3.1: 2 by 2 square lattices.

Recall Definition 1.1.5 of the Q-state Potts model Hamiltonian. For any o =
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(01,02,03,04) € Q, if eV = (1,1,1,1) and ¢® = (1,2,1,2), we have Hamiltonian

H(eD) = —J(6r10s + Gosos + Ooros + Oorgrs)

= —J1+1+141)=-4J
and

H(0®) = —J(6r10s + Ooors + Oros + Oorgrs)

= —JO+1+1+0)=-2J

Computing the Hamiltonian for all its microstates and z = e’/ gives partition

function

7 = 2" 411227 + 2

= 2% + 1222 + 2.

This is the result we see in equation (2.12).

3.2 Partition Vector and Transfer Matrix

This section will describe the approach used to expedite the computation of the
partition function. For this purpose, we use the partition vector and transfer matrix
approach.

The Hamiltonian information on the lattice model is arranged into a vector in the
space of all configurations of the boundary spin variables. We call this a partition
vector. We describe in details as follows.

For any lattice graph, we denote {c} as the set of all exterior sites. The set
of microstate of graph G is denoted (1g. Let Vi be all vertices in a graph G.
The V' C Vg is the set of exterior on the graph with set of state Q. Denote
op € (y as the spin configurations at boundary. A set of microstates given fixed

spin configurations at boundary is denoted as Qy,|,, C Q-
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Example 3.2.1. Let I' = (V1 Er, f) be a graph of 2 by 2 square lattice for 2-states
Potts model shown in Figure 3.1. Denote Vi = {01, 09,03,04} and V' = {03,004} C
V. The set of all configuration states Qr is given by (3.1). Let spin configurations

at boundary given by €y, i.e.

Qv ={(1,1),(1,2),(2,1),(2,2)}.
So if o, = (1,1) and op, = (2,1), we have

Qrlay = {(1,1,1,1),(1,2,1,1),(2,1,1,1),(2,2,1,1)}

Orlen = {(1,1,2,1),(1,2,2,1),(2,1,2,1),(2,2,2,1)}.
The partition function with the fixed spin configurations at op is given by

2 oy = Y exp(=BH(0)).

c€Qr|op

Definition 3.2.1. The partition vector Zgl 1s the vector arrangement in space of

all fived boundary or exterior sites of a lattice system. For og € Qv+, we have
! V/ V/
ZG = {ZG ‘Ul’ZG 027"'}'
The full partition function is then defined as

Za=Y_ Z8los (3.2)

oB EQV/

This vector arrangement can produce a partition function for two combined
lattice graphs. A bigger lattice can be formed by combining two lattices through a

vector multiplication.

Definition 3.2.2. Let G, G’ be two lattice graphs. For the union of two graphs
G UG’ we have

Veuer = VeU Ve

EGUG’ = EGUEG/.
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The E is the set of edges and Eg N Eg = ).

The partition function of the new graph GG’ is given by a summation of the
product of partition vectors for graph G and G’ (as in Definition 3.2.1). This is
given by

Zoar = Y, (Z81:)(28 o). (3-3)

O'GQV/
This equation is given by the Chapman-Kolmogorov theorem [76]. See Figure 3.3

for example of a combined graph.

Theorem 3.2.1 (Chapman-Kolmogorov [76]). Let G and G’ be graphs such that
EcNEq =0. Let GG denote GUG' and V' = Vg N V. Then

Zoor = ) (2E1)(285) = 25 28 (3.4)

O'GQV/

Proof. Recall partition function (1.1). For graph GG’ = G U G’, we have

ZGG’ = Z exp(ﬁHGG/(a)). (35)

UGQVGG,

For E¢NEg =0 and 0 € Qy__,,
HGG/(O'> = Hg(O') + /HG/(0>.
For V' = Vi N Vg, we have

Zoo = Y (exp(BHe(0))) (exp(BHe (o))

O’GQVGG,

= Z Z exp(SHa(0)) Z exp(BHa (o))

&GQV UEQVGl& UEQVG1|5
S (Zg’ g,) (Z‘G/,'|;,). (3.6)
geQy
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3.2.1 Transfer matrix

We describe the transfer matrix formulation in this section. Note that the partition
function has a property that allows it to be presented as a product of matrices. It
can be arranged into product of terms each depending only on nearest neighbour
pairs [7].

Recall the partition vector Z% . The vector is now reorganised into a matrix
denoted as 7. Two column configurations are fixed as incoming and outgoing sites
denoted as V; and Vj respectively such that V' = V; U Vp. The entries in matrix
T are indexed and the row and column matrix are associated with the set of all
possible configuration states €y, and Qy, respectively. Each entry at i-th row and
j-th column is given by

T =2Zg

UiGQVI,UjGQVO‘ (37>

The 7T is called a transfer matrix.
Refer Figure 3.1. Each configuration can be written as the entry in a matrix
T where the row matrix corresponds to two left vertices and the column matrix

corresponds to two right vertices.

Example 3.2.2. For a square lattice as in Figure 3.2, we have

(01702> = (0-370-4):{(171)7(172)7(271)7(272>}

O O3
(0)) Oy

Figure 3.2: 2 by 2 square lattice.
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and the transfer matrix

(1,1) (1,2) (2,1) (2,2)

(1,1) [ %67 287 2T 280 R R
(1,2)| 7 ¥/ 1 e*7 2?2 22 1 2?
7= (2,1)] ¥/ 1 e e - 1 2 2?
(2,2)\ 287 28 (2T 80 2 2 2 gt

Consider a lemma which related to Theorem 3.2.1 as follows. Denote V' \ V' as

the set of all elements in V that are not in V.

Lemma 3.2.2. Let G; and Gy be two graphs such that Eq, N Eg, = (. Let G1Gy =
G1 U G2 and V = VGl N VG2 and V/ g VG1G2. Then

ZE ol = Z (Z8)we) (ZE,|ere) - (3.8)
CGQV\V’
Here ¢, c is the configuration associated to V' and then to V . 0

The proof of Lemma 3.2.2 is similar to the proof of Theorem 3.2.1 (c¢f. Chapman-
Kolmogorov equation [76]).

Vv Vv Vv Vv -
‘G G e 6 4 V=V ) 4

G G’ GG’

Figure 3.3: Lattice graphs G, G’ and GG’ where G and G’ connected to form GG'.
The dot circles represent the incoming and outgoing spins, for example, V;, and Vo,
respectively.

If 7 and Tg are the transfer matrices associated to graph G and G’ and Eg N

Eg = 0, now we could use these transfer matrices to combine to graph. The
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incoming and outgoing spins are denoted as V;, and Vp,, respectively for graph G
and V;_, and Vp_, respectively for graph G’

Similar to partition vector multiplication, we can now combine two graphs by a
matrix multiplication. By equation (3.7) and Lemma 3.2.2, the transfer matrix of

two combined graph is given by matrix product
Tee =Te Ter

where Vi, = Vi, and Vp__, = Vo,

GG’

The partition function of the new graph is given by

d d
Zoor =YY (Tac)is (3.9)

i=1 j=1

where 7, j is the index of matrix Tge and d is the dimension of the matrix.
This combining process is restricted to the incoming and outgoing spins. Once
combined the outgoing spins of G and incoming spins of G’ become the interior spin

variables of graph GG', or Vo, =V,

el

Example 3.2.3. Let graph G U G’ given by Figure 3.3. The transfer matrices of

individual graph are given by 7 and T¢, i.e.
4 .2 2 2 3

[ N x> x r oz
T — 22 2t 1 2? and Toy — 2 2t 1 2?
2 1 2 2t 2 1 2 2?
e e r r x 2°
A combination of graph G and G gives
Taar =Ta Tar
o' 42t 2t St a2 24t 2t 4P 225 4 22
2° + ot + 2+ 2? ot +22° 4+ 1 22° + 21 2° + ot + 23 + 2
- 25 4 2t 4+ 2 + 2? 223 + 222 ot 4223 4+ 1 25 4 2t + 2 + 22

2x5+2x4 x5+x4+x3+$2 $5+$4+5E3+5U2 IE7+2{E4+£L’3
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And finally the partition function for GG’ is given by

Zaor = 227 + 1225 4+ 182 + 182% + 122 + 2.

3.2.2 Boundary Condition

Here we present two types of boundary condition that we consider in this thesis.
The boundary conditions are called open and periodic boundary conditions (we refer
to §2.1.3 and also [58]).

We say a lattice has an open boundary condition when there is no connecting

edge between two exterior vertices. Otherwise, it is a periodic boundary condition.

.

Figure 3.4: 5 by b square lattice with periodic boundary in vertical direction.

Figure 3.4 shows a 5 by 5 square lattice with both types of boundary condition.
The grey coloured particles correspond to the exterior sites of the lattice. The
disconnected dashed lines correspond to edges connecting the first and the lowest
rows whereas there is no edge connecting the first and the last column. The latter
shows an open boundary condition in horizontal direction and the former refers to
the periodicity in vertical direction. We had assumed an open boundary condition
for all previous examples.

For N, M € N, let N by M be the size of any square lattice graph I with N row

and M column vertices. Let T be the transfer matrix. The partition function for
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lattices with open horizontal boundary conditions is defined as [58].

Zopen - Z(TM)U (31())

]
The partition function for a lattice with periodic boundary condition in all directions

eventually becomes a trace of the matrix.

Zperiodic == Z(TM)M == tr(TM) (311>

3.2.3 Symmetry on graph

Here we present some available symmetries in some lattices which will further speed
up the calculation for partition function [58].

The implementation of the symmetries in the computation is as follows. We
classify all the configurations o € €2 into some subsets of 2. We call them a symmetry
class where its elements are the result of the translation, spin, reflection and rotation
symmetries.

All the microstates that are related to each other by these symmetries are
categorised into the same subset. Here only one configuration is chosen as the
class representative. The transfer matrix is then represented by this representative
configuration from each symmetry class. This matrix is a ‘reduced’ transfer matrix
and is used for numerical computation.

For () = 2, the spin symmetry is obvious with only 1 choice of permutation

between spin 1 and 2. For () > 2, we describe the spins permutation by symmetric

group.

Definition 3.2.3 (Symmetric group [63]). Let n € N be a positive integer. The
group of all permutations of a set A with n elements is called the symmetric group

on n symbols and will be denoted as S,,.

One way to describe the role of representative configuration is by the construction

of a representative vector from the reduced transfer matrix. Let €2; C Qxa be a set
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of configuration for a symmetry class ¢ and 2y, is the set of all configurations for
N by M lattice. The reduced transfer matrix 7g has entries denoted as (7g);; with
row index ¢ and column index j.

We denote a representative vector of symmetry class as R with each its entry

R; is associated with the symmetry class i. Let R = {R4, Ro,...}, we take
Ri=> (Ts)is-
J

Each entry in 7Tg corresponded to a specific representative element in R (based on
which €2; the column configuration belongs to. See example 3.2.4). The number of
elements in each class ¢ is given by [€;| = M; where Z 19| = [Qnar]-

Here we are working with matrix-vector multiplica‘éion to build M lattice layers.
Each multiplication gives new representative vector R. Here we add another
notation as in Rgm) to indicate the recurrence relation (eg. m = 2 means second
multiplication which build the third layer) where m = 1,2,...., M — 2 and M > 2.
Let Rgl) = R;, each matrix-vector multiplication gives new entries for R, i.e.

R =3 (Tg) i Ry (3.12)

J

where R,(gm) when k = 1,2, ... is the representative class associated with element 7;;.

Then the partition function for N by M lattice is given by
Z =3 MRMY (3.13)

where M; is the number of elements in each class ¢. For an example of symmetry

class, consider example 3.2.4.

Example 3.2.4. Consider a 4 by 2 square lattice of 2-states Potts model with open
and periodic boundary condition in horizontal and vertical direction respectively as
shown in Figure 3.5.

Let Q; <C € be the configurations in the first column with €; =
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P!

Figure 3.5: 4 by 2 square lattice with periodic boundary condition in vertical
direction.

{(a1,as,a3,a4)|a; = 1 or 2}. We have a list of symmetry class for the first column

of the lattice as follows.

Q= {(1,1,1,1),(2,2,2,2)}

Q = {(1,1,1,2),(2,1,1,1),(1,2,1,1),(1,1,2,1),
(2,2,2,1),(1,2,2,2),(2,1,2,2),(2,2,1,2)}

Q3 = {(1,1,2,2),(2,1,1,2),(2,2,1,1),(1,2,2,1),

Q= {(1,2,1,2),(2,1,2,1)}

Q] = 2 = || + [Qa] + Q] + Q] = 16.

Then the reduced transfer matrix is

,7;1:

and the partition function for this 4 by 2 lattice case is
Z = 3> Iul(Ts)y
i
= 22% 4+ 827 + 242° 4 562° + 762" + 562° + 242* + 8z + 2.

The space and spin symmetries are very useful in reducing the number of

computations for the transfer matrix multiplication.
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3.3 Zeros of partition function

We study the analytical properties of partition function by setting Z = 0 [53, 80].
Here we state the numerical method used for zeros finding approximation. Consider

the fundamental theorem of algebra below.

Theorem 3.3.1 (Fundamental Theorem of Algebra). Given any positive n > 1
and any choice of complexr numbers ag, ay, ..., a,, such that a, # 0, the polynomial

equation a,z" + ... + a1z + ag = 0 has at least one solution z € C. ]

See [53, p. 151] for the proof.

The fundamental theorem of algebra states that every non-constant single-
variable polynomial with complex coefficients has at least one complex root. This
includes polynomials with real coefficients.

In this study, we use a Newton-Raphson (NR) method [81] to find the complex
root of the partition function. All programs use a C++ programming language.
This method is described in Appendix § A.

We have shown the computational approaches used for the study on partition
function in this chapter. The zeros of partition function for specific models are
discussed in the next three chapters. We begin by presenting the case of Ising model,

followed by -state Potts models and then continue with Zg-symmetric models.
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Square lattice Ising model

partition function zeros

This chapter is focused on the study of Ising model partition function on finite size
square lattice. We derive the partition function of the Onsager’s Ising model [40, 75]
in the first section. Then the partition function for finite size square lattice and its
zeros are computed in the next section. The zeros are plotted into the complex-e**
Argand plane.

A function o7 : V' — {1, —1} is called a spin configuration for Ising model. We
call the o spin up for value +1 and spin down for —1. For a given graph A and €2,

we define the Hamiltonian function for Ising model as follows.

Definition 4.0.1. The Hamiltonian of Ising model on graph A = (V, E, f) is defined

as Hlsing(al) - _J Z U[(i)O’](j).
(i,5)=f(e),
eck
For writing purposes, we write o;(j) as o; for any j € N. The Ising and Potts

models are related to each other by this relation:

05+ 1 B

L = b0, (4.1)

i.e. when 0;,0;, = {1, -1}.

47
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4.1 Exact solution — the Onsager’s solution

Here we present the partition function of Onsager’s exact solution on square lattice
Ising model.

Let N, M € N be the number of vertices in vertical and horizontal directions
respectively. Let the partition function Z be produced by multiplication of transfer
matrices (as explained in §3.2). Recall (3.11) that for spins on N by M square
lattice with periodic boundary condition in all directions, the partition function is
given by

7 =tr(T")

where 7T is the transfer matrix.

Alternatively, a lattice graph can be built locally by adding a single local bond
or edge at a time. We could work on the local transfer matrix for each bond to
construct the transfer matrix. We introduce them here.

Let ¢; be a matrix representing a horizontal edge interaction in i-th row and #;(; 1)
be a matrix representing a vertical edge interaction in é-th and (i + 1)-th rows. Let

15 denote a 2 x 2 identity matrix and for £ € N,

]1;9’“;:112@)12 e ® 1y

?v<®

is a 2k x 2k identity matrix. We add layer of lattice graph locally by these local
transfer matrices.

Recall z = €7, For N x M lattice, t; and Liti+1) can be written as

-1
) x X )
ti=1""® ® 1P

T T
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and
z 0 0 0
. 0z 0 G
tigen) = 15" ® @157,

0 0 ozt

0 0 0 =z
1 1
2 2

Figure 4.1: Square lattice with local bond construction.

Consider a square lattice as in Figure 4.1. For the local transfer matrix below
(t1,t2, and t(9)), each edge is added depending only on the vertices 1 and 2. These
vertices are the outgoing vertices for this example. Other vertices are not involve
with this addition. The matrix for the interaction between vertices 1 and 1’ is then

given by
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The matrix interaction between 1’ and 2’ is then given by

r 0 0 0
0 2zt 0 0
li2) =
0 0 z'0
0 0 0 =x

The above matrices are called local transfer matrices.

We can express a transfer matrix in this form,

T = "l

= (H ti) (H ti(i+1)> (4.2)

where tx(nv41) = tya) for a periodic boundary condition in vertical direction.

Example 4.1.1. Let N = 5, then the transfer matrix is given by

T = titatstatstiz)tas)tamtas)ts)-

Theorem 4.1.1 (Perron-Frobenius theorem). Let A be a d-dimensional positive
matriz. Then there exist a unique largest magnitude eigenvalue \ which is itself

positive. The associated eigenvector can be chosen to be positive. [

See [69] for the proof.

Suppose that a transfer matrix 7 has dimension d with real value 5. The matrix
T is symmetric and positive since it is associated with real and positive Hamiltonian
function. This allow us to diagonalise matrix 7 by similarity transformation [13,

p. 549]. For any matrix 7, there exist a matrix S such that a diagonal matrix
T = STS™'. This transform
T — STS™.

By this similarity transformation, for any M € N,

T = §7'8TS1STS 1S -
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with
A O 0
. . 0 X - 0
T=8TS " = ‘ o ‘ (4.3)
0 0 - N

where {\;} are the eigenvalues of the matrix 7. This gives

Moo o0
0 A -0

=5t " T ]s. (4.4)
0 0 - AY

Recall the eigenvalue and eigenvector relation 7 v = Av. The ket-vector |i >
has relation 7 |i > = \;|i > and the bra-vector < j| has relation < j| 7 =< j| A,
such that

<i|j >=0;; and |i ><j| =14
for any 7,7 = 1,2,...,d and 1, is the d-dimensional identity matrix.

Example 4.1.2. Let 7 be the transfer matrix and a;, b; € R are associated to any
basis vectors |i > and < j|. For some a; and b; we could have a basis vector given

by equation below.
d—1
.
<1 1 1) :Zai‘i>
i=0
and

-1
(1 1 ...1):ij <jl.
=0

By induction,

Tli> = \Nli>,

= Nli>.
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Then,
TY i > = M7 )i >
= )\i‘/l_2>\zT|Z>
A >
Hence

TY)i>=M1]i > .
Then we may have a partition function given by

Z = (1 1 ---1)TM<1 1 ---1)T

d—1 d—1
- S T i
7=0 =0
d—1 d—1
= > b <l Y aN]i>
7=0 =0
d—1
= Z azb])\f\/[ < ]|Z >
2,7=0
d—1
== Z azb])\fw&]
2,7=0
d—1
=0

By Perron-Frobenius theorem 4.1.1 there exist a unique largest eigenvalue for
any positive matrix. Denote g as the largest eigenvalue, we have

d—1
Z = aghoA)' + > aibiAY (4.5)

i=1
d—1 ) M
i=1 0

Let {\;} be the eigenvalues of T, equivalently, for N by M lattice, the partition
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function
Z = to(T") (4.7)

- fw (4.8)
=\ (1 +§ (i—o) M) : (4.9)

For M — oo, the other eigenvalues give only small contribution which leads to
7~ N

One approach for this exact solution was studied by Kaufman [40]. Kaufman
describes the relation between a transfer matrix problem with a rotational matrix.
Both matrices are linked by matrix algebra. From this relation, the eigenvalue of
a suitable rotational matrix is equal to the eigenvalue of a transfer matrix. See
formulation of this relationship in detail in [92, p. 70 — 86].

We briefly present parts of the derivation of the eigenvalue A in Appendix §B.

This derivation gives

M= ﬁﬁl (K — 2(cos(2rk/N) + cos(2mr/M))) (4.10)
where
_ 6_(215;“1 e_f_);) . (4.11)
Then we have,
Iy ~ MM
= ’f[lﬁl (K — 2(cos(2mk/N) + cos(2mr/M))) . (4.12)

For y = €? and C' = cos(27k/N) + cos(2nr /M), each factor in (4.12) can be written
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in a polynomial form when Z = 0. We can find the zeros for each factor where

K —2(cos(2mk/N) + cos(2mr/M) = 0
e +20e 427 — 20 +1 = 0
y 20y P 2P =20y +1 = 0

yt =20y + 29 +2C0y+1 = 0 (4.13)

for any N by M square lattice with k =1,2,.... N and r=1,2,..., M.

4.2 Ising model on finite lattice case

In this section the zeros of the partition function are plotted in the complex-e**
Argand plane for Ising model on square lattice. The zeros are computed by the
Newton-Raphson method [81]. The Onsager’s square lattice Ising model has a
periodic boundary condition in the vertical and horizontal directions.

The partition function is derived from equation (4.13) (we refer to Appendix
§B). Since the size is finite, the partition function has positive coefficients. Its zeros
will always lie off the real axis. The closest zeros to the real axis (we call endpoints)
move closer to the real axis as the size increases.

Figures 4.2 to 4.5 show the zeros distributions for Ising model on square lattices
with N = M = 14,90,99,100. Figure 4.3b for example is the enlargement for
N = 90 zeros distribution near the ferromagnetic region (explained later in §4.5).
We can see that the zeros are very close to the real axis. These zeros distributions
form a pattern of two circles as we increase the lattice sizes. Each distribution has
subsets of points with zeros located exactly on two circles. These two circles are the
loci of the zeros for the square lattice Ising model [50, 99].

At thermodynamic limit, the zeros distribution is manifested by the two circles

shown in Figure 4.6. One of the circles cut the real axis at the critical point 1+ v/2.
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Figure 4.2: Zeros plane for 14 by 14 square lattice, a) complete distribution and b)
a blow up picture near real axis.
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Figure 4.3: Zeros plane for 90 by 90 square lattice, a) complete distribution and b)
a blow up picture near real axis.
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Figure 4.4: Zeros plane for 99 by 99 square lattice, a) complete distribution and b)
a blow up picture near real axis.
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100x100

kY ) f00x100
%

Figure 4.5: Zeros plane for 100 by 100 square lattice, a) complete distribution and
b) a blow up picture near real axis.

2
1
0
-1
2L
2 a1 0 1 2

Figure 4.6: oo x oo square lattice Ising model.
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4.3 Finite size effect

The list of zeros distribution of Ising model in previous section (§4.2) gives the
evidence that the lattice size has significant effect on the zeros distribution especially
in determining the analytic structure of the zeros distribution. We will see variety of
analytic structure of the finite case with respect to the specific boundary condition
explained later in §5.1.

Here we consider a simple function for visualising the finite size effect on the
locus of zeros in the complex plane. For example, consider a toy model [58] where
N € N and

Z =" +1. (4.14)

The partition function can be written in its zeros form [86] i.e.

7 = H (x — e%’(1+2ﬂ> )

r=0

—_

Example 4.3.1. Suppose N = 4, then

Z = a2V +1
= '+ 1.
The zeros of Z is given by
+1 = 0
r = V-1

~ {eT0H20Y = {0,1,2,3}.
Similarly, suppose N = 10, then

+1 = 0
r = V-1

~ {e®042)): = {0,1,2,...,9}.
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(c) (d)
Figure 4.7: Zeros plane for N = 10, 20,50 and 70.

Figure 4.7 shows the zeros distributions for different value of N from equation
(4.14). The zeros are equally distributed in this plane and the gap between two
zeros is decreases as N increases. This distribution has locus of a unit circle where
the zeros cut the real axis at Re(z) = £1.

The zeros distribution for the Ising model shows similar behaviour as suggested
by the example in Figure 4.7. The zeros for different value of N are distributed in
a specific pattern and become denser as N increases. The endpoints of the zeros
move closer to the real axis.

We show in Figures 4.8 and 4.9 the distributions for the Ising model on square and
cubic lattices in some value of N. Both figures are called the overlay distributions
where we plot the result from two different cases in one complex plane. Note well
here, though, that these results follow a very careful and special choice of boundary

conditions without which the locus of zeros will also experience finite size effect.
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Figure 4.8: Overlay distributions on square lattices with different system size N.
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Figure 4.9: Overlay distributions on cubic lattices with different system size V.



60 Chapter 4

4.4 Duality relation

We discuss a duality relation for the Ising model in this section. Recall y = €%’

and the duality transformation [58] of the Ising model described in §2.2 is given by
relation
1 y—1

Y y+1

We can study this relation and see the change in the locus of the zeros. For

a,be R, y=a+ b, let

1 g—-1
A (4.15)
y y+1
where y is a complex number and y is its complex conjugate. Then
1 a—bi—1
a+bi  a—bi+1
a—bi+1 = (a—0bi—1)(a+ b)
a>—2a+b"—-1 = 0
b = £V2a—a®+ 1 (4.16)

Recall that the exact solution has locus of two circles where one of the
interception points is at 1+ v/2. Plotting relation (4.16) will give a structure which
is the same with one of the circles in the exact solution. At real axis when b = 0,
we have a = 1 + /2 that is equal to the point in the exact solution.

From the above observation, the circle in the exact solution that has interception
point at 1 + v/2 is invariant under a duality transformation. The zeros which are
fixed under the duality transformation (4.15) are just a complex conjugates of one
another. The duality circle has radius v/2 centered at (1,0) in the complex plane.

An overlay plot of (4.16) with the zeros from specific case of square lattice will
highlight the invariance property. The majority of zeros lie in part of the plane,
exactly on an arc of a circle but not all of the zeros are confined to the circle. Figure
4.10 plot the dual case of a 14 by 14 Ising square lattice together with the complex

conjugation circle (4.16). The zeros are computed directly from relation (4.15).
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Figure 4.10: Distribution of dual zeros for 14 by 14 Ising square lattice and the circle
(4.16).

4.5 Ferromagnetic and antiferromagnetic regions

Here we explain the relation between the complex plane of the zeros distribution
and the ferromagnetic and antiferromagnetic states [41, 46, 68| in a physical system.

The ferromagnetic (ferro) state corresponds to the state where all the molecular
dipoles point in the same direction. Conversely an antiferromagnetic (antiferro)
state corresponds to the state where each molecular dipole tends to point in the
different direction from its neighbours.

Note that the interaction energy J is assumed to be the same for every dipole-
dipole nearest neighbour interaction and z = e”’. If J > 0, the Hamiltonian function
will be in its lowest energy where all spin variables spin in the same direction. The
system is said to be in the ferromagnetic state. Otherwise, if J < 0, the negative
coupling constant J will force the variables to be anti-align to its neighbour. This
is the antiferromagnetic state.

Since temperature 7" > 0 gives f > 0, when J > 0, the (0, 1)-region is not
physical i.e. ¢’/" = 1 for B = 0. Hence the (1,00)-region corresponds to the
physical state of ferromagnetism. But if J < 0, the e”/?" > 0. Hence the (0, 1)-

region can be interpreted as the antiferro region.



62 Chapter 4

From this chapter, we see that the study of zeros of the partition function allow
us to study the limiting behaviour of the zeros in the complex plane. The zeros
distribution may suggest the limiting behaviour of a bulk system at large enough
lattice size.

For comparison, we describe the result for the 2-state Potts model in different
boundary conditions. We present their zeros distributions and observe any zeros

structure in the next chapter.
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The ()-state Potts model partition

function zeros

This chapter presents the zeros for the (J-state Potts model partition function for
several lattice types and () = 2,3,4,5,6. Recall that the partition function for a
given lattice A = (V, E, f) and Q is defined as

ZPotts = Z eXp(_BHPotts<0—))

oc€Hom(V,Q)

where H poits is as in Definition 1.1.5. We consider two- and three-dimensional lattice
graphs as described in Chapter 2.

The zeros are plotted in a complex-e” Argand plane for observation. The zeros
distributions for a given lattice type are arranged in increasing sizes.

As discussed in §2.1.1 and §4.2, we may search for the convergence sequence
of analytic structure from the zeros distribution. We search for the structure or
pattern formed by the collection of zeros in the complex plane.

The partition function calculation for lattices bigger than the previously studied
case [9, 23, 58, 60, 77| will be one new finding in this thesis. In §2.1.1 we explained
why results for larger finite lattice sizes of a given type are valuable.

Recall in Chapter 4, we showed the emergence of pattern of zeros structure
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as we change the lattice size.

Then we relate them to the critical point in the

thermodynamic limit in the example of square lattice Ising model [40].

Figure 5.1: Number of row vertices denoted y (also we denote this y = N) and

column vertices denoted = (also we denote this x = M).

Main results

Table 5.1: Largest sizes for all considered lattice types

(highlighted in grey).

including the new results

Q 2 3 4 5 6
20x20” | 13x13" | 10x10’ 8x9’ 8x9’
Square 14x14° | 11x13’ 9x9’ 9x9’
15x17 | 12x137 | 10x13’
13x137 | 13x13’ =7 <7
14x14’ | 14x17 8x8’ 8x8’
15x15’ 9x9’
Triangular 10x10’
11x13’
Hexagonal 18x18" | 12x12" | 10x13’
Cubic oxdxd’ | 3x4x10’ | 3x3x10" | 3x3x5" | 3x3x6’
3x3x7" | 3x3xT’
Tetragonal (hep) | 3x4x7’ | 3x4x7’
Ax4XT’
3x3x7" | 3x3xT’
Octagonal (fcc) | 3x4x7" | 3x4x7’
4x4xT’

First we give the notation for specifying a graph A in the case of square or

cubic lattice type. Let N, Ny, N, correspond to the number of vertices in the three
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directions z,y and z. We write N, x N, x N, for periodic boundary conditions in
each direction. A notation with prime such as N! for z direction represents the open
boundary condition. Note that IV, x N, and N, x N, x NN, represent the two- and
three-dimensional case respectively. We write (N, x N,) for the dual lattice and
(N, x N,) corresponds to the self-dual lattice as defined in §2.2.

Table 5.1 summarises the lattices considered in this thesis for @)-state Potts
models. Each result of zeros distribution for different lattice graph is discussed in
separate section.

Three new results extending the existing literature such as in [59, 92] for the
3-state Potts model on square lattice are produced for N = 13,14, 15. We have also
produced new results for the triangular lattice for 2-, 3-, 4- and 5-state Potts model.
The octagonal and tetragonal lattices are another new cases we have considered for
this thesis.

We have considered all computable cases up to specific lattice sizes (based on our
current computing resources). For cubic lattice however, we could not produce a new
result due to computing limitation. The number of configurations in one layer of the
5 x 6 x 5 for example, contains 30 vertices (5 column in z-axis and 6 row in y-axis).

230 configuration states. This huge number of states however,

This equivalent to
exceed the maximum value of the standard integer in the computer. For comparison,
each 1 step expansion in the square lattice involves only an increment of Q?V. This
number of configurations is much smaller than the lattice layer configuration state
for cubic lattice i.e. for Q* .

Each case except for the 2-state Potts model has periodic vertical and open
horizontal boundary conditions. We consider this type of boundary condition since
we could produce a zeros distribution that is not fuzzy especially in the ferromagnetic
region. This boundary condition also has translation symmetry in the vertical
direction which is essential to reduce the number of computations. The computer

program for computing the partition function in this thesis is designed to use a

matrix-vector multiplication. This strategy is implemented to reduced the memory
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usage in the computing resources.

Previous results

The Onsager’s partition function for square lattice Ising model allows us to find the
zeros distribution for any square lattice size (but in general for boundary conditions
different from ours — as given in Chapter 4). The paper by Chen, Hu and Wu [16] is
another example for the study on square lattice with self-dual boundary conditions.

The previous largest result for the 3-state Potts model on square lattice was due
to Martin [59] where he produced 12 x 13’ square lattice. Similar to this, Valani
also considered the 3-state Potts model on a (12 x 16)" self-dual square lattice. In
addition to this, Matveev and Shrock [61] in the earlier paper showed the result for
10 by 8 lattice for several boundary conditions. Valani in his thesis [92] produced
the zeros distributions for state Q = 2, 3,4, 5, 6 for different boundary conditions.

Furthermore, the Ising model on hexagonal lattice had been previously studied
by Feldman, Shrock and Tsai [25] on 24 by 18 and also 20 by 20 lattice sizes.
They also considered for the @ = 3,4 on hexagonal lattice particularly for 12 x 16
lattice. By duality transformation, Feldman, Guttmann, Jensen, Shrock and Tsai
[24] plotted the zeros distribution for triangular lattice up to boundary condition
similar to 12 x 9" and 10 x 10’ for Q = 2 and 6 x & for Q = 3,4. They consider
several types of boundary condition including all periodic and also mixed periodic
and open boundary conditions. Martin and Maillard [60] on the other hand extended
the triangular lattice for 3-state Potts model for 108 sites i.e. 12 by 9 lattice.

In addition, Pearson [77] described the Ising model on 4 x 4 x 4 cubic lattice and
then Bhanot and Sastry [9] presented two steps larger with 4 x 5 x 5" cubic lattice.
The latest and largest lattice for the cubic case however still due to Valani [92]. In

his thesis, he discussed a sequence of cubic lattices up to 5 x 5 x 10'.
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5.1 2-state Potts (Ising) model on square lattice
— revisited

As a check for the programs we start with running them on the exactly solved case
of square lattice 2-state (Ising) Potts model. The comparison between the result of

zeros distribution at limit and at finite sizes is also presented here. We consider the

finite case restricted to some boundary conditions.

1ax14

Figure 5.2: Square lattice Ising model with Onsager’s partition function a) 14 x 14

and b) 50 x 50.

The square lattice Ising model zeros distribution is discussed in §4.2 where the

50x50
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Figure 5.3: oo X oo square lattice Ising model.
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lattice size is varied. See Figures 5.2 and 5.3. All the zeros lie on the subsets of
points with zeros forming two circles. It is evidence from here that the zeros are
distributed in a pattern of two circles. This is their limiting locus of points. At
thermodynamic limit, the two circles is shown in Figure 5.3. We refer to Chapter 4
for other zeros distribution for this model. The zeros distributions for all the finite
cases are produced using our own computation.

Figures 5.4 and 5.5 show the zeros distributions for square lattice with open
boundary and periodic boundary in horizontal and vertical directions respectively.
See Figure 5.4f. The limiting two circles are drawn in this figure. As the lattice
size increases, the zeros are approximately approaching the two circles. Notice that
some of the zeros are distributed exactly on these circles. The endpoints near the
real axis getting closer to the real axis.

Consider for example the 8 by 8 and 14 by 14 square lattices. The overlay zeros
distributions with the zeros generated from Onsager’s partition function (4.13) are
shown in Figure 5.6. The distributions are different relative to their boundary

conditions. The locus at thermodynamic limit is drawn as two incomplete circles.

5.1.1 The effect of boundary conditions

To highlight further the boundary effect on the zeros distribution, we present the
square lattice of same lattice size with all the considered boundary conditions.

Consider the zeros distribution in Figure 5.7 for periodic-periodic boundary
conditions. The distributions show the existence of symmetries under inversion
of a unit circle z — i, complex conjugation, duality relation and the sign reversal
symmetry x — —z. This is a complete 8 symmetries.

When N is an even number, this gives an exact symmetry which satisfies all the
8 symmetries. When N is odd number, the distribution has only an approximated
inversion of a unit circle. For even N, the spin configuration state can forms a
checkerboard pattern where every vertex is allowed to point in different direction

from its nearest neighbour.
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Figure 5.8 shows the distribution for the 2-state Potts model on square lattice
with self-duality condition. A smooth zeros distribution is forming a pattern of a

circle in the physical region.

T T T T T
6x6 6x6"

(6x6y

+
ot

i

L L L L
-2 -1 0 1 2

()

Figure 5.9: 2-state, square lattice with different boundary conditions.

Figure 5.9 shows the zeros distributions for the 6 by 6 square lattice with different
boundary conditions. The zeros for model with mixed periodic and open boundary
conditions (Figure 5.9b) are distributed around two circles but mostly are not exactly
lie on the limiting two circles. In contrast, the zeros for self-dual lattice case (Figure
5.9¢c) shows a clear line distribution especially in the positive real axis part (first

and forth quadrant). The two circles are apparent even at small lattice size.
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5.2 3-state Potts model on square lattice

Here we present the zeros distribution for the 3-state Potts model on a square
lattice with periodic vertical and open horizontal boundary conditions. The study
for higher state ) > 2 is interesting because until now there is no exact solution
found for these cases.

In Figure 5.10, a structure which we call a branch can be seen in the non-physical
axis (—o00,0]. This branch is related to the (0,1) antiferro region by the duality
transformation (2.11). The increment in size shows multiple branch structures start
to get closer to the real axis. Close to real axis, we observe an arm of dense zeros
in the antiferro region. In the first and forth quadrants, an arc of a smooth circle is
also observed. Note that the different structure between odd and even N is due to
the finite size effect.

See particularly the new results for N = 13,14 and 15 in Figures 5.12 to 5.14.
Figure 5.15a shows the overlay distribution of zeros for N = 12,13 and Figure 5.15b
for N = 14,15. The different in the non-physical region is particularly obvious
between these figures (also see Figure 5.16).

Nevertheless, the zeros curves are the same for all cases at the (1,00) ferro
region except that their ending points have different value. The endpoint here is
represented by the closest point near the real axis. The biggest size N = 15 has the
closest point to this axis as compared to other sizes N < 15.

Figures 5.17 and 5.18 in addition emphasize the enlargement of the zeros
distribution for N = 12,13,14 and 15 especially for the physical regions.
Correspondingly, the zeros structure in the antiferro region moves closer to the
real axis.

Although we expect that the closest point to the real axis comes from the largest
case, Figure 5.16 shows otherwise. The closest point in this region is represented by
the zeros from N = 14. As discussed earlier, we know that the partition function is

always affected by the finite size effect.
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Figure 5.10: 3-state, square lattice with periodic-open boundary conditions.
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Figure 5.17: Zoom in: 3-state Potts model on 12 x 12" and 13 x 13’ square lattices.
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Figure 5.18: Zoom in: 3-state Potts model on 14 x 14" and 15 x 17’ square lattices.
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5.2.1 Self-duality partition function

We investigate the duality transformation for the 3-state Potts model on square
lattice in this section.
On an infinite lattice, the square lattice is self-dual where the partition function

is invariant under the duality transformation (2.11) given by

T % (5.1)

Similarly, this duality transformation gives the same mapping for the zeros of the
partition function. But for a finite lattice the effect of the transformation depends
on the boundary conditions. However the boundary effect will be reduced at large
lattice size when the partition function is approximately self-dual.

The zeros of the Ising model partition function lie on the locus of two circles
where the dual for each zero must be its complex conjugate. Recall from §4.4 that
in this model the duality circle has radius V2 centered at (1,0) in the complex plane.
Similarly, for the 3-state Potts model we may deduce its locus of zeros by this duality
transformation. In this case the circle has radius v/3 centered at (1,0) (see Figures
5.19 and 5.20).

Generally, a self-dual polynomial partition function may be constructed from a
linear combination of partition functions from various boundary conditions [26, 54,
55]. Recall also the dual graph relation in §2.2. Let Z; be the dual of Z given by

Z (%) = Za(2).
Here we will construct the linear combination of partition functions, denoted Z*

which preserve the self-duality condition. Let M € N be the degree of Z, then

1

2@ = g oem

Z(x) + Za(z) (5.2)
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where

r—1

Z*(w) — Zu(a) ¢ ——2(a)

The polynomial Z* has zeros distribution which lie on an arc of a circle that
is invariance under duality transformation. This transformation corresponds to a
zeros complex conjugation but not all the zeros are confined in that circle [34, 58].

This circle is given by

1-Q
B _

The zeros distribution for Z* on 12 by 12 and 13 by 13 square lattice with open
horizontal and periodic vertical boundary conditions for () = 3 are presented in

Figure 5.19.

Q=3, 12x12 ' ' ' ' ' Q=3, 13x13'

Figure 5.19: Zeros distribution for polynomial Z*: a) N =12 and b) N = 13.

Figure 5.20 in addition plots the overlay zeros distribution for the Z, Z; and
Z* (denoted as Z' in the plane). The incomplete circle in Figures 5.19 and 5.20
correspond to the circle (5.3).
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-2 -1 0 1 2 3

Figure 5.20: Zeros distribution for polynomial Z, Z; and Z* = Z': a) N = 14 and
b) N = 15.
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5.3 ( >4, square lattice Potts model

Here we consider the square lattice Potts model with state () = 4,5 and 6.
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Figure 5.21: 4-state, square lattice with periodic-open boundary conditions.
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Figure 5.22: 4-state, square lattice with periodic-open boundary conditions (cont.).

The results of the 4-state case are shown in Figures 5.21 and 5.22. The zeros
distribution in ferro region form a circle-like structure and the endpoints getting
closer to the real axis as the size increases. We call the thick zeros collection that is
very dense in some parts in the complex plane an arm band. In this figure, there is
no obvious arm band in the antiferro region. For the non-physical region however,
there are visible branches of zeros getting denser as the size increases. See this also
in Figure 5.22.

Similarly, Figures 5.23 and 5.24 show the distribution for ) = 5 and 6,
respectively. For both cases, we can see a steady curve in the ferro region as we

change the lattice size. Our result is not large enough to suggest the limiting
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behaviour especially in the antiferro region, although a circle-like structure is obvious

in the ferro region.
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Figure 5.24: 6-state, square lattice with periodic-open boundary conditions.
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5.4 On triangular and hexagonal lattice

We know from Chapter 2 that the triangular and hexagonal lattice, up to boundary
condition are dual to each other. This means we can get the hexagonal lattice
distribution from the triangular case and vice versa.

Here we consider )-state Potts models on triangular and hexagonal lattices
with periodic and open boundary conditions in vertical and horizontal directions
respectively.

For the 2-state Potts model on triangular lattice, the zeros distributions shown
in Figures 5.25 and 5.26 have values near a pattern of a double ‘horseshoe’. The
scattered points are due to the boundary condition and the finite size effect. At the
thermodynamic limit, the zeros distribution is expected to be smooth in this locus.

Figure 5.27 shows the zeros distribution for the 3-state Potts model on triangular
lattice. The positive real axis shows the existence of arcs of zeros approaching the
ferro and antiferro regions.

In addition, the zeros distributions of the 4- and 5-state Potts models on
triangular lattice are presented respectively in Figures 5.28 and 5.29. We can see
the line of zeros approaching the real axis in the ferro region as the size increases.

In the 4-state case, we can see some zeros move closer to the antiferro region as
the size increases. This region either has a transition at the origin or interestingly
at small positive value close to origin. A bigger lattice is needed for studying this
region.

The case for 5-state however has a line of zeros approaching the real axis in ferro
region but not in the antiferro region. Here some branches in the non-physical region

move closer to the origin as the size increases.
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Figure 5.25: 2-state, triangular lattice with periodic-open boundary conditions.
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Figure 5.28: 4-state, triangular lattice with periodic-open boundary conditions.
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Figure 5.30: 2-state, hexagonal lattice with periodic-open boundary conditions.



96 Chapter 5

For the 2-state hexagonal lattice in Figure 5.30, the zeros in the physical region
form a pattern looking like a bean, especially in the first and forth quadrants. A
visible locus of small circle near the origin and a ‘bean’-like structure starts to appear
in the physical region as we increase the size. At large enough lattice, it is expected
that the distribution will have smooth structures.

For the 3-state case in Figure 5.31, the zeros are still far from the real axis in the
ferro and antiferro regions. However a short arm at the antiferro region seems to
move into the real axis direction. In the 4-state case, the antiferro region in Figure
5.32 also shows a short branch starts to emerge as we increase the lattice size.

We shall see a duality relation between the zeros distributions of triangular lattice
and hexagonal lattice in the next section §5.4.1. Note that the hexagonal lattice

has polynomial order that is twice the order of polynomial for triangular lattice.

5.4.1 Duality transformation

Here we present the result from the duality transformation (2.11) on the triangular
lattice. The lattice graph duality relation was described in §2.2. For example,
consider the zeros distributions as shown in Figure 5.33 to Figure 5.36. We can
produce similar zeros distribution for hexagonal lattice using this transformation.
These examples show the implementation of duality transformation on the
available zeros which gives result for its dual case. The result for a bigger hexagonal
lattice can be produced from the triangular lattice; for example the 24 x 24’ hexagonal

lattice from 12 x 12’ triangular lattice.
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3-state, hexagonal lattice with periodic-open boundary conditions.
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5.5 On cubic lattice

Here we show the zeros distribution for cubic lattice )-state Potts models with
@ > 2. Figures 5.37 through 5.42 present the zeros distributions for number of
states Q = 2,3,4,5,6 on cubic lattice with periodic boundary conditions in x and y
direction and open boundary condition in z direction.

The largest 2-state Potts model on a cubic lattice in this thesis is the size 5 x
5 x 5" (see Figure 5.38¢). We checked the result for big cases for example the zeros
distribution for 5 x 5 x 5" and 6 x 4 x 5’ (see Figure 5.38b) are correct as discuss in

Valani’s thesis [92].
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Figure 5.37: 2-state, cubic lattice with periodic-periodic-open boundary conditions.
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Figure 5.38: 2-state, cubic lattice with periodic-periodic-open boundary conditions
(cont.).

For small lattice sizes, no specific pattern can be extracted from the zeros
distribution. But as the size increases, the pattern of zeros becomes more apparent.
This can be seen for example for 4 x 4 x 10 case in Figure 5.37d. The multiple
branches near antiferro region only exist for odd N, or N,. This effect is due to the
checkerboard pattern in the configuration. The odd case has no perfect checkerboard
because of the periodic boundary condition. The distribution gives almost complete
inverse symmetry x — .

The zeros distribution for the 3-state cubic lattice is presented in Figure 5.39.
As the size increases the zeros move toward real axis but not in the same locus as

the 2-state cubic case. Again, multiple branches are seen at the antiferro region.
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Figure 5.39: 3-state, cubic lattice with periodic-periodic-open boundary conditions.
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Figure 5.40: 4-state, cubic lattice with periodic-periodic-open boundary conditions.
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Figure 5.41: 5-state, cubic lattice with periodic-periodic-open boundary conditions.
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The zeros distributions for 4-, 5- and 6-state Potts models on cubic lattices are
presented in Figures 5.40, 5.41, and 5.42. The distributions are dominated by the
finite size effect since the pattern is largely changing as the size increases. Although
we can see the zeros move closer to real axis in the ferro region, that is difficult to

conclude exactly for the antiferro part.
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Figure 5.42: 6-state, cubic lattice with periodic-periodic-open boundary conditions.

5.6 On tetragonal and octagonal lattice

The final case that has been considered for the ()-state Potts model is the three-

dimensional cubic lattices with closed packing. Here we consider two types of lattice
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with closed packing known as the face-centered cubic lattice and the hexagonal close-
packed lattice. Respectively, we call this two cases by their regular shapes portrayed
in their lattice layer which are the octagonal and tetragonal lattices.

The zeros of the partition function for the 2-state Potts models on tetragonal
lattice is shown in Figure 5.43. For small N, and N,, we can see the pattern of
zeros distribution is changing. As the size increases, the pattern develops into more
clear curve towards stability. We can see more symmetries such as © — —z. A
smooth line of zeros approaching the physical axis is also observed. This suggests
the existence of a positive antiferro transition point.

For the tetragonal lattice 3-state case in Figure 5.44, the distribution is
particularly scattered at some part of the non-physical region including the antiferro
region. In ferro region, the zeros getting closer to real axis with dense line. The
3 x 3 x T case in Figure 5.44c shows a line emerges in the antiferro region. The finite
size effect is obvious in these distributions portrayed by the zeros that is scattered
in some parts of the plane.

The zeros distribution for the 2-state octagonal lattice is shown in Figure 5.45.
As the size changes, an arm of zeros starts to form and moves closer to the antiferro
region. The behaviour of this zeros is very similar to the tetragonal 2-state case.

Furthermore, the zeros distributions for the 3-state octagonal cases are shown in
Figure 5.46. Again, the similarity with the tetragonal case is observed. The locus
of zeros in the physical region is more stable as compared to the scattered zeros in
the non-physical region.

For the hexagonal close-packed lattice, the vertices are placed in repeated
tetrahedron shape. This arrangement forms another shape of octahedron at some
middle layer of the lattice. This is similar to the face-centered cubic case. For
this reason, although we portrayed them with different regular shape, the zeros
distribution has a similar pattern of distribution. In all these four cases in this

section, the zeros endpoints in ferro region are very close to the real axis.
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Figure 5.43: 2-state, tetragonal lattice with periodic-open boundary conditions.
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Figure 5.44: 3-state, tetragonal lattice with periodic-open boundary conditions.
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Figure 5.45: 2-state, octagonal lattice with periodic-open boundary conditions.
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5.7 Discussion

We have considered many computable cases of ()-state Potts models on sequence of

crystal lattices from two-dimensional to three-dimensional cases. For each case, we

vary the lattice size and continue to investigate the model for given () spin directions.

We are interested to investigate the zeros distribution analytic structure particularly

in the physical region.

The locus of points for the 2-state Potts model on square lattice for example

satisfies the result in Chapter 4 i.e. two circles. The exact solution of Ising model

on square lattice by Onsager is the benchmark for checking our computation.
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For @) > 3, Q-state Potts models on square lattices show the line of zeros
distribution that is smooth in ferromagnetic region. As the size increases, we can see
the zeros form a nice arc approaching the real axis. However, no visible structure is
manifested in the antiferromagnetic (0, 1)-region. Similar behaviour is observed for
zeros distribution on triangular and hexagonal lattices for Q) = 4.

Although the 2-state Potts model on triangular lattice suggests no interesting
structure in the antiferro region, its dual case of hexagonal lattice shows otherwise.
The hexagonal lattice shows the presence of the transition point at ferro and
antiferro regions. Conversely, the 3-state Potts model on triangular lattice has
similar behaviour.

The behaviour of zeros near the positive real axis is understood to be a
corresponding to the behaviour of a physical property near a phase transition [56, 60].
The locus of points formed by the approximation of the zeros distribution near the
limiting size can suggest a particular point on the real axis. The locus cut the real
positive axis at a singular interception point. It corresponds to the critical point
where the system change phases.

For finite lattice, the zeros distribution is always affected by the finite size effect.
For small cases, this effect is dominating the partition function. As the size increases
for a good model, the fuzziness in the distribution (as shown in Figure 5.4) will
eventually stabilise into a limiting pattern of the zeros distribution. From there
a good approximation for the locus of points can be inferred. A stable limiting
zeros distribution is essential to estimate the critical exponents [101] (as explained
in Chapter 7) of phase transition.

The cases that have been considered corresponds to the types of crystal lattice
in solid state [31, 85]. In the next chapter we will consider another model which is

related to @-state Potts model. The model is called the Zg-symmetric model.
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The ZH-symmetric model partition

function zeros

We continue with one more model that is related to the ()-state Potts model called
the Zg-symmetric model [57, 58]. In this chapter we describe several particular cases
of spin states Q = 5,6 on square lattice. As before, the Hamiltonian function for
this model is defined and the partition function will then be computed. The energy
relation is studied and the zeros distribution of the partition function is presented
in the complex-¢® plane.

The Zg-symmetric model is suitable to study a system with many spin directions
especially for () > 4 and to study a system with possibly multiple phase transitions.
Let A = (V, E, f) be a graph. By Definition 1.1.5, the Hamiltonian function of the Q-
state Potts model is defined by H : 2 — R. For any ¢ € {2 the Hamiltonian function
H can be written in general function g : @ x @ — R where (03, 0;) = g(03,0;), that
is

=—J Z g(oi,05).

(i,4)=f(e),
ecE

Without loss of generality, the function g can be rescaled to be ¢'(0;,07) =
719(0i,0;) + 72 where 71,72 € R are rescaling factors. The rescaling factor is also

present in the relation (4.1) between Ising and Potts models.

113
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6.1 Zp-symmetric model — definitions

We write the definitions for the Zg-symmetric model in this section. The idea of
this model is that the spin directions are drawn in a clock-like circle. Each spin
direction is associated with an interaction energy of one spin relative to another
spin, written outside of the circle. As we move any pair of spin direction with fixed
angle around the clock, the energy difference will always remains the same. This

property represents the symmetry for this model.

1 1

T2 N

()

Figure 6.1: The interaction of a spin relative to spin 1 represented by a pair of arrow.

We restrict our study into the case with positive energy value. Given graph
A = (V,E, f), let the space of spin configuration for the Zg-symmetric model be
similar to the @-state Potts model. A function o : V' — @ = {1,2,...,Q} is a spin
configuration for a Zg-symmetric model.

For any microstate ¢ € 0 we define the Hamiltonian function of the Zg-

symmetric model below.
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Definition 6.1.1. The Hamiltonian of Zg-symmetric model is defined as

Hy(o) = = > xlo(j) —o(k)]
GR=1 (),

= _J Z Z%COS (27TT(U(‘722_ O(k))) +’V,’ﬂ (6.1)

where [Q /2] is the discrete value of the division and ~y,,~. € R are model parameters

fixed for a given model.

The calculation of the Hamiltonian (6.1) depends on the distance between two
spin directions or simply by the angle separating them. Two spin directions that
are close together will lose less energy as compared to the spin directions with large
angle. This energy loss is called the energy penalty. The pair of spin variables
(0(j),0(k)) that point in the same direction is equivalent to the Potts model. For
fixed 1 = 1 and v,; = 0, the Hamiltonian function is reduced to the Clock model
[93].

Example 6.1.1 shows the calculation of the Hamiltonian for each interacting pair

of spins. The existence of spins symmetry is also observed through this example.

Example 6.1.1. Let () = 3 and the energy value for each pair of spin variables
is represented by Table 6.1. Let g.(c(j),o(k)) = cos(2nr(c(j) — o(k))/Q) and

Q/2=1.

Table 6.1: g.(c(j),o(k)) for Zs-symmetric model.

o| 1 2 3
1 1 -1/2 -1/2
2| -1/2 1 -1/2

3| -1/2 —1/2 1

This table of g. can be rescaled to ¢.(c(j),0(k)) = v g.(c()),c(k)) + . =

2 1
3 gr(a(4),0(k)) + 3 This example is now reduced to the 3-state Potts model as

shown in Table 6.2.
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Table 6.2: g.(c(j),0(k)) for Zs-symmetric model.

O = O
—_ O Ol W

For the Potts model, a pair of nearest neighbour vertices pointing in the same
direction gives an energy value 1 and 0 otherwise. This choice of value corresponds
to a large energy penalty. For the Zg-symmetric model, the energy value is between
0 and 1. The cases with () = 2,3, and 4 are covered by the Potts and Ising models.
The interesting case for this model is thus given by @ > 4.

Figures 6.1 and 6.2 give illustrations of the following statement. The energy
values of the model can be written as a list of possible choices of energy y =
(x[0], x[1], x[2], ...) € [0,1]. The x is a list of energy between ) different spin
directions. The arrows in the clock correspond to the spin directions of one spin
relative to spin 1. The list is arranged in the order of increasing angles relative to
one spin direction.

We consider the value of energy on the clock that has reflection symmetry (see
Figure 6.2). We write the energy list up to half of the total spin direction i.e.

-1
X = (x[0], xX[1], ..., X[n]) where n = % if () is even and n = ¢ 5 if () is odd. Let ¢

be the angle between 2 spin directions. The energy value 1 corresponds to cosf = 1
(i.e. # =0) and energy value 0 corresponds to cosf =0 (i.e. 0 = 7/2).

In all cases, we let the first element x[0] = 1 and the last element x[n| = 0.
Figure 6.2 illustrates the arrangement of this energy list for ) = 4,5 and 6 where
X = (L, x[1] = 71, X[2] = 72, ...). The x = (1,71, 0) corresponds to the case with spin
state @@ = 4,5 and the x = (1,71, 72, 0) corresponded to @ = 6.

Similar to the Potts model, the number of calculations can be reduced by using
symmetry. For this model we are able to translate all the spin directions around the
clock.

The energy list ¥ can be rescaled into discrete number by multiplying with an
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M o 4 20/ M

Figure 6.2: The illustration of energy list with: (a) x. = (1,71,0), (b) X» = (1,71, 0),

and (¢) X. =

(17 Y15 725 0)

appropriate integer, i.e. Y = C'y where C' € N. The energy value can be chosen in

this range 0 < x[i] < C. See Example 6.1.2.

Example 6.1.2. See Figure 6.3. Suppose the spin state has () = 4. The energy list

X = (1,2/3,0) corresponds to

Without loss of generality, the new energy list is x = 3x = (3,2,0) which
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Figure 6.3: The illustration of Z;-symmetric model with energy value x = (1,2/3,0)
(left) and x = 3x = (3,2,0) (right).

corresponds to

g'(or,01) = 3,
g/(01,02) = 2,
cg'(01,03) = 0,
g (o1,04) = 2.

To show how the energy list x is related to Hamiltonian H,, we give example

for ) =4 and Q) = 6.

Example 6.1.3. Let ) = 4. For x = (x|[0], x[1], x[2]) = (2, 1,0) the Hamiltonian is

given by
7'[(2,1,0)(0) = —J Z xlo(j) — o(k)]
(J kg;é( )s
= —J Z 1+ cos (W(U(j);a(k))> (6.2)
(J kg;é( )s

where 71 =, = 1 and v, = 75 = 0.

Example 6.1.4. Let Q@ = 6. For x = (x[0], x[1], x[2], x[3]) = (2,1,0,0) the
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Hamiltonian is given by

H(2,1,0,0)(U) = —J xlo(j) — o (k)]
<j,k6>e=}é(e),
2 m(o(j) — o(k))
= —J — + cos
(G kge%(e)» 3 ( 3 )
—i—%COS (277-(0-0)3_ U(k))> (6.3)

where 71 = 1,7 = 2/3,7, = 1/3, and 7} = 73 = 75 = 0.

The partition function for the Zg-symmetric model on A is given by (1.1), i.e.

Z = exp(—fH,(0))

oen
where H, is as in Definition 6.1.1.
Let N, M € N. We consider a Zg-symmetric model on a square lattice of N by
M size. We restrict our study of partition function for the case of mixed boundary
condition i.e. periodic in vertical direction and open in horizontal direction. We
denote the energy penalty between two spins in the energy list y by an energy step
notation given by value (x[1] — x[0], x[2] — x[1], ...)-step. We will use this notation

later for comparing the x values.

6.2 The zeros distribution on square lattice

Here we present the result of the zeros distribution of the partition function for Zs-
and Zg-symmetric models.

The figures of zeros distribution are arranged in increasing lattice sizes for
respective y value. Table 6.3 shows all the cases under study for Zs- and Zg-
symmetric models in this chapter.

Our hypothesis is that the emergence of circular arcs in the physical region

can be used to determine the number of phase transitions for a physical system



120 Chapter 6

[58]. Multiple arcs of zeros approaching the real axis correspond to the existence of

multiple phase transitions.

Table 6.3: The Zs- and Zg-symmetric models with arbitrary y. New results are
highlighted grey.

5xh’ | 6x6° | 6x7 | Tx7 | 8x& | 9x9’
v v v v

SSENENENEN

(2,1,0)
(3,1,0)
(3,2,0)
(4,1,0)
Q=5 | (4,3,0)
(5,3,0)
(5,4,0)
(6,1,0)
(6,5,0)

AN N NN N N N N N NENEN
NN NN S R N NN NENENEN
AN N N N N N N NENENEN
AN N N AN N N NENENEN
NN NS S NN NENEN

( )
( )
Q=6 | (3,1,0,0)
( )
( )

6.2.1 b5-state: Zs-symmetric

Consider the Zs-symmetric model on finite size square lattice with some energy
value y. The study on 6 by 7 square lattice which was described by Martin [58] is
our reference for checking and comparison.

Figure 6.4 shows the zeros distribution of Zs-symmetric model with x = (2, 1,0).
The x value has a (1,1)-step energy penalty. In the antiferro region, two behaviours
are observed. For even N, few lines indicated in Figure 6.4 are merged forming
single curve move closer to the real axis. As the lattice size increases, a clear curve
is observed. For odd N, we see multiple lines are approaching the antiferro region.

In the ferro region, as the number of vertices N increases, the zeros show the
emergence of multiple lines near the real axis. It is not clear either the lines will
remain or merge to form a thin arm suggesting single phase transition. The case

of x = (2,1,0) for 6 by 7 square lattice has been described by Martin [58] in the
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Figure 6.4: Zeros distribution for y = (2, 1,0) 5-state model.
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complex-e~? plane. He shows that this case has only 1 transition in the ferro region.

That case is just the inverse version of the one presented in Figure 6.4c.
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Figure 6.5: Zeros distribution for xy = (3,1,0) 5-state model.
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Next, we present the distribution of y = (3,1,0) in Figure 6.5 and x = (3,2,0)
in Figure 6.6. Both figures are related to each other through their number of steps
of the energy penalty. The x = (3,2,0) has (1,2) energy step. This step is the
inverse steps of y = (3,1,0) which has (2, 1) energy step.

For xy = (3,1,0) there exist single line of zeros in ferro region approaching the
real axis. The antiferro region shows the emergence of two lines but it is not very
clear either the lines will remain or merge at the thermodynamic limit.

For x = (3,2,0) in Figure 6.6, there exist several distinct lines approaching the
real axis. We claim that at the limit two circular arcs will approach the real axis in
the ferro region. This observation is obvious based on the increasing number of zeros
in this region. In the antiferro region, we can see that as the lattice size increases,
a thick single band is approaching the real axis. The emergence of two lines in odd
case is just due to the boundary effect. If the antiferromagnetic phase transition
exists, this case has only a single transition given by the single line of dense zeros
near the real axis.

A further comparison is made between Figures 6.7 and 6.8. Both cases are related
to each other through their number of steps (energy penalty) that is (3, 1)-step for
X = (4,1,0) and (1, 3)-step for x = (4,3,0). The ferro region in Figure 6.7 presents
the existence of single limiting critical point. On the other hand, there exist two lines
approaching the real axis in antiferro region. This behaviour suggests the antiferro
region may have single or double transition point in the limit N — oo.

Conversely, the case shown in the Figure 6.8 is opposite to the one in Figure 6.7.
The antiferro region is expected to give single transition whereas the ferro region
shows a strong possibility of multiple transition points as N — oc.

Figure 6.9 shows the distribution of zeros for x = (5,3,0) with energy penalty
(2,3)-step. Although the lattice size is considered to be small, we can already see
the expected number of critical points for this system. At N = 6, the Figure 6.9b
suggests the possibility of multiple transition at the ferro region and single transition

at the antiferro region. The smooth line in Figure 6.9b gives a clue of boundary
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Zeros distribution for y = (5,4, 0) 5-state model.
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Figure 6.11: Zeros distribution for y = (6, 1,0) 5-state model.
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(6,5,0) 5-state model.
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effect in the odd N case; for example at N = 7. It is evidenced from this structure
that the number of transitions is two in ferro region and one in antiferro region.

Figures 6.11 and 6.12 are more examples with inverse relation through the
number of penalty steps. The case x = (6,1,0) in Figure 6.11 can only suggest
the existence of single transition in the ferro region while it is not clear for the
antiferro part. Interestingly for x = (6,5,0) in Figure 6.12, the distribution in
the ferro region shows multiple lines approaching the real axis. This ferro region
corresponds to the antiferro part of y = (6, 1,0).

This result is interesting because at previous example between y = (3,1,0) and
X = (3,2,0), the number of transitions is also opposite to each other. We can
investigate two cases that is related by the energy penalty step by considering only

one of the cases.

6.2.2 6-state: Zg-symmetric

We continue with square lattice of the Zg-symmetric model. Refer Table 6.3. Similar
to the Zs-symmetric case, the study on 6 by 7 square lattice was described by Martin
[58].

For 6-state model, the degree of partition function polynomial increases rapidly
due to the higher number of states (@ = 6) as the lattice size increases. Thus only
small cases are available due to computing limitation. We consider the study of
6-state model on square lattice up to 8 by 8 lattice size, i.e. |V| = 64.

Figure 6.13 presents the zeros distribution for x = (2,1,0,0) with (1, 1, 0)-step.
The zeros distribution in the ferro and antiferro regions indicates that there is only
a single transition point in each region. For even N, the zeros distribution shows
smoother and visible pattern than those for odd N.

Interestingly, for the case x = (2,1,1,0) with (1,0,0)-step, the zeros shown in
Figure 6.14 have a stable pattern approaching the real axis as the size increases.
Both physical regions have clear behaviour of a smooth line indicating the existence

of single transition.



132

Chapter 6

T T
5x5' 6x6'
L 4 Py 4
+ +
+
P e + e Lty
+ P
+ R B + . +
oy
“ T + +
L . .o+ 1k + . 4
+ o+ + +
+ + + + + +
+ +
+ ok + +
+ ++ + +
+ +
+ % + * n++ s +
+
+ + + +
* . * P v
+
0 ¥
+
P +
+ S v F ¥
+ + ++
i . Lt ot by +
+ +
+ t + . ERI +
o + +
L + + 4 L . + 4
&+ + o+t + +
P
+ 4
+ + + + UL At +
o+ + + +
+ + v T Tt
+
+ +
1 1 1 1 1 1 1
-2 1 0 1 -1 1 2
. g
6x7’ T
L 4 Py 4
. +
+ P
+ R
A
+ + +
+ + oy + +
L . JRERES R . 4 1k . 4
+ * +
+ +
e + 7t
+ +
+ ¥ +
PR + +
+o+
+ +
i %
+
0
¥
+ +
PR i
oy + +
+ iy +F
+
R + +
+ + L + +
+ +
L + I + 4 L 4
+ + F + N + .
+ +
ot T,
L O T
+ +
1 1 1 1 1 1 1
-2 1 0 1 -1 1 2
1y
8x8'
2 4
+
. ., +
+ e
+ ey +
R AT R Tt
+ o+
B R Lo
1 + + o+
+ MR +
+ A +
T . .
+ Iy T
oy #
A o +
t T
+ 1 +
1
0 ¥
+  f
pe b
I
y i+ +
ISR i
Loty 4 W oy
" Rt o+
+ LIt +
v+ +
-1 + + + o+
+ + o
+ e T b +
+ ey +F
+ Y I +
. g
+ +
2 4
1 1 1 1

Figure 6.13: Zeros distribution for x

[§]

= (2,1,0,0) 6-state model.



Chapter 6

133

T
5x5
+ + +
N
2 . + 4 2t
+ +
+ + + +
+ R +
+ .
.o *
1+ + .1 1 *
. + *
N r .
+ +
+ o 4ty
+
N
+ i
0 + s 0 i+
& i e
+ +
+ i e
T
S e st
+ ++ +
+ + + .
RN + g b *
. N
N
+ P
+ * +
+ +
* FI .
N
2l + 4 2
o, .
N
. . . . . . .
-3 2 - 0 1 2 3 -3 2 Rl
-
6x7
PN
2+ + oy B 2+
Lt *
+ +
. +
N
- +
+ + +
v
+ . +
+ ot N +
+ + . +
r * q 1k 1 .+
PR
* + N
+ . L7 + +
Ty ¥
+ P
+ s
1, P
oty +%
+ e s . o
] = 0 +
v s
+ o4
tay ++
o I
W Yy
+ PR
T +
+ i
+ + + ¥,
* + LT
RN ) N . g 1k + v
+ - + N P
4 ot o+
N
+, .
- ‘s +
2l . N 4 2
2 P 2
. . . . . . .
-3 2 - 0 1 2 3 -3 2 Rl
oo
8x8
P
2t Lett AR 4
A
. +
. +
J
+ +
+ +
1 + ot 4
* + +
+ M
R
+ + y +
T &
+ 4%
+ +**
R
0 o
W
+ +
ot
+ {ﬁ
N
n ¥ +F +
+ Pt
k:
+ + +
aL o 4
1 + N
N +
* s
+ +
Lo
2l 4
. . . . .
-3 2 Bl 0 1 2 3

Figure 6.14: Zeros distribution for y = (2,1, 1,0) 6-state model.




134

Chapter 6

T
5x5°
2
R
oy T
N
1k P
Lot T
+ L
N
I .
N
0
o
N
I
N
+ + 4
AR S
1 4
L .
- L T
ot +
2 |
. . .
2 0 1 2
L o
6x7’
2
& ¢
5t Ty +
+ ol ey
¥ "
11 # P A
+ i " *
o
Lt TS o
+
E
+ = +
* T
0
.
+ +
- R 3
P
+
T et th
o Ty *
++ + F
L +H + Fogl
N -
L i
EA
A
. . .
2 0 1 2

;
6x6
2| |
1h |
0
a b |
2| |
. . .
2 1 0 2
L
7x7
2| |
1 1
3
ot
T
s
v T ++ y
P ' ,
- i .
o * %
N §
0
+ e
. : i
+ toF + 1 &
L TR .
et + o
T
I E
wegt Tl T T
T T e
At +F Ay B
8 JEIARA
Py
IR
fak !
A K
2| |
. .
1 2

[§]

;
8x8'
+i
by 1
b+
PR q
Lt e
FH
b S
+F
' 5
: E
1
-
c
+
gy {fﬁ ]
L
R
o
. .
0 1 2

Figure 6.15: Zeros distribution for xy = (3,1,0,0) 6-state model.



135

Chapter 6

T T
+ +
g
|7 +
+ 4
+ + s
+ 4
r w7 T
4+t Ty
T PR
ST T
- “
+ +
s g
AL ST,
+t et
ot thoox
A, R
e s
4 +
S ok
Foey e %
+ + oy
r ot R g
+ o + 7
+ I ot
it
+ - + N
r + +
. .
- ° -
T T
; + +
i
2
[
+ t oy
+ +
+4 ‘ot
L . + +
+t 4
o
+e+
N
4 ot
Lt
B
RN
+ ;
+F +
+ +
+ + +
F T+ ++
st
F— o+
PR + oty
+ +
4
- ° -

T

(3,2,0,0) 6-state model.

tribution for y

18

Zeros d

Figure 6.16



Chapter 6

136

+ + + P
p 5 + +
< + + i
3 4o ¥ do
+ + N + + N
PR - + + + +
+ o+ + o
4o+ oyt + + 4 +
+ + + +
N + + + P oy
+ + 5
+ + + -~
* + + 9 F + + <
+ + + + + ++
Lt o+ o+
+ + + +
+ + + + + +
o | b + + [T &
Pt | et + ey | Tty ¥
4 e | R - R Y
bt EE T e e ‘e
¥ Iy + S YA T
% ++ e F ° ~—~~ + + gF o+ + ° —~
o o
P, PSS ~— b R ~—
* + i * o PR
bt Frht Frab | Rty
b e v, TR L EFET Y L4
v+ P + 1 +f +
+ e et o4
+ + * * o L
L + + L N N N N
o4 + e + + s
+ +1 L - ++ v
+ + e+ + e
+ + - + — e
+ + + + + + ++ + + + i
+ + o
2
- L + + re + +
+ + PO PO
o, S
+ Tt
. . . . o+
o - - o - ° -
+ + i | -
S ety |
ot Y2 =Sl R e ot
E e T, T
B R R
+ s
ooy, LI
4ttt B R
T T
AP - SN S - o+
o+ o
o P
+ e 4t
For o
L L
£y o
P 4
T T T bt R
+ o Lo
o i + + +y R
re re + +
+ + F
+ + + N + 7t oy . +
+ oy + + + +
- ° -
++ LS
+ +
L + + L
v, +
++ +r
+ + * +
+ T e +
+ + 4 + 1 +
4 * * T
LR U U g
+
+ +
tot o+ .
+ +
++ +
+ +F Ty +
+ ok + ot
L + A N + L
st oy
+ +
+ N N +
+ +
. . . . .
o - o - =)

(3,2,1,0) 6-state model.

tribution for y

18

Zeros d

Figure 6.17



Chapter 6 137

To proceed, the next case is shown in Figure 6.15 with xy = (3,1,0,0) where the
energy penalty is in the (2, 1,0)-step. Here there is a branch of dense points in the
antiferro region getting closer to real axis. It is expected that the ferro and antiferro
regions have only a single transition point in the limit.

The distribution for x = (3,2, 0, 0) is illustrated in Figure 6.16. In this case there
exist two possible transition points in the ferro region and only single point in the
antiferro region.

The final case of 6-state for x = (3,2,1,0) is shown in Figure 6.17. The
ferro region suggests the existence of two transition points at thermodynamic limit.
However for the antiferro region, it is hard to infer the number of transitions. The
big arm branch in this region has two brief lines emanating from the arm. Two
possibilities can be predicted. First the two small lines will eventually merge at a
point close to real axis. Second the small lines will go further to real axis separately.
The first statement suggests the existence of single transition point. The latter
means the existence of two transition points.

So far we only describe the figures based on our observation directly on the
distribution structure in all the complex-¢” plane. In the next section, further

discussion of the result and more comparison among these cases will continue.

6.3 Discussion

We highlight few more details for comparison among the zeros distributions of Z5-
and Zg-symmetric models in this section.

In general, the distribution is affected by the boundary condition and the finite
size effect especially in the odd N case. In this case, we can see for example in
Figure 6.12d that some of the zeros in the antiferro region are not nicely distributed
on a smooth line.

As the lattice size increases, we can distinguish the zeros movement towards the

real axis for even and odd N. Interestingly, the zeros movement in the ferro region
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looks more stable as compared to the antiferro region. The zeros in the antiferro
region for even N shows a smoother line than the odd N near the real axis.

The results for the Zs- and Zg-symmetric models show the emergence of visible
lines as the number of zeros increases. As the lattice size increases, more zeros in
the distribution form some branches in physical and non-physical region. A visible
pattern of distribution can be seen where the zeros get closer to the real axis. At
thermodynamic limit N — oo, the zeros is expected to touch the real line at critical
point of the phase transition.

Consider one layer of a square lattice with vertical spins o(j;) = k (mod Q) = s
with s =0,1,2,--- , N — 1. This is one of the antiferromagnetic ground state where
the vertices have spins with multiple of () repeated in the vertical direction. The
number of ways for a system to be in this ground states is high. However, the most
probable kind of ground state is still an open question.

From all the figures in this chapter, we can see that the transition points are
vary based on the energy list xy. The choice of x value differs by their energy step
relative to the first element of the energy list. We call this the first energy followed
by second, third and so on. Denotes the energy step as «; where index 7 determine
the sequence of the energy difference.

Figures 6.18 to 6.19 show the zeros distributions of the Zs-symmetric model on
6 by 6 square lattices with all their considered y values. The y with an energy step
a1 < ap gives two arcs of zeros distribution in ferro region. This difference shows the
existence of more than one transition point in the limit. The case with a; > «s has
only single arc in this region which implies single transition point. For the a; = ay
like the case of xy = (2,1,0), this case has either one or two transition points. The
exact number of transitions for this case is not clear. From this example, we may
predict the number of transitions based on the energy penalty step. This problem
is still open. We need bigger lattice to provide more evidence for this idea.

The Zs- and Zg-symmetric model zeros distributions show the existence of line

of zeros in the antiferro region. This observation does not exist for the 5- and 6-state
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Potts model

on square lattice (as discussed in §5.3).
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Figure 6.18: Zeros distribution for several xy of 6 by 6 on square lattice.
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6.3.1 Energy losses in configurations

Here we discuss the configurations of the Zg-symmetric model relative to choices of
the energy penalty.

Given a lattice graph I' = (V| E, f). We can illustrate the spin configuration
o € () by their value of spin orientation. The configuration can be pictured by their

spin value at each site of the lattice. Consider Figure 6.20a for example.

(Y
J

b

)

hY

b

o
[\

(a) (b)

Figure 6.20: a) Value of spin configurations associated to the lattice sites and b)
regions of aligned spin configurations.

Let V; C V has the same associated spin configuration, that is the spin variable
spin in the same direction. We can divide the configuration by regions of aligned
spins by drawing a line on the dual lattice for any not align pair. The line is drawn
in red in Figure 6.20a.

From here, a simplified version can be illustrated by only writing the spin
orientation as representative in the region that has been separated. Configuration
in Figure 6.20b for example represents the configuration in Figure 6.20a.

Suppose there is a configuration behaves as in Figure 6.20b. As the temperature
decreases, the system changes towards the ferromagnetic ground state. Eventually
the lines are forced to shrink as the temperature 7" is lowered down. This shrinking
behaviour suggests the existence of tension along the line. We call this a string

tension.
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For the study on the Potts model, the line separating the spin region gives no
significant difference for the study. It assigned a 0 value for any pair of spin variables
with different spin. However this is different for the Zg-symmetric model. The line
separation shows significant correspondence to the total energy of the system.

For neighbouring vertices with points to directions close to each other (small
degree), the configuration state is almost stable at the ground state. The energy
varies according to the choices of y.

Refering to Figures 6.20 and 6.21, some configurations may also have a point
of intersection between the line separations. This intersection is called vortex. The

length of the line separation corresponds to the value of the total energy penalty.

22 22 2222222

e e e e
L L W W WD

111333333333

Figure 6.21: A configuration with fixed boundary condition.

Here we observe that the first kind of disordered states is the one with small
variation. Many microstates have small energy penalty. As the temperature varies,
the first phase corresponds to the kind of ordered state with slow varying angle.
Then it is followed by a transition to another phase (small disorder) and then to a
completely disordered state.

The largest magnitude of the Hamiltonian represents the ground state where
the free energy is at minimum. For a configuration state represented by some line
separation, one can determine the Hamiltonian energy of that particular state. Since
the length of the line corresponds to the value of the energy penalty, therefore the
ground state can be described by the shortest length of line separation. The shortest

line means lowest energy penalty.
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The Zg-symmetric model is the final model we have considered in this thesis.
We give evidence that the distribution of this model for specific value of y may
exhibit multiple transitional phases. The analytic structure of the zeros distribution
highlights the possibility of this occurrence.

Chapter 7 will continue with the analysis of the zeros distribution particularly
related to the value of specific heat critical exponent. This is then followed by the

analysis for multiple phases in Chapter 8.






Chapter 7

Analysis on zeros density of

partition function

Here we study the relation between the specific heat critical exponent [58, 101] and
the zero distribution of the partition function.

The hypothesis is that the exponent can be computed from (sufficiently large)
finite lattice distributions. (The hypothesis was proposed in [55], but at that time
the accessible lattices were too small for testing.)

We test this first using our methods on the Onsager/Kaufman Ising solution,
where we both have access to all the finite partition functions Z, and also know
the exact exponent. Then we apply our methods to the square lattice 3-state Potts
model (which is not integrable, but for which the folklore is certain that o = 1/3
[101]).

Suppose we heat ice. Assume that the heat is transferred at the same rate. It
takes some time before the ice turns to water completely. The existence of two
phases of solid ice and liquid water show the process of phase transition. This point
is the melting point in Figure 7.1.

Continuously adding the heat will eventually increase the temperature and stop
at the boiling point. This point is another phase transition point where water starts

to change into steam.

145
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Temperature

phase change
boiling point - ----------- -

phase change
melting point - -|------

Energy added

Figure 7.1: Phase change diagram.

Recall that the discontinuity in a first derivatives of logarithm of partition
function is the evidence of the first order phase transition. This means a
discontinuity in the internal energy. However if the first derivative of logarithm
of partition function is continuous and its second derivative is discontinuous, this
corresponds to the second order phase transition. This means a discontinuity in the

specific heat.

7.1 The specific heat critical exponent

Recall from § 1.3 that the specific heat is defined by

OV d2 InZ

W

(7.1)

Given a critical point at § = (., the specific heat may diverge at this point (see

(7.3) for examples). The critical exponent « is defined by the specific heat relation
C(V ~ (5 - 60)_a' (72)

The critical temperature 1" is a dependence of the detail of atomic interaction of
the system. So any critical temperature we get from our models is not realistic in the

laboratory. But the exponent « has universal property [7, 58] which depends only
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on few fundamental parameters [101]. For our model with short-range interaction,
the exponents depend on the dimensionality of the system and ), but not on J or
units of H.

Consider the Ising model on a square lattice. As shown in the Onsager’s zeros
distribution in Chapter 4, at the thermodynamic limit the zeros give locus of points
with two circles where one of them cut the positive real axis at 1 + V2. This is a
critical point. A sudden peak in the graph of specific heat over § (in Figure 7.2)
indicates a change in the phases of the system. The peak in the graph shows the
occurrence of a phase transition when the specific heat is at infinity. This is also an
indication of a discontinuity in the second derivative of a free energy [27].

The Onsager’s solution specific heat [75] near the critical point 3. is given by

1 832 3 1
—Cy ~ ¢l —1 1—— 1
Y [ Og’ 5 +Og‘2ﬁc

Figure 7.2 shows the graph of specific heat with divergence at the critical point ..

11— ﬂ (7.3)

/

Be

Figure 7.2: Specific heat of square lattice Ising model (Onsager’s solution).

For a finite lattice, the specific heat graph for example for 3-state Potts model
is shown in Figure 7.3. The graph has a peak which becomes larger as the lattice
size increases.

We claim that there exist a power law relation through the line density
distribution of zeros of the partition function near the phase transition point. This
relation has been discussed by Martin [55, 56, 58] and also the earlier study by Fisher

[26]. To support this claim, we show an approximation towards the experimental
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1Y 2( d
—_p (— U(B)]
K, dp
.
3
C
V5, — 12x12'
K, — 13x13'
— 15x17'
/]
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Figure 7.3: Specific heat in the 3-state Potts model on square lattice with lattice
sizes, N = 12,13, 15.

value [42, 101] extracted directly from the zeros distribution. We study this by
computing the multiplicity of the zeros and plot them in log-log plots (in §7.3).

7.2 Zeros and a-exponent

This section discusses the relation between the zeros distribution of Z on the complex
plane and a-exponent of specific heat. We derive the a-exponent approximation
from the partition function.

First consider a toy model partition function Z = 2V + 1 (we refer to §4.3 for

its zeros distribution ). Here we can write

N—1 _
7 — H (I _ e%(2r+1)) '
r=0
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At limit N — oo, we have the free energy given by

lim f = lim %an

N—00 N—00
N-1
— - 5 @r+1)
= gt T (o - eFe)
r=0
_ - 2r+1)>
Jim Zln( -

By Taylor expansion for z = e” and small 3, we have

As N — oo the zeros are distributed uniformly with a fixed density. We could

write the free energy with the zeros distribution line density denoted a(y) as

lim f N_i/ y)In(B + iy) dy

N—oo

where a(y) = 1.
Suppose we replace this constant density with other density which varying as we

move in the complex plot. We have the internal energy

U:___N / 5+w

a(y)
QW/_ooy—Zﬁdy (7.4)

that has pole at y = i8 and a(y) = a(—y). This distribution give a first order phase
transition [58].
Alternatively, suppose the line density a(y) has power law relation [58], for small
y, that is
a(y) ~ [y|'™ (0<p<1). (7.5)
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This gives a continuous internal energy function and a divergence in specific heat at
p = 0. This corresponds to a second order phase transition.

By examining the asymptotic behaviour of U(f) as f — 0 [58], we may obtain
specific heat critical exponent for 0 < p < 1. The specific heat is given by

@ B—0
dp

This relation gives the specific heat critical exponent o = p.

g

Suppose we consider a model that, like the two-dimensional Ising model, has a
line distribution of partition function zeros (for example as a function of €?) in the
complex neighbourhood of the critical point.

Our hypothesis is that for sufficiently large lattices the distribution of zeros of
the partition function determines the o exponent. Specifically the hypothesis is that
the exponent is determined by fitting the ‘line density’ to a power law dependence
on distance from the critical point.

We can model this with a uniform positional distribution that has varying zeros
multiplicity. We could also vary the line separation between zeros. But for a finite
lattice approximation of continuum density, these two suggestion are similar [55].

Consider the zeros complex plane. We denote an equal range of imaginary part
of the zeros as y. Let a(y) be the multiplicity of zeros for each y. The partition
function can now be written in this form; for a suitable n € N (with respect to the

zeros distribution),
" 1\ o)
z=T1(8+i%) .
[+ (7.6)
y=1
where y is arranged in increasing distance from critical point. The partition function

has zeros that are less dense near the critical point to more denser zeros as we move

out in the complex plane. Let N be the size of the system. This gives the free



Chapter 7 151

energy
1 1. ~ Y\ 2®)
-~z = —m[](8+i%)
f=xm N “yﬂl Pri
1 .
= % Z a(y) In(B + iy). (7.7)
y=1
Taking the logarithm on both sides of relation (7.5), we have

loga(y) ~ (1 —p)log |y| (7.8)

which gives a gradient (1 — p) in the log-log scale plane.

The idea of zeros multiplicity in function (7.6) will be used in analysing our zeros
data near the real axis in complex plane zeros distribution. We use relation (7.8)
to approximate the value of specific heat critical exponent a. We discuss this by

notion of line density of zeros distribution in the next section.

7.3 Analysis on zeros density distribution

In this section, we analyse the line density of the zeros distribution. The line density
is measured by the number of zeros in a subset of points in the complex zeros
distribution plane. The a-exponent is determined by fitting a straight line into the
log-log graph. This will gives the gradient m =1 — p and a = p.

For the finite lattice, we know that the finite size effects (explained in Chapter
4) are present in the zeros distribution. This also affect the log-log analysis. For
sufficiently large enough size, we expect the gradient of the log-log graph will become
stable hence converge to the result in thermodynamic limit.

If this is true, then the problem of finding the critical exponent of a specific
heat can be reduced to a problem of finding the log-log gradient. We may be able
to determine the log-log gradient by increasing the lattice sizes. Hence we can
determine the critical exponent. This simplification will assist the calculation of

this a-exponent.
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Three cases have been considered using this log-log analysis. They are briefly

listed as follows:

1. The 2-state Potts model and Ising model on square lattice - finite cases from

Onsager’s solution.
2. The 3-state Potts model on square lattice.
3. The accumulated case of the 3-state Potts model on square lattice.

The accumulated case above will be explained further in §7.3.3.

Figure 7.4: Example: first quadrant with bin of equal size for square lattice Ising
model, N = 50.

Consider the complex plane for zeros distribution. We call each space with equal
size a bin. See Figure 7.4. First, the first quadrant of complex plane is divided into
several bins of equal angle. Then the total number of zeros in each bin over distance
from the real axis is plotted in the log-log plot. The gradient of the logarithmic plot

is determined to represent the power law relation for comparison with the known

result.
Let b € N be the number of total bins with equal angle from origin i.e. 6 = 2%
And let a; be the number of zeros in each bin where i = 1,2,--- ,b. The number of

zeros is counted only for those in the ferromagnetic region.
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The linear regression line fitting is used to fit the line of the zeros data. Due
to the quantisation effect in the finite case, the linear fitting is done only on the
angle near the transition point (first few bins). The y-axis is the logarithmic scale
for the number of zeros a; and the z-axis is the logarithmic scale for distance from
real axis in the complex plane. The distance is represented by a simple numbering
with x =1,2,...,b.

Let m denotes the gradient of the linear fit. For comparison, we manually fit the

line on the log-log graph.

7.3.1 The 2-state Potts model and Ising model — finite case

from Onsager’s solution

Here we describe the analysis on 2-state Potts model on square lattices of sizes 19
by 19 and 20 by 20. We also analyse the Onsager’s Ising model zeros distribution
with lattice sizes 49 by 49, 50 by 50, 99 by 99 and 100 by 100.

Table 7.1: Approximated slope m of log-log plane for 19 x 19" and 20 x 20" square
lattices. The manual column is our own estimate directly on the log-log graph.

Lattice size 19 x 19/ 20 x 20/
Bin, b Lin. reg. Std. dev. Manual | Lin. reg. Std. dev. Manual
6 0.93899  0.16400 1.00 0.91110  0.21020 0.90
7 0.72474  0.12319 0.80 0.97427  0.12869 1.00
8 1.09710  0.22530 1.00 1.13670  0.27250 0.90
9 0.87645  0.10518 0.95 1.02096  0.11154 1.00
10 0.95920  0.07519 1.00 1.07383  0.10632 0.90
11 1.000e+-00 2.415e-16 1.00

See Table 7.1. This table describes the approximation for gradient m of the
log-log plot for square lattice 19 by 19 and 20 by 20 of 2-state Potts model. The
standard deviation of the linear regression analysis is also shown in this table. The
column with total number of bins b is the variable for testing. As we vary the value
of b, we check the gradient and its standard deviation.

For 19 by 19 lattice size, it can be seen in Table 7.1 that the approximation
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reaches low standard deviation when we take the number of bins, b = 10. This
approximation suggests that the approximated value of a-exponent is nearly zero
i.e. a9 =1 —0.95920 = 0.0408.

For comparison, we further test the zeros data for 20 by 20 lattice case. This
size improvement shows that the lowest standard deviation started to emerge when
number of bins is at b = 11. This approximation gives the approximated value of
a-exponent to be zero (1-1=0). Figures 7.5 and 7.6 present the linear regression line

fitting for the 19 by 19 and 20 by 20 case with increasing number of total bins.

(a) Number of bins, b = 6. (b) Number of bins, b = 7. (¢) Number of bins, b = 8.

(d) Number of bins, b = 9. (e) Number of bins, b = 10.

Figure 7.5: Lattice 19 x 19 : Linear regression analysis on log-log graphs.

From the known result [101], this observation is very promising since we know
that a = 0 for the Ising model. For a large lattice size, the log-log gradient analysis
is a very convincing approach in finding the critical exponent of specific heat.

We examine the zeros from Onsager’s partition function on 49x49, 50 x50, 99 x 99
and 100 x 100 square lattices. Tables 7.2 and 7.3 describe the approximation of
log-log linear fitting gradient by linear regression analysis and also by our own

estimation.
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Table 7.2: Approximated slope m of log-log plane for 49 x 49" and 50 x 50’ square
lattices. The manual column is our own estimate directly on the log-log graph.

Lattice size 49 x 49’ 50 x 50/

Bin, b Lin. reg. Std. dev. Manual | Lin. reg. Std. dev. Manual
6 0.70680  0.17581 0.80 | 0.68589  0.17008 0.85
7 0.96394  0.12327 0.95| 0.74285  0.13096 0.90
8 0.88348  0.07914 0.90 | 0.89385  0.09973 1.00
9 0.94430  0.05673 1.05 | 0.85755  0.06194 0.90
10 1.02143 0.15312 1.00 | 1.05898 0.12823 1.15
11 0.90537 0.08267 1.25 | 0.97027 0.06215 1.00
12 0.96817  0.08687 1.10 | 0.89355  0.06381 1.00
13 0.88986  0.07570 1.10 | 0.97750  0.04518 1.10
14 0.96536  0.07308 1.00 | 1.05585  0.05983 1.00
15 0.99628  0.09292 1.00 | 0.98123  0.08653 1.00
16 0.97097  0.07456 0.95 | 1.04545  0.06624 1.05
17 1.04496  0.07042 0.95 | 0.96997  0.09009 1.10
18 1.01593  0.07278 1.10 | 0.95723  0.07614 0.95
19 1.03028  0.07994 1.00 | 0.97725  0.06966 1.00
20 0.95314  0.08499 0.90 | 0.94095  0.06692 1.00
21 1.01374  0.07093 1.00 | 0.98264  0.08228 1.00
22 0.97289  0.04845 0.95| 0.93796  0.06808 1.00
23 1.00671  0.07221 0.95 | 1.05704  0.07892 1.20
24 1.02687  0.06218 1.05 | 1.13146  0.06805 1.00
25 0.96594  0.04661 1.00 | 1.01301  0.05130 1.00
26 0.95291  0.05226 1.00 | 1.01507  0.03550 0.95
27 097771 0.05102 0.95 | 0.93749  0.04586 1.10
28 0.97275 0.04557 1.00 | 1.00687 0.03802 1/00
29 0.97189  0.04521 1.00 | 0.95440  0.05054 1.05
30 1.00256  0.08744 1.05 | 0.95792  0.06627 1.05
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Table 7.3: Approximated slope m of log-log plane for 99 x 99" and 100 x 100" square
lattices. The manual column is our own estimate directly on the log-log graph.

Lattice size 99 x 99’ 100 x 100
Bin, b Lin. reg. Std. dev. Manual | Lin. reg. Std. dev. Manual
6 0.98823  0.09576 1.15 | 0.98618  0.10626 0.90
7 0.92509  0.07922 1.15 | 1.08718  0.06377 1.05
8 0.88728  0.08189 1.05 | 1.01864  0.05231 1.05
9 1.00604  0.07324 1.05 | 1.07185  0.06142 0.95
10 0.95626  0.07023 1.00 | 1.11431  0.05931 1.05
11 1.04726 0.06063 1.00 | 1.08076 0.04094 1.00
12 0.98669  0.04702 1.10 | 1.04617  0.03913 1.00
13 0.97308  0.05435 1.10 | 1.08313  0.05358 1.05
14 0.95910  0.04875 1.00 | 1.05595  0.02985 1.10
15 1.00735  0.05186 1.00 | 1.04609  0.05617 1.00
16 0.96391  0.04085 0.90 | 1.02435  0.04026 1.10
17 0.95895  0.04149 0.95| 1.02347  0.03518 1.10
18 0.97073  0.03453 1.05 | 1.01396  0.02934 0.95
19 0.97381  0.03949 1.00 | 1.01797  0.03956 0.95
20 1.00459  0.06219 1.05 | 1.07274  0.03707 1.05
21 0.98633  0.04489 1.00 | 1.07150  0.04394 1.00
22 0.99341  0.03493 1.10 | 1.05187  0.02727 1.05
23 0.93009  0.03275 1.00 | 1.03297  0.01873 1.05
24 0.96870  0.02774 1.05 | 0.99994  0.02763 0.95
25 1.06193  0.03289 1.05 | 1.01458  0.03217 1.10
26 0.94521  0.03168 1.00 | 1.01586  0.02909 0.90
27 0.92396  0.03373 1.05 | 0.99821  0.02324 1.10
28 0.96805 0.03442 1.00 | 1.02952 0.02803 1.00
29 0.98326  0.03249 1.00 | 1.03293  0.03717 1.00
30 0.96172  0.04282 0.95 | 1.04274  0.03229 1.00
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(a) Number of bins, b = 6. (b) Number of bins, b = 7. (c) Number of bins, b = 8.

(d) Number of bins, b = 9. (e) Number of bins, b = 10. (f) Number of bins, b = 11.

Figure 7.6: Lattice 20 x 20 : Linear regression analysis on log-log graphs.

Figures 7.7, 7.8, 7.9 and 7.10 show the linear regression line fitting for 49 x
49,50 x 50,99 x 99 and 100 x 100 square lattices respectively. The approximation
gives many results with small deviation when we change the value of b. The gradients
are mostly very close to m ~ 1 i.e. 0.9 < m < 1.1. For some bins, the quantisation
effect may dominate which are evident by the large standard deviation. For m ~ 1,
this approximately gives the value of specific heat exponent &« ~ 1 — 1 = 0. This
analysis will converge to the known result — as shown in [101, p. 46].

For 100 by 100 square lattice, one can see that the log-log graph line fitting is
very close to the points. The change in the number of bins does not give a huge

effect on the distribution. The slope is approximately m ~ 1 which gives o = 0.
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(a) Number of bins, b = 10. (b) Number of bins, b = 11. (c¢) Number of bins, b = 12.

(d) Number of bins, b = 13. (e) Number of bins, b = 14. (f) Number of bins, b = 15.

(g) Number of bins, b = 16. (h) Number of bins, b = 17. (i) Number of bins, b = 18.

(j) Number of bins, b = 19. (k) Number of bins, b = 20.

Figure 7.7: Lattice 49 x 49 : Linear regression analysis on log-log graphs.



Chapter 7 159

(a) Number of bins, b = 10. (b) Number of bins, b = 11. (c) Number of bins, b = 12.

(d) Number of bins, b = 13. (e) Number of bins, b = 14. (f) Number of bins, b = 15.

(g) Number of bins, b = 16. (h) Number of bins, b = 17. (i) Number of bins, b = 18.

(j) Number of bins, b = 19. (k) Number of bins, b = 20.

Figure 7.8: Lattice 50 x 50 : Linear regression analysis on log-log graphs.
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(j) Number of bins, b = 19. (k) Number of bins, b = 20.

Figure 7.9: Lattice 99 x 99 : Linear regression analysis on log-log graphs.
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(j) Number of bins, b = 19. (k) Number of bins, b = 20.

Figure 7.10: Lattice 100 x 100 : Linear regression analysis on log-log graphs.
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7.3.2 The 3-state Potts model

Here we present the analysis on several largest cases for the 3-state Potts model
zeros distributions that we managed to produced in this thesis.

See Tables 7.4 and 7.5. The gradient m for individual case for 12 by 12, 13
by 13, 14 by 14 and 15 by 17 square lattices are presented in these tables with
the comparison between linear regression analysis and our manual estimation. As
before, the standard deviation of the linear regression analysis is also shown in these
tables.

The linear regression line fitting for 12 by 12 square lattice is shown in Figure
7.12. Based on the result in Table 7.4, one can see that the standard deviations are
mostly over 0.1. We suspect the number of zeros is not enough in the first quadrant
(see Figure 7.11a) to approximate the limiting slope through the log-log analysis.
The zeros are still too far from the real axis in the complex plane. The zeros in

antiferromagnetic region is not counted for the log-log graph.

Table 7.4: Approximated slope m of log-log plane for 12 x 12" and 13 x 13’ square
lattices. The manual column is our own estimate directly on the log-log graph.

Lattice size 12 x 12/ 13 x 13/
Bin, b Lin. reg. Std. dev. Manual | Lin. reg. Std. dev. Manual
6 0.59478  0.10304 0.70 | 0.54000  0.18192 0.80
7 0.90741  0.06768 0.90 | 0.74789  0.13769 0.55
8 0.59781  0.11707 0.60 | 0.76448  0.08011 0.60
9 0.69353  0.10397 0.75 | 0.77963  0.12546 0.60
10 0.76040  0.11860 1.00 | 0.65835  0.05620 0.75

Table 7.5: Approximated slope m of log-log plane for 14 x 14" and 15 x 17" square
lattices. The manual column is our own estimate directly on the log-log graph.

Lattice size 14 x 14/ 15 x 17’
Bin, b Lin. reg. Std. dev. Manual | Lin. reg. Std. dev. Manual
6 0.58580  0.16110 0.75 | 0.49330  0.11493 0.60
7 0.76880  0.09357 0.60 | 0.53440  0.13894 0.80
8 0.69276  0.11134 0.70 | 0.61090  0.08523 0.70
9 0.67331  0.08984 0.60 | 0.70270  0.08235 0.60
10 0.74003  0.09145 0.70 | 0.71160  0.10301 1.00
11 0.71280  0.04786 0.70
12 0.70470  0.06792 0.70
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‘‘‘‘‘‘‘

(a) (b)
i 1
(c) (d)

Figure 7.11: Zeros distribution at quadrant 1 for 3-state Potts model on square
lattice of a) 12 by 12, b) 13 by 13, ¢) 14 by 14 and d) 15 by 17.

(a) Number of bins, b = 6. (b) Number of bins, b = 7. (c) Number of bins, b = 8.

(d) Number of bins, b = 9. (e) Number of bins, b = 10.

Figure 7.12: Lattice 12x12 : Linear regression analysis on log-log graphs.
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(a) Number of bins, b = 6. (b) Number of bins, b = 7. (c) Number of bins, b = 8.

(d) Number of bins, b = 9. (e) Number of bins, b = 10.

Figure 7.13: Lattice 13x13 : Linear regression analysis on log-log graphs.

Consider the 13 by 13 square lattice. The linear regression line fitting is shown in
Figure 7.13. Similar to 12 by 12 case, the standard deviation in Table 7.4 gives values
mostly more than 0.1. The number of zeros in the first quadrant (see also Figure
7.11b for 13 by 13 case) are not enough to suggest a good gradient approximation.

Next, Figures 7.14 and 7.15 present the linear regression line fitting for larger
cases with 14 by 14 and 15 by 17 lattice sizes respectively. More zeros are located
in the first quadrant of the complex-e” plane for larger cases (see Figure 7.11).

As the total number of bins b changes we observe the emergence of the gradient
with small standard deviation, for example in the case with 15 by 17 lattice size.
The approximation converge to the known value from experiment (also the folklore
theory) for the a-exponent of 3-state Potts model i.e. o =1/3 [98, 101].

In Table 7.5, the estimation for the case with total number of bins equal to 11 and
12 has estimated gradient value of 0.7128 and 0.7047 respectively. This estimations
is the closest approximation we have so far. This value gives « close to 1/3. The

bigger the lattice size, a better convergent sequence can be made from this analysis.
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(a) Number of bins, b = 6. (b) Number of bins, b = 7. (c) Number of bins, b = 8.

(d) Number of bins, b = 9. (e) Number of bins, b = 10.

Figure 7.14: Lattice 14x14 : Linear regression analysis on log-log graphs.

(a) Number of bins, b = 7. (b) Number of bins, b = 8. (c) Number of bins, b = 9.

(d) Number of bins, b = 10. (e) Number of bins, b = 11. (f) Number of bins, b = 12.

Figure 7.15: Lattice 15x17 : Linear regression analysis on log-log graphs.
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For some estimation however, the quantisation effect may dominate, for example
as shown in 15 by 17 case when the total number of bins b = 10. Our manual
estimation and the linear regression approximation do not coincide each other. The
reason for this is due to the data chosen for the linear regression line fitting. The
line is fitted on the data that may dominated by quantisation effect or finite size
effect (that includes points that are far from the critical point). In contrast, our
manual fitting give us more freedom in choosing the points from the bins that is
near to the critical point. The linear graph shown in 7.15d convinced us that the

estimation is affected by the finite size effect.

7.3.3 The accumulated case of 3-state Potts model

In this section we consider another type of zeros data collection for testing.

Table 7.6: Approximated slope m of log-log plane for accumulated zeros from 12 x
12,13 x 13',14 x 14" and 15 x 17’ square lattices. The manual column is our own
estimate directly on the log-log graph.

Lattice size All zeros
Bin, b Lin. reg. Std. dev. Manual
6 0.54650 0.13678 0.75
7 0.76419 0.10170 0.65
8 0.66258 0.08293 0.80
9 0.70973 0.08226 0.80
10 0.71434 0.08326 0.75
11 0.72440 0.11357 0.70
12 0.83374 0.11708 0.65
13 0.79471 0.11728 1.20
14 0.72016 0.05601 0.80
15 0.67004 0.04927 0.75
16 0.70098 0.05753 0.80
17 0.73147 0.04802 0.80
18 0.74239 0.03766 0.70
19 0.66271 0.05214 0.70
20 0.69746 0.06845 0.75
21 0.65775 0.05629 0.80
22 0.62372 0.06816 0.70

To add more varieties to the study, we consider a case with zeros taken from

several big lattice cases that we have investigated. The zeros are now taken from
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(a) Number of bins, b = 6. (b) Number of bins, b = 7. (c) Number of bins, b = 8.

(d) Number of bins, b = 9. (e) Number of bins, b = 10. (f) Number of bins, b = 11.

(g) Number of bins, b = 12. (h) Number of bins, b = 13. (i) Number of bins, b = 14.

(j) Number of bins, b = 15. (k) Number of bins, b = 16. (1) Number of bins, b = 17.

Figure 7.16: Lattice 12 x 12’ to 15 x 17" : Linear regression analysis on log-log
graphs.
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(a) Number of bins, b = 18. (b) Number of bins, b = 19. (c¢) Number of bins, b = 20.

(d) Number of bins, b = 21. (e) Number of bins, b = 22.

Figure 7.17: Lattice 12x 12" to 15x 17" : Linear regression analysis on log-log graphs
(cont.).

all these lattices i.e. 12 by 12, 13 by 13, 14 by 14 and 15 by 17. We call them the
accumulated zeros data.

As before, the number of zeros in each bin is computed and plotted in the
log-log plot. Again, we vary the number of total bins b. For this case, we let
b=1{1,2,...,22}.

See Table 7.6 for the approximated value of the linear regression and our manual
estimation. Figures 7.16 and 7.17 show the log-log plot and their linear regression
line fitting.

Since a lot of zeros are now involved, we can investigate and vary the total number
of bins b into larger values as compared to the individual case in the previous section
§7.3.2. Table 7.6 shows several results of estimation from linear regression analysis
with small standard deviation less than 0.1. In the last five estimation from b = 19
and above, we have several nice estimations with small deviation. These estimations

are very close to the known a-exponent value of 1/3.
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This result suggests that the analysis produces a good approximation if we have
many zeros data. The higher number of bins means smaller range of distance (or
small angle €) in the imaginary axis of the complex plane zeros distribution. The
estimation particularly involves the zeros that is very close to the critical point x..

The analysis is done on the 3-state Potts model case and the Ising model because
we can directly compare our estimation with the result from [101]. The promising
results from this analysis can be extended to zeros distributions for other models and
lattices. This is an open problem since more experimental result and bigger lattice
result are needed for checking and comparison. In the next chapter, we continue

with an analysis for a model with multiple phases.






Chapter 8

Analytical machinery for multiple

phases in Zn-symmetric model

In this chapter we investigate the energy and entropy relation [27] relative to phase
transitions in terms of our exact solutions.

We discuss the possibility of multiple transitions between fully ordered and
disordered states. Next we study the polynomial term of the partition function
Z and plot the accumulated value of the terms towards Z = 0 at complex coupling
values that are roots of Z close to the transition points. The final section contains
graphs of the specific heat. This analysis is focused on the 2- and 3-state Potts

models and the Z5- and Zg-symmetric models.

8.1 Candidates for 3 phase models

The solved case of Ising model [75, 92] for example showed the existence of single
phase transition at 2 = 1 + v/2 in the ferromagnetic (ferro) [44] region.

On the other hand, the study of Zg-symmetric model partition function showed
the possibility of multiple phase transitions for some energy function x [58]. Recall
the result in Chapter 6. For specific x, as defined in §6.1, we can see in Figure 8.1,

a pattern of zeros distribution with single arc for example when xy = (3,1,0) and

171
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double arc for example when y = (3,2, 0) which move close to the positive real axis

as the lattice size increases (see also §6.2).

A

Rt

Figure 8.1: The 8 by 8 zeros distribution for a) y = (3,1,0) and b) x = (3,2,0).

8.2 Energy vs entropy

We describe the idea of energy and entropy competition in a model partition function
in this section. First we describe the idea of energy-entropy in a model of phase
transition. Then we describe a modification aiming to explain two transitions.

To support the existence of two transitions, a new kind of transition mechanism
as compared to order/disorder transition is needed for explanation. The claim is
that there are two stages of disordered state in the system. From first stage to the
second stage, this change corresponds to the second phase transition — for example

from a fairly disordered to a completely random disordered state.

8.2.1 Single order/disorder phase transition

Recall the expectation value (1.4) of an observable quantity O of physical system
given by

(0) =Y p(0)O(0) (8.1)

o€
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e PH

Z
We shall observe the energy-entropy competition as we vary the temperature 7'

[52, 58]. Recall that 8 = 1/(kgT).
At low T (high ), e ® — 0 as 8 — oco. The system preferred to be in the

where p(o) =

ordered state. The dominant contribution is coming from the high magnitude of H
despite the low entropy. At low T the energy dominate the system.

In contrast, at high T' (low 8), e — 1 as # — 0. The system is not dominated
by H but by the number of configurations that give the entropy of the system.
The configuration with relatively little order among the spins may be regarded as
representative of the system. At high T the entropy dominate the system.

At low T where the system is in ordered state, there is a strong interaction
between all the particles and its neighbours. At high 7', the system is in disordered
state where the spin variables prefer to point at different directions.

Peierls [78] shows a rigorous arguments to support the emergence of phase
transition between order (low energy in the Potts model) and disorder (high
entropy). Peierls in his paper describes the phase transition by the emergence of

line separations in the dual picture of configurations as in §6.3.1.

8.2.2 Two phase transitions

For the system with two phase transitions we can describe the transition mechanism
by the idea of two different stages of entropy appearance. The idea of the second
phase transition can also be described through the behaviour of the line separation
(see §6.3.1).

The increase in temperature will drive the line separations to become longer (see
Figure 8.2) or change the distance among the vortices. This system will have extra
entropy from this long string lines which then balance out the energy penalty due
to the different spin orientation. This energy and entropy competition drives the

second phase transition. At large enough temperature, the fairly disordered state
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reach its criticality where the second transition can take place.

Our claim is that the second phase transition is not only driven by the long edges
of line separation but also by the roughness of the long string. See Figure 8.2b for
example. In the long range region, the long line separation between vortices has

higher entropy than the shorter line.

(a) (b)

Figure 8.2: Example of vortex-antivortex pair with a) smooth line separation and
b) rough line separation.

Figure 8.3: Illustration of some zeros of Z for the first, second and third closest to
the positive real axis.

Recall the definition of partition function (1.1) and « = ¢”/. The value of z in

the partition function can be written in terms of angle below:
7Z = Za‘m_j v = Za|E|_j rI (eV 1) (8.2)
J J

where © = re®. The coefficient of the partition function corresponds to the entropy

associated by Hamiltonian H. The magnitude r = \/Re(x)? + I'm(x)? corresponds
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to the magnitude of complex zeros of the partition function. The angle 6 is
measure from the real positive axis. These three components are the main factors
contributing to the energy-entropy competition in this system.

The concept of two different stages in the disordered phase may be extended
to more disordered stages as we increase the value of temperature. These
different stages mean other energy-entropy battle in the microscopic detail of
the configuration state. The configuration state is transformed to more random
disordered state where the vortex-antivortex pair may become very close to each

other and the configuration states are at random.

8.3 Zp-symmetric model partition function

We describe the line separation in a configuration state and further relate them to
the energy-entropy competition in a partition function. Recall €2 as the set of all
configuration states and o € 2. We consider the Z5- and Zz-symmetric models on
square lattice in this section.

The configuration state o can be illustrated by the local spin boundaries between
two different spin configurations drawn on the dual lattice. For a state ¢ that has
one variable in different orientation from the rest of the spin variables, the total
energy is reduced by 4 corresponding to 4 dual edges (see Figure 8.4a).

Similarly, if there are two neighbouring spin variables with the same orientation
but different from the orientation of the others, the total energy is reduced by 6
(see Figure 8.4b). The partition function can be written with exponent given by the
value of energy penalty. The energy penalty is drawn as the edges of line separation
in the dual lattice.

In this thesis, we are always interested to study the behaviour of configuration
states near the phase transition. We analyse the partition function polynomial
relative to its zero value. The accumulated summations of the polynomial terms are

plotted for specific value of the root z.
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Figure 8.4: Example of configuration and line separation on dual lattice with a) 1
spin flip and b) 2 same spin flip.

8.3.1 Individual term of partition function polynomial

The order-disorder transition is driven by the domination of either the energy or the
entropy at particular 7. This domination is represented by a typical configuration
which manifests the bulk behaviour of the system.

In principle the determination of the typical configuration is not a simple
investigation. Instead of finding the typical configuration for a specific T', we
investigate the typical energy value from the partition function Z. We study the
accumulated summation of the term in the polynomial Z with respect to some values
of x which gives Z = 0.

Here we calculate the magnitude of each term of the partition function and
compute their accumulated summations. The extreme contribution is given by the

longest line in the picture of the accumulated summations.

8.3.2 The picture of polynomial term contribution

In this section, we present the graphs of the accumulated terms contribution with

respect to some roots x. The partition function (1.1) can be written in this form:

g 1 Zxﬁ(a)
para
oe)
|E|
= > ap
=0
|E|

= D> g ¥ (83)
=0
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where a; is the coefficient of the polynomial, # = 1/2 and H is as in (1.2). The
above partition function (8.3) is written based on the energy penalty given by the
length of line separation in the dual lattice.

We compute the accumulated summations of the partition function as below.

Let Z; = ap|—; % and py = Z,. We have

P = po+ 21
P2 = p1+ 2o
pP3 = p2+ Zs
PlE| = DE-1+ 2|

The difference between two accumulated summations |[p;+1 — p;| is the net
contribution of each new term j + 1. The length of the line from p; to p;y; is
the total contribution given by the term Z;, . Here we study the step by step terms
cancellation of the partition function by plotting each value of p;. The root x of Z
is chosen close to critical point in the positive real axis.

Recall that for T ~ 0, the Boltzmann weight & = e~?7 is close to 0. This value
shows the energy domination. The system is in an ordered state. In contrast, for
T — o0, all the Boltzmann weight has weight equal to 1. The entropy represented
by the coefficient of the partition function polynomial is dominating the system.
The middle term of the polynomial with the highest entropy is the most probable
state.

At low T when Z = 0, only the constant term in the polynomial survives. This
term represents the ordered state when all spin variables spin in the same direction.

We may explain the partition function by this condition. Let n,m € N. The
first n terms of the polynomial are representing the ordered state i.e. ferromagnetic
(ferro) state [41, 44, 45]. And the final m terms correspond to another kind of

ordered state i.e. antiferromagnetic (antiferro) state. The middle part is the most
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disordered part. We claim that the typical energy value is given by the largest
energy contribution towards Z = 0.

We plot the value of accumulated contribution for each term in polynomial Z = 0.
Each line segment in the plot is the magnitude of each of the polynomial term. The
term with the longest line has the highest contribution to Z = 0.
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Figure 8.5: 2-state Potts model on 18 by 18 square lattice with a) z; = 2.42196 +
02871441, b) z9 = 2.42216 4 0.462357 1, ¢) x3 = 2.26734 + 0.641372 1.

The pictures of the accumulated terms contribution for 2-state Potts model are
presented in Figure 8.5 on the 18 by 18 square lattice with three values of z (denoted
as x1,Ta,x3). For each z, the largest contribution is given by the terms at degree
7 = 99,91 and 121 for the first, second and third closest zeros, respectively. One
can see the summations form some loops before reaching the 0 value. To study for
the model that exhibits two phase transitions, we compare the picture with respect

to the zeros from different transition arc.
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Figure 8.6: Zeros distribution for a) x = ¢’/ and b) & = e/ with xy = (3,2,0).

Figure 8.6 presents the zeros distributions of x and Z for x = (3,2,0). For the
first quadrant in range (1,00), we call from left, the curve approaching the positive
real axis as the first curve and then followed by the second curve. The first curve
in the Figure 8.6a corresponds to the second curve at range (0,1) in Figure 8.6b.
Similarly, the second curve in Figure 8.6a corresponds to the first curve in Figure
8.6b.

Eventually, the two lines in the (0, 1) region (in Figure 8.6b) will touch the real
axis at the limit. The zeros for the first transition is taken from the second curve
and the zeros for the second transition phase is taken from the first curve of the
Figure 8.6a.

Figures 8.7 through 8.10 will present the winding diagrams of the accumulated
summations of the partition function for the Zs-symmetric model on 8 by 8 square
lattice with three different values of x and z.

Let r = |z| be the magnitude of x. If we approximate the x value by this
magnitude i.e. x = r, the polynomial term accumulated summations will always
grow and positive. The largest length between two neighbouring terms is contributed
by the same degree of Hamiltonian H when x = a + bi. All the contributions are
affected by the energy and entropy of the system.

Let M be the degree of the polynomial Z. The degree of the polynomial
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Figure 8.7: Zs-symmetric model on 8 by 8 square lattice with y = (2,1,0): a) x; =
2.10969+0.479109 I, b) x5 = 2.42248+0.665705 [ and ¢) x3 = 2.07525+0.734082 .
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Figure 8.8: Zs-symmetric model on 8 by 8 square lattice with y = (3,1,0): a) x; =
1.6298040.1379751, b) xo = 1.62659+0.205334 [ and ¢) 3 = 1.61877+0.270632 1.
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Figure 8.9: First curve: Zs-symmetric model on 8 by 8 square lattice with y =
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Figure 8.10: Second curve: Zs-symmetric model on 8 by 8 square lattice with y =
(3,2,0): a) x = 2.36582+ 0.771200 I and b) = = 2.24748 + 0.114699 .
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partition function for the 8 by 8 square lattice with y = (3,2,0) is equal to 360.
In general, let a square lattice have IV, row and N, column vertices with open
horizontal and periodic vertical boundary conditions. Take the energy list denoted

as X = (X1, X2, -.)- Then the degree of the polynomial is given by
M = x1(2N,N, — N,).

For any m; < M € N, let (0, m;) be the first range consists of m;+1 terms. Next,
the (my+1,my) be the second range consists of my —my terms. Then (mq+1, M/2)

be the third and so on. This categorisation can be illustrated as below:

0 m m m,=M/2 m m, M

1 2 4 5

Figure 8.11: Polynomial range categorisation for z.

The first term with zero degree is in the ferromagnetic state where all spin
variables point in the same direction. No energy penalty gives zero degree in the
polynomial. The second part is where the energy penalty increases. The energy
penalty is represented by the non-zero degree of the polynomial. The middle part
of the polynomial is the range where the system is in a random and completely
disordered state. This part has the highest number of entropy. The final part is
again the ordered part of antiferromagnetic state. Each spin variable prefers to point
in different direction from its neighbours.

For x = (2,1,0) and x = (3, 1,0), their zeros distributions suggest the existence
of a single phase transition. The largest contributions for the terms cancellation
towards zero value are described in the Figures 8.7 and 8.8. The largest contribution
for both cases have small degree exponent.

We claim that the term that gives the largest contribution marks the occurrence
of a phase transition. With the high number of spin directions for () = 5, the system
can be in total disordered state even with small energy penalty. The observations
for both cases of x = (2,1,0) and x = (3, 1,0) are similar to the 2-state Potts model

which also exhibit only one phase transition.
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The x = (3,2,0) in addition is another example for the Zs-symmetric model.
For this case, there exist a possible multiple phase transitions shown by the double
curve in the ferro region of the zeros distribution. The largest contributions for 5
different zeros in this case fall into two different ranges of polynomial terms. Figures
8.9 and 8.10 show the diagrams for the zeros taken from the first and second curve

BT respectively.

of zeros distribution with x = e

The largest contribution for the zeros in second curve falls in the early part
of the polynomial. The degree of the polynomial term is small suggesting a little
disorder for the zeros in the second curve. In contrast, the largest contribution for
the zeros in the first curve falls into the part that is closer to the middle part of

the polynomial. This behaviour suggests a different kind of disordered phase will

emerges.

inv-Bx@' ' ' ' inv-Bx8'

Figure 8.12: Zeros distribution for & = ™/ with a) y = (3,2,0,0) and b) x =
(3,2,1,0).

The Figures 8.14 through 8.19 present the accumulated summations graphs for
the Zg-symmetric model. The case with y = (2,1,0,0) in Figure 8.14 is believed to
exhibit only one phase transition based on the comparison of its zeros distribution
and the graph of specific heat (shown in §8.4).

See Figures 8.14a and 8.14b. In both cases, their typical energy fall

approximately in the same energy range. In contrast, Figure 8.14c¢ shows different
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value for its large term contribution. Since we know that this case only has one
transition point, we know that this different is due to the finite effect on the zeros
value. The third zeros lies off the curve in the zeros distribution as compared to the

first and second zeros (see Figure 8.13).

8x8'

! !
-2 -1 0 1 2

Figure 8.13: Zeros distribution for = ¢’/ with y = (2,1,0,0).

The case with x = (3,1,0,0) in Figure 8.16 also shows the existence of one phase
transition based on its zeros distribution in complex plane. All the three largest term
contributions are approximately in the same degree range.

For x = (3,2,0,0), this case is another example which exhibits two phase
transitions. See Figure 8.15. The existence of two curves in the ferro region near
the positive real axis gives evidence of this claim (see Figure 8.12). The graph of
accumulated summations for the zeros in the first curve is shown in Figure 8.17 and
the second curve is shown in Figure 8.18 .

For xy = (3,2,1,0) the first and second zeros fall into approximately the same
energy range. However for the third zeros the largest contribution is given by energy
penalty at term #32. This distribution may be either because of the finite size effect
on its zeros distribution or due to the existence of multiple transitions. To exactly
check this observation, a bigger lattice is needed for investigation, i.e. N > 8.

In the thermodynamic limit, we expect the largest terms contribution will be

given by a significant value as compared to the contributions from other terms
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Figure 8.16: Zg-symmetric model on 8 by 8 square lattice with x = (3,1,0,0): a) x =

1.64122 +0.123280 1, b) = = 1.64234 4 0.186484 [ and ¢) x = 1.63573 + 0.247940 I.
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in the polynomial. This feature will differentiate the largest term contribution at

thermodynamic limit as compared to the finite case.
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Figure 8.17: First curve: Zg-symmetric model on 8 by 8 square lattice with x
(3,2,0,0): a) z = 1.60486 + 0.259279 1, b) = = 1.58125 + 0.37801 [ and c¢) =
1.41710 + 0.486042 1.

-1000

ﬁ\

\

\ -

\

]
a4 \ |

\/

-400
%0 o0 w0 200 0 20 40 60 800 1000 %0 a0 @00 200 00 0 100 200 300 400

(a) x1: longest length: 25 (b) z2: longest length: 26

Figure 8.18: Second curve: Zg-symmetric model on 8 by 8 square lattice with y =
(3,2,0,0): a) z = 2.36594 + 0.771063 I and b) x = 2.2475 + 1.14668 I.
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Figure 8.19: Zg-symmetric model on 8 by 8 square lattice with x = (3,2,1,0): a) x =
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8.4 Graph comparison of specific heat

In this section we present a list of graphs for specific heat formula that are generated
from the partition function.

At constant volume V/, a specific heat is defined by the amount of heat Q required
to increase a temperature T, i.e. Cy = (g—?) . In statistical mechanics, the
specific heat equation can be generated from the partition function (see §1.3). The

specific heat is given by

C\/ . _52 d21nZ
kg dp?

A sudden peak in the graph of specific heat over (5 is the signal of phase transition
[7, 35]. A discontinuous peak at thermodynamic limit is due to the discontinuity of
the second derivative of free energy.

We present the specific heat graphs for the 2- and 3-state Potts models and also

the Z5- and Zg-symmetric models for some energy list .

8.4.1 2- and 3-state Potts models’ specific heat

Figure 8.20 shows the graph of specific heat for the 2-state Potts model on the square
lattice with size N = 16, 18 and 20. From this plot, as the size increases the peak
of the graph also increases and the graph become steeper.

Similarly, Figure 8.21 shows the specific heat graph for the 3-state Potts model
on the square lattice of size N = 12,13 and 15. Here the sharp peak in the graph
increases as the size increases. This behaviour in the middle of the graph is similar
to the 2-state Potts model. However the peak shown here is given by a smaller
lattice size as compared to the 2-state case. At infinite size, the peak is expected
to be discontinuous at . that is at the critical temperature T, of phase transition.
The single peak is in accordance with the prediction of the single transition through
the existence of a particular single curve in the graph of zeros distribution in the

complex plane. The specific heat graph support this single transition claim.
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8.4.2 Zs- and Zzg-symmetric models’ specific heat

Here we continue with the specific heat graph for the Zg-symmetric model with

@ = 5 and 6 for some value of y.

v 2 (d
o o)
ky dp (B)
4
3,
vy — 1=(2,1,0)
kg —2=(3,1,0
—x=(3,2,0)
1
0 : :
0 1 2 3 4
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Figure 8.22: Zs-symmetric model: Specific heat graph for a) 8 x 8 with different x
and b) 7x 9,8 x 8,9 x 9 for y = (3,2,0).

Figure 8.22 shows the specific heat graph for Zs-symmetric model with three
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Figure 8.23: Zg-symmetric model: Specific heat graph on square lattice a) 8 x 8
with different x and b) 6 x 7,7 x 7,8 x 8 for x = (3,2,0,0).
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energy list x = (2,1,0),(3,1,0) and (3,2,0). We can see the different peak behaviour
among these three y values. For the xy = (2,1,0) and x = (3,1,0), the single peak
suggests a single phase transition whereas for the y = (3,2, 0) the two peaks suggest
two phase transitions. Figure 8.22b presents the graph for x = (3,2,0) for three
increasing lattice size N = 7,8, 9.

We further consider the case of Zg-symmetric model. Figure 8.23 presents the
graph of specific heat with x = (2,1,0,0),(3,1,0,0),(3,2,0,0),(3,2,1,0). The
specific heat curves for x = (2,1,0,0) and xy = (3,1,0,0) each has only single
peak that corresponds to single transition.

The graph for x = (3,2, 1,0) however has a peak which is not entirely sharp. As
shown in the zeros distribution, it has a possibility of either single or double curve
move closer to the positive real axis. A bigger lattice is needed to describe this case
correctly.

The graph for x = (3,2,0,0) in contrary shows obvious multiple peaks. These
two peaks are the evidence for two phase transitions. This observation is in
accordance with the multiple curves in the positive real axis of its zeros distribution.
We plot for this case with different lattice size as in Figure 8.23b. The bigger the
size, the sharper the peak will be.

8.5 Discussion

The study of polynomial terms of partition function is aimed to find the largest term
contribution of this function. This term is believed to have the most domination
over the cancellation of magnitude in its partition function. The largest contribution
will suggests a typical energy penalty that exists near the transition point.

As expected, the first kind of transition is just between the ordered and
disordered phases. The largest contribution is represented in the region just after
the fully ordered state represented by the constant term of the polynomial. Then we

can see that the zeros in the second curve has the largest contribution somewhere
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between the first disordered state and the middle part of the polynomial. Here the
energy penalty is high given by many edges in the dual lattice. This observation
suggests a different kind of disordered phase will starts to emerge soon afterwards.

We illustrate these phases in Figure 8.24.

ordered

disordered

1

Figure 8.24: Ordered-disordered states illustration (not scaled).

The distinction between these two kind of disordered phases will be more obvious
at large lattice and certainly at the thermodynamic limit. The graph of specific heat
meanwhile shows the existence of phase transition through the peak in the graph.

The study of the polynomial term contribution support the determination of the
multiple phase transitions. The study provides one more detail about the system
i.e. the typical energy represented by the largest term contribution for Z = 0.

For the second phase transition however, it is not enough to determine the
existence only based on the change in the details of configuration state. The Peierls’
argument must be implemented again to support the existence of the second phase
transition.

This problem is still open — no equivalent to Peierls’ argument that prove the
existence of two transitions. The possibility is evidence in the zeros distribution
especially for Zs- and Zg-symmetric model. This observation is supported by the

behaviour in the graph of specific heat.






Conclusion

We have studied the partition functions and their zeros for Ising, )-state Potts and
Zg-symmetric models on several crystal lattices. The zeros are plotted in complex
Argand plane to study the analytic structure of the zeros distributions. Our research
supports the claim that this structure suggests the behaviour of physical observables
at thermodynamic limit related to phase transition.

The study of zeros distribution give the approximation of the physical critical
exponent value. We can also simultaneously study the analytic structure at
ferromagnetic and antiferromagnetic phases.

We may be able to exactly predict the locus of zeros if we can reach large enough
lattice size. For the moment, although it is very interesting to further extend the
zeros distribution to larger cases, the computing resources in hand is limiting our

study. The implementation of parallel computing is one option for improvement.

197






Appendices

A Algorithm for zeros finding

The Newton-Raphson (NR) method is a numerical algorithms for finding roots of
polynomial equation. The complex roots of partition function when Z = 0 are found
using this method.

Let n > 0 and let the number of iterations x,, be the estimated zeros at iteration
n and f be the polynomial function. Then the NR method is performed by the
following iterative formula;

Ty = Tyl — M (A.1)

f/(ajnfl) ‘
Theorem A.l1. Given a positive integer n > 1 and any choice of coefficients
ag, ay, ..., a, € C, such that a, # 0, define the function f: C — C by setting
f(2) = ap2" + ... + a1z 4+ ag, Vz € C.

In other words, f is a polynomial function of degree n. Then
1. given any complex number w € C, we have that f(w) =0 if and only if there
exists a polynomial function g : C — C of degree n — 1 such that

f(z)=(z—w)g(z), Vz € C.

2. there are at most n distinct complex numbers w for which f(w) = 0. In other
words, f has at most n distinct roots.

3. (Fundamental Theorem of Algebra, restated) there exist exactly n+1 complex
numbers wg, wy, ..., w, € C (not necessarily distinct) such that

f(z) =wo(z —wr)(z — ws)...(2 — wy),Vz € C.

In other words, every polynomial function with coefficients over C can be factored
into linear factors over C.

For numerical computation, let TOL be the predetermined tolerance (or
estimated error) and xy be the initial value. The NR method calculate the

199
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zeros of polynomial by iteration up to the predetermined stopping condition, i.e.
|z, —x,_1| < TOL.

Let n be the degree of partition function Z = Z a;z’ where a; is the polynomial

coefficient. Let f be a differentiable function f : R — R and f’ is the derivative of
f. Take function f = Z.
Let z¢ be the initial guess and z* be the approximated solution to the equation

P;(x) = 0. The algorithms below summarise the steps taken for the computation of
Newton-Raphson method. Let TOL= 1073%.

Algorithm A.2. (Newton-Raphson method).
INPUT polynomial f, degree n, initial value x, tolerance TOL
OUTPUT zeros z*

STEPS
1. For k from 0 to ... do Step 2 and 3.
2. Compute
o = Tp — f(xk).
f'(@r)

3. If |zks1 — xx| <TOL, then set z* = z44. Exit & loop.

Algorithm A.3. (Zeros of Polynomial with refinement).
INPUT polynomial f, degree n, tolerance TOL
OUTPUT Zeros z*

STEPS

1. Set initial value xy and Py(z) = f(z).

For ¢ from 0 to n — 1 do Steps 3 through 9.
Do Newton-Raphson method (A.2).
Refinement. Set o = z* and f(x) = Py(z).
Do Newton-Raphson method (A.2).

Set z* be the complex conjugate of x*.
Deflation. Compute for new P4

O Gt W

Pi

b= ey

8. Set i1 =1+ 1.
9. Set new initial guess xg = z*.
10. Stop

A.1 On error estimation

Here we state some challenges we have faced in computing the partition function
and its zeros.
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Let the initial value xy be a complex number zy = a 4 b7, a,b € R. It is known
that as the number of iterations n increases, the rounding error is also expected to
increase.

To reduce the error and at the same time increase the accuracy of the calculation,
a computational library known as GNU multiple precision (GMP) [102] is used in all
the programming code. The GMP is a library with unlimited precision arithmetic.
It allows the computer to perform many computations with large values — exceed
the standard integer range predetermined by ordinary computer. However, this
library increases the usage of computer memory very rapidly. Thus, bigger memory
is needed for large computation.

A.2 Refinement and convergence

To increase the accuracy of the roots finding, we add one more step to refine our
approximation. Let Zg be a partition function of graph G. Let P; be a polynomial
function where i = 0,1,2, ... and set Py = Z5. Denote z; as the approximated zero
for P;. For every approximated zeros x;, we take new deflated polynomial

Pi

r — T

Py =

fort=0,1,..n — 1 and n is the degree of Zg.

Theorem A.4 (The Complex Conjugate Root Theorem). Let f(z) be a polynomial
with real coefficients. Suppose a + bi is a complex root of the equation f(z) = 0,
where a and b are real and b # 0. Then a — bi is also a root of the equation.

Proof. Let the polynomial f(z) as below

f(z) = ao+arz+a2®+ ... +a,z"

n
= E az" =0
r=0
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where all a, are real. Then

flz) = Zar(z)T =0

n

Z a,(2)" =0

r=0
> @m(z) =0
r=0
D a(z) =0
r=0
fz)=0.
Therefore, the zeros appear to be in conjugate pair. O

By the complex conjugate root theorem A.4, for any polynomial with complex
zero, its complex conjugate is also a zero of the polynomial. For each P;, the NR
method is implemented to find the remaining zeros.

For refinement, the NR method is implemented on the original Z5. At each P,
when i > 0, we take the approximated zero z} as the initial value for NR method
on Zg. The new root from this step is accepted as the new approximated zero x; of
Zq. This step is repeated each time we find the root for the polynomial F;.

At some condition, we may have a convergence problem when there exist two or
more zeros located very close together or when there exist zeros with multiplicity
greater than 1. The existence of real zeros may also contribute to the problem. Thus
it is worth to check the possible real zeros from the beginning of the computation.

For the case where two or more zeros are close together, we can choose different
initial value after some number of iterations where it can redirect the program to
compute the zeros finding. A lot of checking need to be done in order to detect this.
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B Omnsager’s solution

We present the Onsager’s solution using rotational matrix approach as discussed by
Kaufman in [40].

Note that the horizontal and vertical nearest neighbour interaction for the square
lattice can be represented by rotational matrix

)= (50 o)

where the det(Mg(0)) = 1, so the complex eigenvalues are exp(=+i6).
Denote W as the rotational matrix and W,,(#) be the matrix rotation in ab-plane.
For any ¢ and 2N dimensions of rotational matrix, let

Wii1(0) = 1im1 & Mg(0) ® Lon—i—1.

N N
The idea is to replace the product of Vi = (H ti> and V5 = (H ti(iﬂ)) (from
i=1 i=1

(4.2)) by a matrix rotation W = W; Wy. The W; and W, are rotational matrices
given by

N
W, = Hw2i2ifl(2i9)
i=1

and
N
Wy = H Wai41 2¢(2i9,)-
i=1
Let ¢ = cos(2i0),d = cos(2i0"), s = sin(2if) and s’ = sin(2i6'). For example, if
N =4,
c s
-5 ¢
c s
-5 c
Wi = wipwsswsewrg = c s
-5 ¢

c S
—S C
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C —S
C S
—S C
C S
W = —5 ¢
C S
—S C
S C
Then
2N
W =Wy Wy = [ [ wa, (6:) (B.2)

where all {a;,b;} are distinct. Let z = e’V so 2N = 1. Since the dimension of a

rotational matrix is smaller than the dimension of transfer matrix 7, the problem
of finding the eigenvalue for partition function is reduced to only for finding the
eigenvalue of the corresponding rotational matrix.

Using Fourier transform, we define vector

1
2
4
6

fz:

z
z
z

where v, = f, ® ((1)) and v, = f, ® <(1)>
Then

and

v, o + 55’270 e’z — s\ (v,
w / - /. —1 / / / ! (B?))
v, —cs'z T+ sC ssz+cc U,
cd + ss'z7b e’z — sd
—cs'z V4 s ss’z+ el
41,

where we denote image of W as W = ( ) Since the

det(W*)) = 1, we write the eigenvalues as Ay = e
For example, suppose we have an Ising model on N by M square lattice. From
Martin [58] and Valani [92], the transfer matrix have the largest magnitude of
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eigenvalue given by g
N
1
/\0 = exp (5 kz_; l62i7rk/N). (B4)

Denote A = \g. The eigenvalues of rotational matrix are e and e *. Then
by the relation between the transfer matrix and the rotational matrix, the sum of
eigenvalues is equal to the trace of W) [84, p. 249]

1 1 . iy z+ 271 . . . -1
e* +e " =2 cos(2i0) cos(2i0") + sin(2:0) sin(2:6") | .
For large M, the partition function
I ~ A, (B.5)
L e +e" , : o
Using identities cosh(z) = — cosh(z) = cos(iz) and sinh(x) = isin(iz), we
have
/ z + 2_1 . . /
cosh(l,) = cosh(26) cosh(20") — sinh(26) sinh(26") (B.6)

where [, is the solution for the eigenvalue (B.4). Using identities sinh(20") =
sinh(20)~" and coth(26") = cosh(26) in isotropic case § = ' gives

~1
I, = cosh™ (coth(2«9') cosh(26") — : +2Z >
Again, using identity for simplification that is
1 I
cosh™z = In(z)+— [ In(1+zcosy)dy
T Jo

1 s
= —/ dyIn(2x — 2 cosy),
T Jo

this gives
1 [" , N z+ 2zt
l. = — [ In(2(coth(20')cosh(20') — ) —2cosy | dy
T Jo
1 s
lgimiyn = — / In (2 coth(26") cosh(20') — 2 cos(2wk/N) — 2 cosy) dy.
T Jo

Substitute this into Equation (B.4), we get

N
1 1 ["
In\ = 3 g —/ dyIn (2 coth(26') cosh(26') — 2 cos(2mk/N) — 2cosy).  (B.7)
™ Jo
k=1
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The above integral can be discretise using the following sum;

/ Sy ~ TS fr /). (B.3)

Therefore, we have

N M
InA ~ %Zl 2 len 2 coth(23) cosh(28) — 2 cos(2rk/N) — 2 cos(2mr/M))
N M
= Z i lnH (2 coth(28) cosh(28) — 2 cos(2mk /N) — 2 cos(2mr/M))
klzl N 7]’;1
= ln H H 2 coth(23) cosh(28) — 2 cos(2mk/N) — 2 cos(2mr/M)).
k=1r=1
This gives
N M
A= TTT] (K - 2(cos(2nk/N) + cos(2mr/M))) (B.9)
k=1r=1
where a o
1 o482
= T (B.10)

Without loss of generality, we derive the partition function for the zeros
distribution as

ZInm /\M

HH — 2(cos(27k/N) + cos(2mr/M))). (B.11)

k=1r=1

For y = €* and C = cos(2wk/N) + cos(2wr/M), each factor in (B.11) can be
written in a polynomial form when Z = 0. We can find the zeros for each factor
where

K — 2(cos(2wk/N) + cos(2nr /M) =
e 120 127 — 207 +1 =
y 20y P2yt —20y T 41 =

yt =20 + 27+ 20y +1 =

o O o O

(B.12)

for any N by M square lattice with k =1,2,.... N and r=1,2,..., M.



C Coefficient of partition function

Here we present one example of partition function coefficient. The coefficient of 3-state Potts model on 15 by 17 square

lattice is given below:

Degree Coefficient

0 2927476648137810571486137368142321550071037034496

1 250629094205791710036093951670291161267563721523200

2 11212634445676329456086523351994212908827165269747840

3 348184989462262219267971485562991018963027441810479360

4 8415485449732589931130118521444790681914246871184748320

5 168394770020611937795494541922997960480757252827282078560

6 2898888300548412776521260189674548404504296458442009489280

7 44065228173284469916101697443311849676877874346809322536880

8 602637865330708992967670067810758068153928108040925507307880

9 7520011885393468229004786042061947241324556272574374214729160

10 86559845854750227520819143969840655733143551251113511427786936

11 927076213901731100046452604930195132358934276041244907603300660

12 9304053571146475249632201637622822290138930599396359883251119080

13 88005729968209806423351576613313679596269846264557505501033976880

14 788398993981997058843289935373078388059050400366825664670192004800

15 6716923539551525044204187229564265113345069166504680890980577045340

16 54616061494314291109093921280518256810681900338355234528862580296210

17 425133037510174847468984094454856917880581753867893191750823430685550

18 3176454749506222370900295569501155646093838955639214738135013519909180

19 22834516371240509736193415886954675540334933887715217132221899636706650

20 158260474118287257014953700485790312713618225755612170467074020698561512

21 1059461968612007308753616751023841811139249768287439416508640747158192310

22 6861937772260283431932238556311772866637088053818399465509340549041877320

23 43062625696375826484725102380858912382806306850160508559876353893237826620

24 262197166853725812783704586047822178047050895840511626341063266659741128230

25 1550802727504766024575661523335210209991531405541991925065957411008282377742

26 8920030374995383068526620081731836581820868226772074028537823773008746926080

27 49945472885985747034211207486704848829626031395417222142552423146191818536150

28 272488610130909355831484468388320565011848653484848957970332275005976161323000

29 1449750383497213334245028046164511945019370685997826099605737517496433364857750

30 7527875258050685315104247944077419411841987985313952476143324535199998928786420

31 38177024147699160043136338744139469143335937840955230862687245140060886146628070

32 189223725746927675845543965182398368171347895827192858758077215050695758510028810

33 917203871430595047987851049193365105593967656832626254506671777218899663245164650

34 4350382268187902932099040874311827910877212701668962337103577621571908285736290430

35 20202170259077751154325800969383603294287938374182697375627773456177416405073559498

36 91896804239585326517949829789881350201501435591006448590292787112805006571628945910

37 409678847559189571720387127912505050373722639349197250156615688693383995598482756820

38 1790704303909575164172859002980213344947563327183834111052525241166541623971020729210

39 7677616653267073570778227224989480998166419981943087842970668382768273959248365198760

40 32301723404055909739862133408313900411165942722007521638631104270149252891302060705150
41 133409439835148745022280638142385230577132849535669448136379352603917825644781945249710
42 541084404194269685541058778525335711697765567457201108461623258889673569828116637721240
43 2155801926858579864066764969315862838542508828031213921589772034995881211817961440515500
44 8440307874294537521520790824136503745183084960624858839587966888623706067797124856388520
45 32482278926431453470427739938032851936589888705227261052664515287696412328152198796058334
46 122913647444167751726630612456266245924978029294151532977743615901094596797378766097959120
47 457445851256916380295716348749973246419445017468575247082530877368697680924540607353681230
48 1674866271485273432805278809205619081827047817558166393275203231486791626494970582833371930

6034357296321008999534931967917909598290795096564203853869628192792527661154657090844953380
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356440195269863271632637843207580801485389849008189017792078315302327392952935082355134101720691668218406091836350
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