Large-Deviation Theory Approach to Systems with
Orientational Order: Results for Two and Three
Dimensional Liquid Crystals
By
Eleftherios Mainas
B.S., Chemistry, University of Athens, Greece, 2017
M.A., Chemistry, Brown University, U.S.A., 2019

Submitted in partial fulfillment of the requirements for the Degree of

Doctor of Philosophy in the Department of Chemistry at Brown University

PROVIDENCE, RHODE ISLAND

October 2023



©) Copyright 2023 by Eleftherios Mainas



This dissertation by Eleftherios Mainas is accepted in its present form by the Department
of Chemistry as satisfying the dissertation requirement for the degree of Doctor of
Philosophy.

Date

Richard Stratt, Advisor

Recommended to the Graduate Council
Date
Brenda Rubenstein, Reader

Date

Brad Marston, Reader

Approved by the Graduate Council

Date

Thomas A. Lewis, Dean of the Graduate School

111



Curriculum Vitae

Education

2018-2023 Ph.D., Chemistry
Brown University (Providence, RI, USA)

2018-2019
M.A., Chemistry
Brown University (Providence, RI, USA)

2013-2017
B.Sc., Chemistry
National and Kapodistrian University of Athens (Athens, Greece)

Publications

Mainas, E. and Stratt, R. (2023). Exceptionally large fluctuations in orientational order:
The lessons of large-deviation theory for liquid crystalline systems. (Manuscript under
preparation).

Mainas, E., et al. (2020). Coating of magnetic nanoparticles affects their interactions
with model cell membranes. Biochimica et Biophysica Acta (BBA) - General Subjects,
Volume 1864, Issue 11, November 2020.

Teaching

September 2019—May 2023

Teaching Assistant, Chemistry, (Brown University, Providence, Rhode Island, U.S.A.)

YY)

Courses: ”Physical Chemistry: Quantum Chemistry”, ”Physical Chemistry: Thermody-
namics and Statistical Mechanics”, ” Equilibrium, Rate, and Structure Lab”

Awards and Fellowships

AHEPA Mavroyannis Scholar for the 2022-2023 academic year

v



Acknowledgments

In September 2018, I moved to Providence with the goal of pursuing a Ph.D. at Brown
University. After a span of five years, filled with numerous ideas, equations, and lines of
computer code, this wonderful journey has now reached its conclusion. Brown University’s
environment could not have been more welcoming and intellectually stimulating, and
I could not have made a better decision in choosing my supervisor, Richard Stratt. A
true master of his craft, Professor Stratt shaped my scientific thinking and showed me
how to effectively communicate complex ideas. His belief in my abilities never wavered,
even when I doubted myself, and he consistently encouraged me to develop and present
my own derivations, calculations, and ideas. Without his guidance, I would not have
been equipped to solve the challenging problems presented in this thesis. After all, there
is no Edmond Danteés without Abbe Faria, and no D’Artagnan without Athos. I am
also deeply grateful for the guidance and support provided by my committee members,
Brenda Rubenstein and Brad Marston. Professor Rubenstein’s expertise in simulations,
and Professor Marston’s insights into classical physics, have been indispensable to my
research. Additionally, their mentorship has been instrumental in helping me navigate
the various phases of my Ph.D. milestones. Lastly, I would like to acknowledge Yichen

Chai and Dawei Si for their friendship and kind help with various research-related issues.



Contents

1 Introduction 1
1.1 Liquid crystals and the Isotropic/Nematic phase transition . . . . . . . . 1
1.2 Orientational order parameter . . . . . . . . ... ... .. .. ...... 3
1.3 Probability distribution fluctuations . . . . . . . ... ... L. 6
1.4 The Gay-Berne model - Phase diagram in two- and three dimensions . . 8
1.5 A note on the two-dimensional GB(3, 5,2, 1) model . . . . . . ... ... 13
2 Statistical mechanical lessons from the random flight problem in 3D 15
2.1 Random flight in three dimensions . . . . . . . . .. ... ... ... ... 16
2.2 Exact probability distribution . . . . . . ... .00 17
2.3 Central-limit theorem, small fluctuations around the origin . . . . . . .. 18
2.4  Complete alignment limit . . . . ... ... .. ... ... ... 21
3 Large-deviation theory 26
3.1 The large-deviation principle . . . . . . . . . ... oL 27
3.2 Gaertner-Ellis theorem and classical thermodynamics . . . . . . .. ... 28
3.3 Spherical symmetry of the free energies . . . . . . . .. ... 30
3.4 Weak-fluctuations / Central-limit theory . . . . . .. ... .. ... ... 33
3.5 The central idea of the thesis / Mean-field form of the large-fluctuation limit 35
4 Large-deviation theory perspective on the nematic order of two-dimensional

vi



isotropic liquid crystals 39

4.1 The set up of the problem . . . . . .. ... ... ... ... ... 39
4.2 The strong correlation/weak fluctuation limit: Central-limit theory . .. 42
4.3 The weak correlation/strong fluctuation limit: Mean-field theory . . . . . 45
4.4 Pade interpolation and a new expression for the free energy . . . . . . . . 47
4.5 Similarities with 2D magnetism in the XY model . . . . . .. ... ... 48

Large-deviation theory perspective on three-dimensional polymer end-

to-end distances 55
5.1 Large deviations theory set-up of the problem . . . . ... .. ... ... 55
5.2 Central-limit theory of the interacting polymer . . . . . . . . . .. .. .. 57
5.3 The strong-field limit . . . . . . .. ... Lo 59
5.4 Pade’ interpolation between weak- and strong-field limits . . . . . . . .. 61

Large-deviation theory perspective on the nematic order of three-

dimensional isotropic liquid crystals 64
6.1 Large-deviation theory order parameter . . . . . . . . . .. ... .. ... 64
6.2 Weak-field limit of the generating function 3D liquid crystals . . . . . . . 69
6.3 Strong-field limit/Mean-field theory of nematics . . . . . . .. ... ... 72
6.4 Pade interpolation of the 3D liquid crystalline equation of state . . . . . 74
Results 77
7.1 Results for the 2D XY model . . . . . . . ... ... ... ... 7
7.2 Results for two- and three-dimensional isotropic liquid crystals . . . . . . 81

7.2.1 Correlated Gay-Berne Molecules/Deep Isotropic Phase . . . . . . 83

7.2.2  Correlated Gay-Berne Molecules/Pre-transitional Isotropic Phase 87

Time-dependent large-deviation theory at the weak-fluctuation limit:
Three-dimensional isotropic liquid crystals 93

8.1 Time-dependent scaled cumulant generating function . . . . . ... ... 95

Vil



8.2 Gaertner-Ellis theorem and vector equation of state . . . . . . . .. . .. 98

8.3 Scalar equation of state and reversible work theorem . . . .. ... ... 101
9 Concluding remarks 105
Appendix A: Simulation details 108

Appendix B: Definition of M and calculation of M™! 117

viil



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

N-(p-methoxybenzylidene)-p-butylaniline (MBBA) forms the nematic liquid
crystal phase. It was synthesized in 1969 [34] and is nematic from 20° to
47° at atmospheric pressure. Figure is taken from [23, p. 3]. . . . . . ..
Figure is taken from [14]. . . . . . . . . . ...
In the middle we can see the formation of domains, right before the system
transitions to the nematic phase. . . . . . .. . ... ... ... ... ..
Definition of the angle 6 for a system of anisotropic molecules. The image
is taken from [2] . . . ..o
The two extreme limits of the Gay-Berne potential. When the two inter-
acting molecules approach side-to-side (blue curve) and end-to-end (red
curve). When they approach side-to-side they can get 3 times as close and
it is 5 times more energetically favorable as compared to the end-to-end
approach. . . . . .o
The average order parameter versus the density. Each cross consists of
10° configurations of the GB(3, 5, 2, 1) produced via Molecular Dynamics

simulation with 7% =1 and N = 800 in two dimensions D =2. . . . . . .

1X

10



1.7 A superposition of the phase diagrams in three- and two-dimensions. The

2.1

3.1

3.2

4.1

three-dimensional isotropic phase is the white region and the nematic is
the red. The two-dimensional isotropic is the grey and the nematic is the
blue. The dotted line corresponds to 7 = 1 which is the temperature used
for all the simulations in the thesis. The three red circles correspond to the
three different density conditions we used for the three-dimensional systems
(p* = 0.280, p* = 0.300 and p* = 0.304). The two blue x’s correspond to the
two different densities (p* = 0.230 and p* = 0.285) used in two-dimensional

simulations. Original figure is taken from [6]. . . . . . . . ... ... ...

The cyan line is the weak force limit (equation 2.28) and the black dashed
line is equation 2.30. The blue line is equation 2.33 and the red dotted line
is equation 2.32. For weak deformations, both approximations are good

and for large deformations the Pade[5/2] is slightly more accurate. . . . .

The function F that depends on variable x and the Legendre transform G
that is a function of the slope. The figure is taken from [64]. . . . . . ..
Large-deviation theory connects the system’s responses to an external field
with the probability distribution. The picture shows headless vectors (liquid

crystal molecules) and random flights under extreme field limits. . . . . .

On the left we can see magnetic moments lying on lattice sites. On the rights
we can see the orientation vectors of anisotropic liquid crystal molecules

with up-down symmetry. . . . . . .. ... L

13

24

32

33



7.1

7.2

7.3

The effective rate functions as a function of the order parameter p for a
2D XY system that consists of N = 784 spins deep in the paramagnetic
phase where the temperature is really high compared to the ferromag-
netic coupling constant J. The dotted line corresponds to a Monte Carlo
simulation (Metropolis algorithm) (107 configurations); The blue dashed
line corresponds to the 2D Central-limit Theory (CLT) approximation;
The black solid line corresponds to the 2D Large-deviation Theory (LDT)

approach. A very small difference is visible between CLT and LDT for

The effective rate functions as a function of the order parameter u for a
2D XY system that consists of N = 784 spins in pre-critical paramagnetic
conditions under a much lower temperature (8J = 0.9). The dotted
line corresponds to a Monte Carlo simulation (Metropolis algorithm) (107
configurations); The blue dashed line corresponds to the 2D Central-limit
Theory (CLT) approximation; The black solid line corresponds to the 2D
Large-deviation Theory (LDT) approach. . . . . . . ... ... ... ...
Probability distribution of the orientational order parameter s for non-
interacting (uncorrelated) molecules in 2D, demonstrating the dependence
on the size of the system, N. The dotted line corresponds to a computer
simulation over 10° configurations; The dashed line corresponds to the
Central-limit Theory (CLT) approximation and the solid line corresponds
to the Large-deviation Theory (LDT) probability distribution generated
from the 2D ideal-gas Pade’ equation of state. The CLT and the LDT lines

are indistinguishable on that scale shown here. . . . . . . . . .. ... ..

x1

78

79



7.4 Probability distribution of the orientational order parameter s for non-

7.5

7.6

interacting (uncorrelated) molecules in 3D, demonstrating the dependence
on the size of the system, N. The dotted line corresponds to a computer
simulation of 10® configurations; The dashed line corresponds to the Central-
limit Theory (CLT) approximation and the solid line corresponds to the
Large-deviation Theory (LDT) probability distribution generated from the
3D ideal-gas Pade’ equation of state. The CLT and the LDT lines are
indistinguishable on the scale of the graph. . . . . . .. .. ... ... ..
Probability distribution of the orientational order parameter s in 2D. The
dotted line represents the Molecular Dynamics simulation (3 x 10° con-
figurations) of 2D Gay-Berne molecules under deep isotropic conditions
(p* = 0.230 and T* = 1); The dashed line is the 2D Central-limit The-
ory (CLT) approximation with information taken from the deep isotropic
simulation; Finally the solid line is the 2D Large-deviation Theory (LDT)
answer with information extracted from the same simulation. The CLT
and the LDT lines are indistinguishable on the scale of the graph. . . . .
Probability distribution of the orientational order parameter s in 3D. The
dotted line represents the Molecular Dynamics simulation (3 x 10° configu-
rations) of 3D Gay-Berne molecules at deep isotropic conditions (p* = 0.280
and 7" = 1); The dashed line is the 3D Central-limit Theory (CLT) ap-
proximation with information taken from the deep isotropic simulation;
Finally the solid line is the 3D Large-deviation Theory (LDT) answer with
information extracted from the same simulation. The difference between
CLT and LDT can now be seen on that scale. Moreover it can be seen
that for small N, LDT does slightly better than CLT at the tails of the

distribution. . . . . . .. L

xii

83

85



7.7 (a) The dotted line is the 2D Molecular Dynamics simulation (107 configu-

7.8

7.9

rations) of 2D Gay-Berne molecules in pre-transitional isotropic conditions
(p* = 0.285, T* = 1). The dashed line is the 2D Central-limit Theory
(CLT) approximation with information taken from the same pre-transitional
isotropic simulation; (b) The dotted line is the 2D Molecular Dynamics
simulation of 2D Gay-Berne molecules in pre-transitional isotropic condi-
tions (p* = 0.285, T* = 1); The solid line is the 2D Large-deviation Theory
(LDT) answer with information extracted from the same simulation. . . .
The effective rate functions as a function of the order parameter s for a
2D system that consists of N = 800 molecules in pre-transitional isotropic
conditions (p* = 0.285, T* = 1). The dotted line corresponds to a Molecular
Dynamics simulation (107 configurations) of 2D Gay-Berne molecules;
The blue dashed line corresponds to the 2D Central-limit Theory (CLT)
approximation with information taken from the simulation; The black solid
line corresponds to the 2D Large-deviation Theory (LDT) approach with
information taken from the same simulation. . . . . . ... .. ... ...
(a) The dotted line is the 3D Molecular Dynamics simulation (1.5 x 107
configurations) of 3D Gay-Berne molecules in pre-transitional isotropic
conditions (p* = 0.300, T* = 1). The dashed line is the 3D Central-limit
Theory (CLT) approximation with information taken from the same pre-
transitional isotropic simulation; (b) The dotted line is the 3D Molecular
Dynamics simulation of 3D Gay-Berne molecules in pre-transitional isotropic

conditions (p* = 0.300, T* = 1); The solid line is the 3D Large-deviation

88

89

Theory (LDT) answer with information extracted from the same simulation. 90

Xlil



7.10 (a) The dotted line is the 3D Molecular Dynamics simulation (1.5 x 107

7.11

9.1

9.2

configurations) of 3D Gay-Berne molecules in pre-transitional isotropic

conditions extremely close to the nematic phase (p* = 0.304, T* = 1).

The dashed line is the 3D Central-limit Theory (CLT) approximation
with information taken from the same extreme pre-transitional isotropic
simulation; (b) The dotted line is the 3D Molecular Dynamics simulation of
3D Gay-Berne molecules in pre-transitional isotropic conditions (p* = 0.304,
T* = 1); The solid line is the 3D Large-deviation Theory (LDT) answer
with information extracted from the same simulation. LDT describes the
tails better than CLT as it includes the perfect order limit s =1.. . . . .
The effective rate functions as a function of the order parameter s for a
3D system that consists of N = 2048 molecules in (a) pre-transitional
isotropic conditions (p* = 0.300, 7% = 1) and (b) pre-transitional isotropic
conditions extremely close to the nematic phase (p* = 0.304, 7" = 1). For
both (a) and (b) sub-figures, the dotted line corresponds to a Molecular
Dynamics simulation (1.5 x 107 configurations) of 3D Gay-Berne molecules;
The blue dashed line corresponds to the 3D Central-limit Theory (CLT)
approximation with information taken from the simulation; The black solid
line corresponds to the 3D Large-deviation Theory (LDT) approach with

information taken from the same simulation. . . . . . . . . . . . .. ...

A typical configuration of the 2DXY lattice simulation. The figure is taken
from [52] . . ..
The total, translational, rotational and potential energy per particle for
a three-dimensional simulation of N = 2048 Gay-Berne molecules under

pre-transitional isotropic conditions p* =0.30 and T* =1. . . . .. . ..

Xiv

91

92

108



9.3

The three instantaneous eigenvalues of the tensor Q for a three-dimensional
simulation of N = 2048 Gay-Berne molecules under pre-transitional isotropic
conditions p* = 0.30 and T™* = 1. This is the data collection process of the

same simulation shown in figure 9.2.. . . . . . . .. ... L.

XV

115



List of Tables

9.1

9.2

Monte Carlo simulation of the 2DXY model under high-temperature con-
ditions. We relaxed the system sufficiently and then proceeded to data
collection where for every 10 Monte Carlo moves, we calculated p. . . . .
Monte Carlo simulation of the 2DXY model under low-temperature con-
ditions. The system is close to the critical point f¢J &~ 1.13 ([30]). After

enough relaxation we started calculating p every 10 moves. . . . . . . . .

Xvi

109



Abstract of ”Large-Deviation Theory Approach to Systems with Orientational Order:
Results for Two and Three Dimensional Liquid Crystals”, by Eleftherios Mainas, Ph.D.,

Brown University, August 2023

Problems like describing the extent of order in isotropic liquid crystals, the extend
of magnetization in magnetic systems and finding polymer end-to-end distances, can be
described in terms of the probability distributions of collective molecular orientations.
However, standard statistical mechanical methods for evaluating these distributions fail
when large fluctuations become important, as they do close to the isotropic/nematic
transition. Moreover, it is even difficult to extract quantitative details on large fluctuation
behavior from simulations because of numerical noise. Using large-deviation theory, we
described an approach to computing expressions for these probability distributions that
can make use of simulation information to accurately compute even the large fluctuation
limit of these distributions. Large-deviation theory can be shown to connect the applied
field /orientational-order parameter equation of state to the desired probability distribution.
The key is to think about the limiting extremes of the system’s response to an applied
field. When the field is weak, the central-limit theorem applies, but in the presence of a
strong field, individual rotors feel a mean-field from the rest of the system. We show that
simple Pade’ interpolation between these limits generates a form for the equation of state
that leads to a way of generating accurate orientational probability distributions from

simulation.
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CHAPTER 1

Introduction

1.1 Liquid crystals and the Isotropic/Nematic phase
transition

Nature is much more diverse and interesting than the simple trichotomy ” gas-liquid-
solid” that is presented in high school chemistry. For example, there is a plethora of
intermediate states of matter that lie between the perfect solid crystal and the isotropic
liquid [23, Chapter 1]. These states of matter are given the, perhaps peculiar, name
"liquid crystals”, since they flow like ordinary liquids but have optical properties similar
to crystals. Many anisotropic organic molecules (See figure 1.1), minerals and even viruses
that possess anisotropic shapes (in the sense that they are not spherical) have the ability

to form liquid crystals states of matter [50, Chapter 1].

Figure 1.1: N-(p-methoxybenzylidene)-p-butylaniline (MBBA) forms the nematic liquid
crystal phase. It was synthesized in 1969 [34] and is nematic from 20° to 47° at atmospheric
pressure. Figure is taken from [23, p. 3].



Layer
Normal

Isotropic

Heating

Figure 1.2: Figure is taken from [14].

In figure 1.2 we can see a variety of phases that one would stumble upon heating a
perfect solid crystal of ellipsoidal molecules. There are the so-called smectic phases, where
there is long orientational order and at the same time, the molecules form layers (long
translational order between center-of-masses of the molecules). Then there is the nematic
phase where there is only long orientational order, and finally the isotropic liquid with no
translational or orientational order. In this study we shall focus on the isotropic phase
and the nematic phase and we shall investigate how a system of perfect disorder behaves

as it approaches the neighboring nematic phase.

A vast number of experiments has been conducted in order to study the pre-transitional
behavior of isotropic liquid crystals close to the isotropic/nematic coexistence line (See
for example [43], [42], [57], [44], [58], [53], [54], [8], [56], [55]). It has been experimentally
observed that there is a very slow orientational relaxation next to the I/N transition in the
isotropic phase. This slow relaxation is attributed to the formation of nematic droplets
inside the isotropic phase [56] which are known as pseudo-nematic domains and have

a correlation length & that is very large. The Landau-De Gennes theory [12] gives the



temperature dependence of &,

{m =t (3 ) 11)

where & is a molecular scale and T™ is the critical temperature that is actually bellow the
isotropic/nematic transition temperature Ty so the system never gets to T™* because it
transitions to the nematic phase first. A cartoon picture of the domains can be seen in

figure 1.3.

Figure 1.3: In the middle we can see the formation of domains, right before the system
transitions to the nematic phase.

Locally the system has nematic ordering (pseudo-nematic domains) but globally the

orientations of the domains cancel each other out giving macroscopically isotropic order.

1.2 Orientational order parameter

We describe the transition between phases with different orientational symmetry via
an orientational order parameter. This way we can differentiate between an isotropic and
a nematic phase. The order parameter of choice needs to mark a clear difference between
a probability distribution along +n and some other random macroscopic direction. The
two pieces of information needed to specify nematic ordering is the extend of ordering and

the director and can be defined simultaneously in terms of a real, symmetric and traceless



second-rank tensor Q [12],
1o 1 L
j=1

with N the number of molecules, D the dimensionality of the system and 1 the unit
matrix. The object Qij is called a dyadic product and is used in order to build the
second-rank tensor Q from the molecular orientations. For two vectors a = (a,, a,) and

b= (by, by) the dyadic product is defined as,

The molecular orientation vector Qj is the unit vector that goes through the long axis

of the anisotropic molecule (See figure 1.4),

-\
N
N
0%@

Figure 1.4: Definition of the angle € for a system of anisotropic molecules. The image is
taken from [2]

QD

/
q

We define the angle 6; of some molecule as,

cosb; =€ - 2 (1.4)



where £ is some arbitrary macroscopic axis. The definition of the angle 6; does not depend
on the choice of the axis. In other words if we rotate all the orientations Qj around some
arbitrary angle, the tensor Q will not be affected. In a simulation we usually choose Z to
be some edge of the simulation box. The definition of Q in equation 1.2 is very useful for

computer simulations and we can sum up all the important properties of the tensor,

Q=09" (1.5)
TrQ — %Z(D TrQ,0,) — Tr(1)) = %Z(D(l) _D)=0 (1.6)

Property 1.5 guarantees that the tensor can always be written in a diagonal form while
property 1.6 ensures that the average order will be zero for a macroscopically isotropic
phase (We used Tr(ab) = Tr(a-b)). The definition of Q is suitable for computer simulations
of liquid crystal models (See for example [41] and [18]) because the director n is not
known beforehand. Also, it is important to mention that Q measures the orientational
ordering of the entire system of N molecules; it is a global measure and is defined for
each configuration of a computer simulation. Direct diagonalization of the tensor for each
configuration gives us the (instantaneous) largest eigenvalue s (the scalar order parameter)

with the corresponding eigenvector 7,

It is convenient to use s because it is a scalar quantity and we can utilize it to quantify
the extend of nematic order in some liquid crystal simulation. For a perfectly isotropic
system the average value (cos?#;) = D! and (s) = 0. For a perfectly ordered system
we have (cos?6;) = 1 and (s) = 1. A macroscopic sample of liquid crystal molecules

in the isotropic phase will obviously have zero order (s) = 0 (as will (Q) = 0) and



the probability distribution p(s) will be a delta function (as will P(Q)). In computer
simulations however, we study finite systems and p(s) is not trivial anymore. We expect
the probability distribution to fluctuate and these fluctuations are exactly what we wish
to study. More specifically we will look at the N dependence of p(s) in the isotropic phase

close to the I/N transition.

1.3 Probability distribution fluctuations

The fundamental distinction between thermodynamic variables is extensive-intensive
[7, Chapter 2]. Extensive variables depend on the number of molecules N of the system
and intensive variables do not. The nematic order parameter N Q is an extensive property
and its probability distribution will also depend on the size of the system. For a finite
sample of isotropic liquid crystal molecules there is a non-trivial probability distribution
(We start from the probability density of the tensor and in later chapters we will show
the connection with p(s)),

P(Q),/P(Q)dQ =1 (1.9)

that fluctuates. It is precisely these fluctuations that we wish to study as they contain
important molecular information. Especially in computer ”experiments” we are able to
simulate small numbers of molecules efficiently and calculate P(Q) for different N values.
This way, we can numerically probe the fluctuations of the highly non-trivial P(Q) in

order to quantify nematic order inside an intrinsically isotropic medium.

The study of fluctuations can be traced back to Einstein [17] where he studied thermal
fluctuations in the context of Brownian motion. In the context of liquid crystals, we may

express the probability of observing a fluctuation as a function of the excess free energy

of domain formation AF(Q) = F(Q) — Fu,

P(Q) ~ exp (=fAF(Q)) (1.10)



where 8 = 1/(kpT') and Fj a constant. In the vicinity of the critical point AF(Q) becomes
flat and the probability of observing high O fluctuations increases. Before we proceed to

the Landau-de Gennes answer for AF(Q) we need mention some important mathematical

facts about AF(Q).

The free energy AF(Q) will not depend on the choice of the axis and so it will only be
a function of the so-called ”absolute rotational invariants (ARI’s)” of the tensor Q [25].

These objects are invariant with respect to similarity transformations R,
Q - RYOR (1.11)
and are thus functions of
Tr((RTQR)") = Tr(Q"), n=1,2,3.. (1.12)

However, all traces of power n can be expressed as polynomials of the first three [29, p.

194], which means that for D = 3 the only ARI’s are,
Tr(Q%), Tr(Q% (1.13)

In the case of D = 2 the only ARI is Tr(Q?). The traditional approach to F(Q) has to
do with the Landau-De Gennes theory of the isotropic/nematic phase transition. It is a
phenomenological picture that assumes an analytic F/(Q). For three-dimensional liquid
crystals the theory [12] is based on a power series expansion of the free energy in powers
of the traces,

F(Q) = Fy+ JA(T) Tr(@) + B(T)3 Tr(@) + C(T) Tr(@ + .. (L14)

where there is no external field term and 7'r(Q) = 0 from the definition of Q (See property

in 1.6). For small values of Tr(Q?) and when Tr(Q?) >> Tr(Q?) (this makes sense as



Tr(Q?) corresponds to fluctuations perpendicular to the director and they are small as
we will see in the discussion section) the conventional Landau approach to the isotropic
phase predicts,

F(Q)~ Fy + %A(T)Tr(Qz) (1.15)

P(Q) ~ exp (—%@4@) MQ?)) (1.16)

a gaussian profile of the probability distribution [12]. However, this is precisely the
approach that we do not wish to take since when the system is in the pre-transitional
region, fluctuations are large and the power series in equation 1.14 is inadequate. The
goal of this thesis is to go beyond the gaussian probability distribution and capture the
divergence of the free energy. Firstly, we will show how this gaussian picture can be
derived rigorously from random matrix theory methods and that it is a consequence
of the central-limit theorem in statistics. Then, we will go beyond the central-limit
theory with the help of large-deviation theory [60]; a solid mathematical framework that
systematically studies random variables with strong fluctuations. Right at the point where
the Landau-De Gennes picture fails and the fluctuations grow, we will use large-deviation

theory to accurately calculate P(Q) (and p(s)).

1.4 The Gay-Berne model - Phase diagram in two-
and three dimensions

In molecular dynamics simulations we wish to reproduce the characteristics of molecules
that form isotropic and nematic liquid crystal phases. As we already have discussed, these
are organic molecules with ellipsoidal shapes and short-range non-bonded interactions.
To capture simultaneously the steric effects and the non-bonded interactions that are
non-Coulombic in nature we use the Gay-Berne [22] potential, a generalization of the

more common Lennard-Jones potential. The Gay-Berne potential energy U* = U/¢ is a



function of the distance between the two center-of-masses r* = r/og, r = || as well as

the orientations QZ-, Qj of the interacting molecules,

1 12 1 6
* = gevet - 1.1
o =wer| () - (7o) a1
L n2]72
€= [1 2 (QQJ) } (1.18)
(£ e 0)  (0-0)
d=1-% Yy B (1.19)
2 1+x’( Z Qj) 1—X’<Qi~Qj)
. N2 . . \27"2
(£ Qv ) (F-Q-i-0y)
o=1 4 m— (1.20)
2 1+X(Qi-ﬂj) 1—X(Qi-9])
where x and X’ are the anisotropy parameters and are defined as,
2
oy/or) —1
(= o) =1 (1.21)
(UH/UJ_) +1
1/#_1
X = (€ss/6cc) (1.22)

(ess/€ec) ™ + 1
We use standard Gay-Berne parameters [13] that have been extensively used in liquid

crystal studies,

SS 5
S5 5, ew=oe =3 oy=30, p=2 wv=1 (1.23)
€ce 3 oL

where the quantity ey /€. is the ratio of the depth of the potential well when two molecules
are placed side-to-side to that when two molecules are placed end-to-end and the quantity
o/o. is the ratio of the major axis of the Gay-Berne molecule to the minor axis. In

figure 1.5 we show the potential energy as a function of the intermolecular distance.
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Figure 1.5: The two extreme limits of the Gay-Berne potential. When the two interacting
molecules approach side-to-side (blue curve) and end-to-end (red curve). When they
approach side-to-side they can get 3 times as close and it is 5 times more energetically
favorable as compared to the end-to-end approach.

In the case of spherical symmetry y = 0 and x’ = 0 we recover the standard Lennard-Jones

-

where of course there is no nematic phase. Nematic order rises due to the anisotropic

curve,

shapes of the molecules [14] as it was shown early on for molecules with oy /o, >> 1 by

Onsager [49]. In standard terminology [6] the Gay-Berne model we will use is,

GB(oy /o1, €ss/€ces i, v) = GB(3,5,2,1) (1.25)

While that model is not unique we will use it throughout this study because the 2D [36]
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and 3D [13] phase diagrams of that model have been extensively studied and mapped out.

The phase-diagram (See figure 1.7) is given in terms of the reduced temperature
T* = (kgT)/ey and the reduced density p* = pol’, two- dimensions D = 2 (grey-blue
region in figure) and three-dimensions D = 3 (white and red regions in figure) respectively.
In this study the control parameter driving the system to different regions of the phase
diagram, is the density p* and the temperature will be set equal to T* = 1 (dotted line
in figure) for all simulations. The three-dimensional conditions that correspond to the
deep-isotropic/nematic/pre-transitional isotropic have been worked out in previous work
[63]. The deep isotropic density is p* = 0.280, the pre-transitional is p* = 0.300 and
the pre-transitional extremely close to the nematic phase is p* = 0.304. These three
conditions can be seen as red dots in figure 1.7. All these different thermodynamic
conditions will be used in order to evaluate the accuracy of different approached to the
probability distribution of the nematic order parameter in finite isotropic systems. For
two-dimensional (D = 2 systems, we performed our own analysis (see figure 1.6) and
calculated (s) for different densities in order to find which one is a good candidate for to
the deep-isotropic and which one works as a pre-transitional. We found that for N = 800,
(s) changes significantly around p* ~ 0.30 which is consistent with other D = 2 studies
(See [36], [37] and [6]). This is also consistent with figure 1.7 where the nematic phase in

D = 2 (blue region) stabilizes for smaller p* compared to D = 3 (red region).
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Figure 1.6: The average order parameter versus the density. Each cross consists of 10°
configurations of the GB(3, 5, 2, 1) produced via Molecular Dynamics simulation with
T* =1 and N =800 in two dimensions D = 2.

The density p* = 0.230 was chosen as the deep-isotropic density with weak fluctuations
and the density p* = 0.285 was chosen as the pre-transitional isotropic density with strong

fluctuations. These conditions can be seen as blue x’s in figure 1.7.
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Figure 1.7: A superposition of the phase diagrams in three- and two-dimensions. The
three-dimensional isotropic phase is the white region and the nematic is the red. The
two-dimensional isotropic is the grey and the nematic is the blue. The dotted line
corresponds to T* = 1 which is the temperature used for all the simulations in the
thesis. The three red circles correspond to the three different density conditions we used
for the three-dimensional systems (p* = 0.280, p* = 0.300 and p* = 0.304). The two

blue x’s correspond to the two different densities (p* = 0.230 and p* = 0.285) used in
two-dimensional simulations. Original figure is taken from [6].

1.5 A note on the two-dimensional GB(3, 5, 2, 1)
model

The true nature of the phase transition in two-dimensions is slightly more convoluted.
In fact, it would be probably wiser to use the word quasi-nematic instead of nematic.
There is evidence [37] that in two-dimensions, because of the Mermin-Wagner theorem

[46], thermal fluctuations destabilize long-range order and for large enough systems the
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nematic phase will eventually vanish. It has been found that the transition is of the
Kosterlitz-Thouless type between an isotropic phase where orientational correlations decay
exponentially and a quasi-nematic phase where the correlations decay as a power law.
The underlying mechanism that drives the transition is the binding and unbinding of
disclinations [37]. Nevertheless, in our study we cannot tell the difference between nematic
and quasi-nematic because we work with small systems who still show significant nematic
order (See figure 1.6) and we shall keep using the word "nematic” for two-dimensions
as well. Moreover it is impossible to distinguish between different underlying geometries
(like the topological defects) with the order parameter we are using. The tensor Q is a
global measure of the orientational order and not a local measure as it contains molecular

information but it does not contain spatial information.
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CHAPTER 2

Statistical mechanical lessons from

the random flight problem in 3D

The problem of a random flight dates back to the beginning of the 20th century [16]
and is a useful platform to introduce all the fundamental ideas that will be used in the
thesis. As the name suggests, a random flight consist of a sequence of uncorrelated steps
of unit length with orientations Qj in three-dimensional (D = 3) space. An interesting
question that one can ask is the following: What is the probability density of the sum of
all the steps; the end-to-end distance? In other words, how likely is the random flight to
return to the origin or stray off completely after an x number of steps? We can answer
this question exactly and also showcase possible approximations as the number of steps
N gets larger. Exactly solvable models like the random flight can provide insight and

guidance in order to tackle the more complicated case of interacting Gay-Berne molecules.
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2.1 Random flight in three dimensions

Imagine that we have a sequence of N steps of length d. The unit orientation of each

step [ is defined as,

coSs ¢y sin 0,
le sing;sinf, |, (=1,..,N (2.1)
cos 0,

and the angles ¢ and @ are measured with respect to some arbitrary macroscopic axis.
cosfy =€ - 2 (2.2)

The axis Z can point anywhere in space. The natural way of characterising how much the
flight has progressed since its initiation is by measuring the distance between the tail of
)y and the head of Qy vectors. This is called the end-to-end distance and it is simply the

sum of all the steps with length d,

N
R=d» O, R=[R|=\/R+R}+R} (2.3)
=1

For N — 0o we expect (R) = 0 but when we have a finite N we expect a non-vanishing
average and P(R) to fluctuate. Equivalently we can define a scalar reduced end-to-end

distance r that is intensive,
R R
T = = —_—
|IR|maz Nd

(2.4)

and goes from (r) = 0 (steps in random directions) to (r) = 1 when all the steps are in
the same direction. What is the typical size of a random flight that consists of a finite

number of steps? Before we even begin our analysis we can look at the root-mean-square
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or r in a similar manner to s in liquid crystals and examine the limiting cases,

N / 1/v/N, random steps
- Q)

L'=1 1, fully extended

These two limiting behaviors will provide valuable insight into the formulation approxima-

tions to the probability distribution as we will see later on.

2.2 Exact probability distribution

We wish to calculate P(R) and for this simple model the exact answer can be given in

terms of integrals. By using the delta function representation of the probability,

PR) = <<5(R— dXN:Ql)> (2.5)

where 2
[27 [T (6, ¢) sin 0d0de
%)) = 2.6
R ey )
The Fourier representation of the delta function yields,
_ 1 kR, N
P(R) = (27T)3/dke N () 27
N o sin (kjd) N
v (k)_( (kd) ) (2.8)

where (k) is the characteristic function of a single step and can be written as an N
product because the steps are uncorrelated. This is the reason why the random flight
problem is easy. Moreover, 1(k) is a spherically symmetric function as it only depends on

the magnitude of the imaginary field k. It is straightforward to see that the exact answer
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is the following integral,

1

PR) = 2m2 R

/ " Jsin (ER)Y™ (k)dk (2.9)

This answer dates back to Lord Rayleigh [20]. It is a cumbersome integral answer that is
not very useful for numerical calculations. However, we are interested in exploring the

limiting behaviors of P(R) as N gets larger.

2.3 Central-limit theorem, small fluctuations around
the origin

For very small chains P(R) might be useful but as we go to larger N values the integral
is difficult to compute. Thus, very early on, various large-/N approximations were of great
importance for practical calculations. The central-limit theorem is the easiest one to use
and it holds for very small fluctuations of the flight around its origin. This corresponds to
very small values of k and allows for the use of simple Taylor series. The gaussian density

is a result of expanding (k) up to a second power of the field k£ and then taking the limit

as N — oo,
272\ N
N (k) R (1 . d6k ) (2.10)
22\ Y d2k?
. N T . _ .
A}l_r)noow (k)—}\}l_rgo (1 5 ) exp( N 5 ) (2.11)

and by integrating with the low-field characteristic function we get the expected gaussian

density
P(R) ~ exp (—N;T’Q), r—0 (2.12)

This makes sense because if we wait long enough it will probably be found where we left

it. This is very intuitive and is a result of the central-limit theorem in statistics.

It is very interesting to think of the random flight as extremely simple model of a non-
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interacting polymer of N links and draw numerous parallels with the polymer literature.
Imagine that each step is a stiff link where at the two ends of the link lies some atom.
Atoms do not interact and the polymer each link is free to rotate in space. The variable
r represents the size of the polymer in the same way that it worked for the size of the
random flight. With that picture in mind we can now re-examine the density and notice
that it has the form,

P(R) ~exp[—NI(r)] (2.13)

where

I(r)==r (2.14)

being the elastic free energy for small deformations. Furthermore, this elastic free energy
is related to the entropic force of the ideal chain [51]. For small deformations the entropic
force 7 is the gradient of the free energy with respect to R,

T =75 0R T N2

(2.15)

and for the entire chain we recover the well-known expression for the total force T'(R) on

the chain,
3kgT
T =N =2 2.1
(R) = Nr(r) = 2L (2.16)
where 3]’\“,5? is called the entropic spring constant (See [51, p. 72| and the form of 2.15 is

reminiscent of Hooke’s law for ideal chains; A linear relation between the applied force

per step 7 and the extension R of the chain.

The relation between 7 and R is known in classical thermodynamics as an equation
of state and it relates the extensive order parameter R of the problem to the conjugate
intensive force variable 7. For small fluctuations is takes a linear form and we will see
that this will be the case for all of the systems considered in this thesis. Moreover, we do

work reversibly in the system by applying an external force quasi-statically. This way the
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system remains in equilibrium and the reversible work we do is equal to the difference
in free energy. This is the reversible work theorem [7, Chapter 4-5] from classical
thermodynamics and is at the heart of this thesis. The reversible work theorem is written
as,
B
I<T) = /BAf(T) = " Wrey = / T(T,)drl (217)
A

where SAf(r) = Bf(r) — Bfy is the difference in free energy between states A and B.
The constant (3 fy can be ignored as it does not affect the calculations and the integral is

written as I(r) = [; 7(r")dr’. The probability density is related to the free energy in the

usual manner,

P(R) ~ exp (— NBF(r)) = exp {—N /0 ' 3r'dr'] (2.18)

We will derive all of this results in the context of large-deviation theory and we will use
them extensively in order to create approximations to probability distributions that are
too complicated to be derived analytically. Finally we test whether our expression recovers
the correct result for \/W . We can multiply equation 2.12 with the surface element of a

three-dimensional sphere in order to get the spherical probability distribution,

3N
P(?‘) ~ 7"2 exp (——2 7°2> (219)
and verify that the second moment is correct,
1
(r?y = — (2.20)

VN

We see that for very small deformations r and large number of steps N the the random
flight will be anticipated to be found at the origin. In the language of ideal chains that

means that we apply a very weak entropic force to the polymer and it extends very little.
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2.4 Complete alignment limit

What happens when the extension of the polymer is large? Or in the case of the
random flight how could we describe the probability of the flight to be found very far from
the origin? This statistical fluctuation might be rare and thus very hard to compute in a
computer simulation. However, extreme value statistics provides a very rigorous method of
studying these large fluctuations:: the saddle point approximation. The gaussian density
was derived because we assumed that fluctuations in £ (and thus in r) are small but when
this is not true the gaussian is very inaccurate and the so called "non-gaussian” density
was developed by Kuhn [35]. By looking at the application of a large field and the almost
complete alignment of the chain segments Kuhn worked out a closed form approximation
to the integral. We briefly sketch the proof (we follow Yamakawa [62]) by firstly noting
the even symmetry of the integrand in equation 2.9. We may set ¢ = kd and rewrite the

exact answer as,

+00
PIR) = 1y | Com VAN (221)
F(&) =iré+1n (Sizf), r= Nﬂd (2.22)

This a typical case of evaluating an integral via the saddle point approximation. The
saddle point &, is given by,
f'(&) =0 (2.23)

and can be shown to be on the imaginary axis & = i7 where 7 is a positive and real
number (that corresponds to a real force in reduced units like equation 2.15) and it satisfies

the following equation,

r(r) = L(r), with L(7) = cothT — % (2.24)

L(7) is called the Langevin function and is commonly encountered in polymeric and

magnetic studies. The above equation is again a relation between a real applied force
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7 and the corresponding chain extension r; an equation of state and in the context of
saddle point approximation it is a path where the saddle point lies on. Expanding f(§) as
a power series in the vicinity of & and computing the integral yields,

P(R) ~ exp {—N (rﬁl(r) —n %)} — exp {—N /0 ' El(r/)dr’} (2.25)

where

7(r) = L7(r) (2.26)

is the inverse of the Langevin function. This is the non-gaussian density and has been
useful in free energy calculations of extended polymers (See for example [47]) as well as in
the study of magnets [38]. It is a more general relation than equation 2.15 and we recover

Hooke’s law by taking the small r limit of the coth z function in equation 2.24,

L(T) = —%+ <%+%+0(7’3)) = %—1-0(7'3), 7—0 (2.27)

by inverting the equation we recover the known result for weak entropic forces,
(r)=3r, r—0 (2.28)

That shows how the saddle point approximation actually includes the central-limit theory
approximation. We will bring all these different approaches under the same theory in the

next chapter with the use of large-deviation theory.

The advantage of the non-gaussian density lies on the fact that it is applicable for any
r not just for small values of . Even when the random flight is found extremely far from
the origin or the individual links of the chain are fully extended equation 2.24 still holds.
Let us remind ourselves that the fact that we have an exact expression for the equation of
state lies in the simplicity of the model. For strongly interacting systems contemplated in

the thesis we will not have access to an exact expression but we will be able to calculate
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the extreme limits exactly. We already saw the weak force limit and by taking the large

argument limit coth z we can work out the complete alignment limit,
1
L(T)=1-—=-4+0(1), 77— (2.29)
T

and in terms of 7(r),
1
1—r

T(r) =

+0(1), r—1 (2.30)

where now there is pole at r = 1 where the force diverges. Saddle point approximation
provides the two extreme limits (equations 2.28 and 2.30) and the strong force limit is
usually found in the literature of rubber-like materials where they can deform largely
and it is desirable to calculate the free energy of deformation [33] via the reversible
work theorem. Interestingly, even in the case of random flights and stiff chains where
the equation of state is known, the inverse Langevin function is inconvenient. Simple
numerical approximations are being used [33] in order to calculate the force-extension

relation and the two extreme limits are used. The polynomial nature of both limits,

3r+0(0%), r—0
() = (2.31)

1—;—!—(’)(1), r—1

suggests the simple Pade-interpolation; A ratio between polynomial functions of r. There
is no unique Pade interpolation and numerous answers have been worked out in the
literature [11]. We need the Pade function to go to the linear limit for small values and to
capture the pole at » = 1 when the force is large. At the same time it needs to fulfill the
correct symmetry of the equation of state. We saw that the integral of the force is the
free energy and /(R) is a function that cannot depend whether we choose R or —R.. That
means that the free energy will be a function of even powers of the extension and the

derivative of it (force) will be a function of odd powers in r. One example that satisfies
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all these conditions up to 3rd power of r is the popular Cohen function [11],

3—1r?

T(r) = et

Pade[3/2] (2.32)

This Pade[3/2] is of course not unique. We can also go to higher powers (it will be useful

for the molecular theory we will develop) and develop a Pade[5/2],

_6r—37°3+7“5

7(r) 2T =7 Pade[5/2] (2.33)

The reader can verify that both functions go to the correct limits by looking at the two

Pade approximations together with the two extremes in the following figure

10

Weak force
81 == Strong force
-+«« Pade[5/2] ]
< 6] ---- Pade[3/2] ,’

Figure 2.1: The cyan line is the weak force limit (equation 2.28) and the black dashed
line is equation 2.30. The blue line is equation 2.33 and the red dotted line is equation
2.32. For weak deformations, both approximations are good and for large deformations
the Pade[5/2] is slightly more accurate.

From the reversible work theorem we can work out the free energy per step (or link in
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the polymer) for the Pade[5/2]

1 1
IR)=—In(1-7r%)+ 57"2 — §r4 (2.34)

and verify that it has the correct even symmetry. Furthermore we see that the pole at
r = 1 is captured as a logarithmic divergence in the free energy. The corresponding

probability density of the reduced deformation is,

P(r) ~7r*(1- r2)Nexp (—gﬁ) exp (—gr‘l), for Pade[5/2] (2.35)
This interpolated probability density is fully aware of both the weak-force gaussian limit
and the strong-alignment non-gaussian limit. In a computer simulation of a random
flight we expect this density to capture sudden and rare fluctuations of the deformation
while the gaussian cannot. In this extremely simple example we demonstrated the entire
skeleton of the theory that will be developed in the case of liquid crystals. Close to the
isotropic/nematic phase transition, the probability distribution p(s) has strong fluctuations

and it will be important to go beyond the small-field limit of the central-limit theory.
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CHAPTER 3

Large-deviation theory

Large-deviation theory is a very general mathematical framework that has been applied
mostly to non-equilibrium problems. The theory has found many applications to glassy
systems [10], where the dynamical-activity fluctuations [32] are approximated via large-
deviation methods. In the context of dynamical phase transitions, the goal is to describe
domain formation in kinetically frustrated spin models such as the FA model [19], [48],
the East model [31] but also in atomistic models of glass formers [28]. In equilibrium
problems, the probability distribution of some macroscopic variable is usually studied at
the central-limit theory level [40, Chapter XII]. This is accurate only when the fluctuations
are trivial and breaks down when we approach criticality (The usefulness of the probability
distribution fluctuations was recognized by Nigel Goldenfeld in the 60s [24, Chapter
2.9]). One interesting application to equilibrium problems refers to the calculation of
the so-called ”isometric fluctuations” in systems with broken discrete and continuous
symmetry (See for example [38], [39], [61], [21] and [27]). For an exhaustive review of the

applications of large-deviation theory see [60].

Large-deviation theory comes from the saddle point approximation that we briefly saw
in the previous chapter and can be used in order to formulate a thermodynamic framework

that studies strong fluctuations. As we unfold the theory, we will stumble upon classical
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thermodynamic ideas like the reversible work theorem and the equation of state. We will

use these results in order to study the N-dependence of the probability distribution.

3.1 The large-deviation principle

We are interested in extensive order parameters A that are sums of N random vectors

x; where j = {1,..., N}.

N
A:Na:ij (3.1)
j=1

In the previous chapter we studied the probability distribution of A, and showed that
either central-limit theory approximations or saddle-point approximations give answers of
the form,

]\}12%0 P(A) ~exp[—NI (a)], /P(A)dA =1 (3.2)
where [ is some positive function that plays the role of free energy per molecule. It turns
out that this result is quite general for extensive quantities. The statistical theory that
systematically studies scaling laws of that form is called large-deviation theory [60]. The
main idea is that as N grows larger, the logarithm of the probability distribution will
converge to some positive function, the rate function. This is known as the large-deviation

principle,

I(a) = lim <—% In P(A)) (3.3)

N—o0

and we say that P(a) satisfies a large-deviation principle with rate function I(a). The
theory provides an entire structure to study probability distributions of variables that
are of great interest to thermodynamics. Examples are the magnetization, end-to-end
distances in polymers, liquid crystal nematic order and countless other. In the context of
thermodynamics the function 7(a) corresponds to the Helmholtz free energy (difference)

per particle,

(3.4)
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Getting an expression for the rate function is of primary interest to this study. It includes
all the fluctuations of the distribution no matter how strong they are making it more
general than the central-limit theorem. If we wish to understand strongly-fluctuating
nematic order inside a finite and isotropic medium, developing a method for the full

characterization of I(a) is crucial.

3.2 (Gaertner-Ellis theorem and classical thermody-
namics

The main tool that will be used in order to calculate the rate function is the Gaertner-
Ellis theorem (or more precisely its vector version called Sanov’s theorem). According to
the theorem, we change the focus from the rate function to the (cumulant) generating

function of P(A),

exp (NA(b)) = (e"?) (3.5)
& A(b) = lim %ln<eb'A> (3.6)

where now A(b) is a function of the intensive field variable b that is conjugate to A. In
classical thermodynamic language this is the Gibbs free energy per particle and is the
Legendre transform of the Helmholtz free energy per particle. The variable b can be
thought as an external field that we apply to the system in order to get A to a specific
value. In terms of magnetization this could be an external magnetic field that interacts
with the all the magnetic moments in the system. Also, in the context of large-deviation
theory we make use of the moment-generating function which is a function of a real field as
opposed to chapter two where we used the characteristic function that uses an imaginary
field variable. The function A(b) is easier to calculate for many problems and that is
why we turned our focus to A(b) instead of directly calculating /(a). The Gaertner-Ellis

theorem states that the two functions are connected via a Legendre transform (or more
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generally Legendre-Fenchel),
I(a)=b-a— A(b) (3.7)

where b is the value that maximizes the rate function and is therefore the solution to
Vib-a—Ab)]=0 (3.8)

& a=VA(b) (3.9)

Equation 3.9 gives a relation between the force we apply to the system and the conjugate
order parameter; it is the multivariate equation of state. Inserting 3.9 into equation 3.7

and re-writing A\ as a line integral over the vector field b,

I(a) =b(a)-a— /CV/\(b) -db (3.10)

& I(a) = /Cb(a) -da (3.11)

where we used integration by parts and C is some path in thermodynamic state space.
What he have here is the equality between the free energy and the work done to the
system by some force b along some path C. By definition this is the work done to the
system and the free energy is only equal to the work done to the system only when we

integrate along the reversible path C' = C..,,
I(a) = W,e(a) (3.12)

This is the maximum (or reversible) work theorem [7, p. 103]. From classical thermody-
namics we know that for a system in contact with a thermal reservoir, the work delivered
by a reversible process is going to be equal to the change in the Helmholtz free energy
[7, p. 159]. When we say reversible path we mean that the transformation process along

C happens so slowly that the system remains at equilibrium at all times (quasi-static
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process, [7, p. 97]).

It is interesting how all these classical results can be expressed in terms of large-deviation
theory language. Large-deviation theory however establishes a clear thermodynamic route
of evaluating probability distributions of extensive properties. It allows us to establish a
clear connection between the equation of state / the reversible work and the probability

distribution. To sum up the discussion into one equation,

lim P(Na) ~ exp {—N /C e da} (3.13)

where the probability density is given in terms of a path integral. Although equation
3.13 looks complicated, it will be greatly simplified when dealing with isotropic systems.
It is the most important result of this thesis and will be used in order to study the N

dependence of the fluctuations of P(Na).

3.3 Spherical symmetry of the free energies

In practical calculations the tensor/vector notation will simplify drastically and only
scalars will be needed. This is because for all the time-independent applications in this
thesis, the free energy per particle A(b) is spherically symmetric and only depends on the
modulus b = |b|,

A(b) = A(b) (3.14)

Similarly I(a) will only be a function of the modulus a = |a| and it is not hard to see

that the multivariate equation of state in equation 3.9 will simplify to,

o= (3.15)
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where a = |a]. This makes sense since we can choose the order parameter a to point the

direction of the field that we apply to the system,

) OA(D) -
b=0bb, a=22Y5
C AT T

where b is the direction of the field. This argument will be valid for all the applications of
large-deviation theory in this study and will only need to be modified when we consider
time-dependent probability distributions with weak-fluctuations in chapter 8. Now, we
can drastically simplify our notation since in practice we do not need to deal with

vectors/tensors. The Gaertner-Ellis theorem can be written simply as,

I(a) =ba — \(b), a= ag—éb) (3.16)

The two free energies share the same relation as the Gibbs free energy and the Helmholtz
free energy F(x) = xs + G(s) (with x=dG/ds) where G(s) is a function of the intensive
pressure variable and F(x) is a function of the conjugate extensive volume variable (See

figure 3.1).

As we saw previously, equation 3.16 is equivalent to the reversible work theorem
from classical thermodynamics (See also [9, Chapter 7.3]).The reversible work theorem
can be seen via integration by parts or graphically via the Legendre transformation. In
the second case it can be seen as a direct consequence of the Legendre duality between
I(a) and A(b). The transformation of I(a) is shown in figure 3.1 if we identify F(x) as
I(a) and G(s) as A(b). The slope of I(a) is,

0l(a) I(a)+ A(b)

pr— .1
da a (3.17)
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Figure 3.1: The function F that depends on variable x and the Legendre transform G
that is a function of the slope. The figure is taken from [64].

inserting the Legendre relation,

Ol(a)  ab(a) — A(b) + A(b)
5e ” = b(a) (3.18)

or equivalently,

I(a) = /0 " b(a')da! (3.19)

where b(a) is the (scalar) equation of state, relating the intensive variable (force) with
the extensive variable (order parameter). This is the (scalar) reversible work theorem,
just like the one we encountered when calculating the elastic free energy of an ideal chain.
In chemical systems with non-trivial potential energy interactions, it is almost impossible
to know the exact b(a). However it is possible to calculate its extreme limits analytically

(Figure 3.2).
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Figure 3.2: Large-deviation theory connects the system’s responses to an external field
with the probability distribution. The picture shows headless vectors (liquid crystal
molecules) and random flights under extreme field limits.

The thermodynamic integral 3.19 suggests a route of calculating free energies just like we
saw in the context of random flights; Analytical evaluation of the limits of the equation
of state via direct evaluation of the moment generating function, followed by Pade’
interpolation between the two limits. Lastly, integration of the interpolated expression for
the equation of state b(a’) provides the free energy as a function of the order parameter.
This is exactly what we will do in the case of strongly interacting liquid crystals where
only the limits of the equation of state are known: The weak-field limit that corresponds
to the central-limit theorem and the strong-field limit that corresponds to the mean field

alnswer.

3.4 Weak-fluctuations / Central-limit theory

When the fluctuations of P(Na) are small we can think in terms of a weak applied
field b that is coupled to the order parameter a of the system. The cumulant generating

function A(b) can be expanded as a Taylor series in that limit,

NA(b) = In {exp (Na - b)) = Nb - (a) + %NQb (5ada) - b + ... (3.20)
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where da = a — (a). Further manipulation leads to,

NA(b) :NZ(xj-b>+%Nb-X-b+... (3.21)

j=1

where X is the susceptibility tensor that is construed by the fluctuation vectors,

N
1
X = <N %: 5xj5xk> (3.22)

When the fluctuations (cumulants) are small we can truncate the power series and only
keep the first two terms. Furthermore, for isotropic systems (like the ones we are concerned

with in this study), the first term will be identically equal to zero,
(x;) =0 (3.23)

and the susceptibility matrix simplifies,

N
1
X=x1l, x= <N Z X 'Xk> (3.24)

jk=1

where y is the two-body susceptibility and 1 is the unit tensor. It applies even when
interactions are very strong and we can extract this quantity from numerical simulation.
The cumulant generating function at the central-limit theory level takes the usual parabolic
form,

A(b) ~ gb% b—0 (3.25)

~OA(b)
1

s b=—a (3.27)
X
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Via the thermodynamic integration
a’ CL2
I(a) = / b(a') = — (3.28)
0

P(A) ~ exp {—%cf] (3.29)

we restore the anticipated gaussian density. The central-limit theorem is exact at the limit
of weak fluctuations. Lastly, we recover the anticipated result for the second moment of

the order parameter a,

(a?) = % = /{a?) = \/% (3.30)

3.5 The central idea of the thesis / Mean-field form
of the large-fluctuation limit

In this study we are looking at systems with orientational order and the order parameter
A is the sum of all orientations x; that is a vector function that depends on the unit

orientations,

N
A =Na= ZX]‘, X; = Xj(Qj) (331)
j=1

In general x; does not coincide with Qj because of the symmetry of the interactions in the
system but for simplicity we will refer to x; as the orientations of the molecules. Anisotropic
molecules have also center of mass translational coordinates r;. The hamiltonian of the

system in the presence of an external field b is,

H:]C—FZU”(I'U,Q“QJ) —A-Db (332)
1,J
where K is the kinetic energy and r;; = r; — r;. The potential energy term could be

the Gay-Berne potential we saw in chapter 1 and is in general a function of both the

orientations and the inter-molecular distances. This potential energy term consists of
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one-body interactions, two-body interactions and so on and in general it produces very
complicated correlations between the molecules. However, in the limit of a very large
external field b the third term in 3.32 will dominate and the orientations of the molecules
will be independent from each other. The field will overcome all the inter-molecular
correlations and the only orientation-dependent term that will contribute in the potential
energy will be the one-body term; the independent-molecule term. In other words, a single
molecule will be independent from the rest but it will still feel their presence through an
effective mean field. This observation is the foundation of the entire thesis as it provides

a relatively simple way of calculating the large-fluctuation limit of P(A) analytically.

In the limit of a strong field b we can approximate H with some effective mean field

hamiltonian H,,y,
HrHuy=K+> Viyry) —A-b—A-e (3.33)
i,

where V;; only depends on the distances and ¢ is the vector mean field. The cumulant

generating function is defined as

_ [dSexp (A - (b+¢))

exp (NA(b)) [ dQexp (A -¢)

(3.34)

where the integration spans over all the orientations d€2 = H;VZI de and the inverse
temperature 3 = kBLT has been absorbed into the modulus of the vector fields. Taking the

fields to be b= l;, ¢=e¢band remembering the definition for A,

/ vazl de exp ((b +€) Z X; - 5)

N
Ik vazl dQ); exp (erj : b>
=1

exp (NA(b)) = (3.35)

which is a product of N independent integrals because the molecules are independent from
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each other at the mean field level of approximation. This allows us to drastically simplify

the calculation for A\(b)

[ dS); exp ((b +€)x; - l;)

A(b) =1In - - (3.36)
[ dQ; exp (e X; - b)
and in terms of the single molecule probability density p(Qj) defined as
. exp (e X; - l;>
p(0) = — : (3.37)
[ dS2; exp (6 X; - b)
equation 3.36 can be written in the exceptionally simple form
A(b) = In (exp (x; - b)>p(fz]-) (3.38)

We can take the direction of b to point along any laboratory axis and express the answer
in terms of standard analytical functions that are going to be problem-specific. Expression
3.38 for A(b) has only been applied to mean field treatments of orientationally ordered
phases and has never been used as the large fluctuation limit of isotropic systems close
to criticality. In order to capture fluctuations we can look at both limits and analytically
evaluate them,

X2, b— 0 central-limit theory

2

A(b) = (3.39)

In (exp (x; - b)) b — oo mean-field theory

()

and the equation of state in these two extremes is given by a = ag_gb)' It is hard to compute
A(b) for intermediate values of b but we can use interpolation techniques instead. However,
it is not possible to get a simple interpolation applied directly to the cumulant function.
Instead applying Pade interpolation to the equation of state produces very simple answers

that capture both the weak and the strong-fluctuation limit. Large-deviation theory
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provides us with the tools we need in order to connect the equation of state with P(A)
and we will do just that in order to study the N-dependence of the fluctuations in a
variety of systems. In the next three chapters we will see how this plays out in specific
applications to liquid crystals, magnetization and polymer end-to-end distances; problems

with order parameters that are defined as sums of individual orientations.

38



CHAPTER 4

Large-deviation theory perspective
on the nematic order of
two-dimensional isotropic liquid

crystals

4.1 The set up of the problem

We get the two-dimensional order parameter tensor by setting D = 2 in the definition

1.2,

Q= é %(2 0,0 — 1) = ( Z: Qc;) (4.1)

1 & 1 &
Q= Q=+ ;cos W), Q2=Qu= ;smwj (4.2)
cos = Q- & (4.3)
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where Z is a macroscopic axis rather than the unknown director. The low dimensionality
of the problem allows us to write the elements 1, ()2 of the tensor as the components of

a two-dimensional pseudo-vector,

Q" = (Q1,Q2) (4.4)

N
1
Q= ~ qu, qu = (cos 26}, sin 26;) (4.5)
j=1

It is not a real vector in the sense that rotation of the axis does not transform the

components of the vector in the way one would expect from Cartesian coordinates.

The problem of calculating P(Q) is identical to the calculation of P(Q). Because of
the zero trace property of Q, the tensor has two eigenvalues s and Ay but the second
eigenvalue )\ is given by (s 4+ Ay = 0 & Ay = —s). That means that the only independent
variable is s and it coincides with the modulus of the pseudo-vector @ = |Q|. This simple
scalar quantity s = @) is actually our order parameter. We can see that by expressing Q

in its eigenvector basis,

0
o-|"° L s=J+0i=1q =0 (4.6)
0 —s
Tr(Q) = 2Q? + Q) = 25 = 20 (4.7)

Equation 4.7 shows that the definition of the vector-order parameter Q is consistent with
the rotational invariance of the problem. The probability distribution and the free energy
can only depend on the absolute rotational invariant Tr(Q?) which is proportional to @Q?

making the use of the vector Q equivalent.

The probability distribution of the vector Q is related to p(s) via a factor that
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corresponds to the perimeter of a circle with radius s = @,

p(s) = 21sP(Q)g=|q|=s (4.8)

This is very convenient since large-deviation theory can be applied to the probability
distribution of P(Q) by using the extensive NQ and the intensive conjugate field h as
ingredients. We start by approximating P(Q) via a large-deviation principle (equation
3.3),

P(Q) ~ exp (—N1(Q)) (4.9)

where I(Q) is the rate function (free energy per liquid crystal molecule) and will be

determined via the Gaertner Ellis theorem from equation 3.7,

[(Q)=h-Q—A(h), Q=VA(h) (4.10)
A(h) = ]Vliixlm%ln<eNh'Q> (4.11)

The relation between the intensive field and the extensive order parameter defines the
liquid crystal equation of state. The Legendre transform of the rate function 7(Q) is
the cumulant generating function A(h). Integration by parts as we saw in equation 3.11

recovers the reversible work theorem,

Q
Q) = /0 h(Q) - dQ (4.12)

The combination of the large-deviation principle in equation 4.9 and the above expression

establish a direct connection between the equation of state and P(Q).

Liquid crystal molecules interact via the Gay-Berne potential discussed in chapter 1.
Inter-molecular correlations are strong and complicated making the calculation of the
exact A(h) notoriously hard. However, as we saw in previous chapters, it is possible to

exactly calculate its extreme limits: The strong- correlations/weak-fluctuation limit where
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the central-limit-theorem is used and the weak-correlations/strong-fluctuation limit where
the answer is the mean-field. We will be able to calculate its extreme limits exactly and
use them in order to get an approximation to the liquid crystal equation of state for the

entire range of () values.

4.2 The strong correlation/weak fluctuation limit:
Central-limit theory

We can set aside the limit of N for notational simplicity and write A(h) as
NA(h) =1In{(exp (NQ - h)) (4.13)

keeping in mind that this will be progressively more accurate as we go to larger systems.
For weak fluctuations and arbitrary strong correlations we may expand A(h) as a series of

cumulants (as long as we are not in the immediate vicinity of a critical point),

NA(h) = Nh-(Q) + 1N2h {6QQ) - h

N
qu +—h Zéqﬁqk h+ .

7,k=1

(4.14)

where 0q; = q; — (q;) is the molecular fluctuation vector. We can choose the field to
point along any macroscopic direction in space so we can choose the most convenient; We
can define all the angles 6; with respect to the axis of the field cos8; = Q- h and carry
out the calculations of the averages that appear in the expansion. Since we are in the
isotropic phase the only quantities that survive averaging are the ones that involve angle

differences. The rest are all zero

(cos26;) = (sin26;) = (cos2(0; + 0;)) = (sin2(6; + 6;)) =0 (4.15)
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That means that first term will be identically zero

(q) =0 (4.16)
and we write A(h) to second order,
| /X
— 7, 7 4
Ah) = o <]Zk(h ~q;)(h- Qk)> +0(h%)

nl /S
~5N3 Z%"Qk +O(hY)
jik

2 [ N .
= 4h—N <Z cos 20; cos 20k> +0(hY, h=37

j?k

(4.17)

h .

Gk
=— cos2(0; —6;) )+ O(h")
AN m

- %fﬂ + O

where x is the two-fold /two-body susceptibility

x=N{(s*) = <% Z cos 2(0; — Hk)> (4.18)

jk=1

If there are no correlations between the molecules only j = k terms would contribute
to the sum and the susceptibility would be x = 1. It is of course the case that A(h)
only depends on the modulus of the field and not on its direction. Consequently the
vector-order parameter is also pointing in the direction h of the field h and we can see

that by differentiating the spherically symmetric cumulant function. The vector-equation
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of state reads,

= V), h=h|=/h?+h3 (4.19)

YOP
= o !
Q= 20 _ X4 o) & hQ) = 20+ o@) (4.20)

which means that the vector-equation of state in equation 4.10 simplifies to a scalar
one and the determination of the rate function boils down to a simple, one-dimensional

reversible work integral

~\(h) (4.21)

At the central limit theory level of analysis the expression for A(Q) is given by equation

4.20 and the rate function and the probability distribution are
I1(Q)=— (4.22)

P(Q) ~ exp (- NI(Q)) = exp (—%@2) (1.23)

In terms of the largest eigenvalue s = () of the second rank tensor Q the probability

distribution p(s) is given by equation 4.8,

pls) ~ sexp (—g) (4.24)

This is the central-limit theory answer for the probability distribution of the order
parameter s of two-dimensional isotropic liquid crystals and of course it is a gaussian
distribution (technically it is a Maxwellian because of the Jacobian prefactor). With

molecular dynamics simulation we can calculate the exact answer for p(s) for Gay-Berne
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molecules. From the simulated p(s) we can also calculate x where y = N{(s?). If the

liquid crystal molecules do not interact then y = 1 and
p(s) ~ sexp (—Ns?) (4.25)

which corresponds to liquid crystals in the gas phase where the distances between the

molecules are extremely large (ideal gas).

4.3 The weak correlation/strong fluctuation limit:

Mean-field theory

As we saw in chapter 3, when h is large, molecules are independent from each other
only interacting with each other via a mean field e. The cumulant function in that limit
goes exactly to the mean field answer (see equation 3.38) and it is easy to calculate because
we are free to choose h to point along any direction. In this case we may say that h is

parallel to the x-axis,

A(h) = In (exp (q; - h)) q,

[d$; exp ((h +€)q;- ﬁ)
/ dSY; exp (e q; - iL)

=In , qj'ﬁ:cos%j

(4.26)

) fo% df; exp ((h + €) cos26;)
f027r df; exp (e cos 26;)

Io(h + 6)

=In Io(©)

1 2w
where Iy(z) = 2—/ df exp (z cos 26) (4.27)
T Jo
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is the zeroth order modified Bessel function of the first kind. The denominator does
not affect the thermodynamic formalism and it will eventually be absorbed into the
normalization constant of p(s). That means that we can ignore it and by setting h+¢ = z

we end up with the exceptionally simple expression for the cumulant generator,

A(h)=Inly(z), z=h+e (4.28)

This limit of A(h) captures the spontaneous anisotropy that forms in isotropic liquid
crystal systems and will be used in order to incorporate the large fluctuations of p(s) into
our formalism. The mean-field limit has extensively been used as a simple model of the
nematic phase but has never been used in order to quantify anisotropic deviations in the
isotropic phase. As we saw in equation 4.19 the order parameter points in the direction of

the field,

oh 0z Iy(2)

OA(2) ahﬁ ~ Li(2)

Q= h (4.29)

with I;(z) the modified Bessel function of first order. The modulus of the vector Q defines

the scalar equation of state

Q= (4.30)

that saturates at () = 1. Taking the large argument of Bessel functions,

1-2 - B 1 03:3) 1 1
8z 12822 -3
Q= =1—-——4+0 4.31
1+ —812 + —12222 +O(z73) 2z 822 (z™) ( )

Reverting the series yields

Z:ﬁﬁuoa—@ (4.32)

and replacing the value for the field h we get,

Q) = +n+0(1-0Q) (4.33)

o
2(1-Q)
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where n = % — € is the orientational coefficient that we will calculate from a simulation
just like the susceptibility y in the weak-field regime. This divergent term will capture

the large fluctuations in the expression for p(s).

4.4 Pade interpolation and a new expression for the
free energy

The two limiting behaviors of the equation of state are given by equation 4.20 and

equation 4.33 )
2Q+0@), Q=0
h(Q) = (4.34)

\mjtn%—(’)(l—@, Q—1

Interestingly, there are no even powers in the equation of state and this has to do with
symmetry. This is true because A(h) cannot depend on inversion of the field A(h) = A(—h)
and so it only involves even powers of h which means that its derivative will only involve
odd powers. The weak field limit of Q(h) is linear to the field and in the limit of strong
fields the order parameter @ is the ratio between I;(z) (odd) and Iy(z) (even) making
it odd overall. Applying the method of Pade interpolation between the linear response
regime and the pole at ) — 1 gives a full expression for the equation of state. A minimal

Pade interpolant that has the correct symmetry and reproduces the proper limits is the

Padel[5/2]
_2Q+ AQ + BQRP
hQ) = s o (4.35)
9 5
A=—2+§<n+1>, B=1—§<n+1) (4.36)

The reader can verify that this simple ratio of polynomials indeed gives the correct limits.
Also the denominator is even and reproduces the pole at () = 1 while the numerator is

odd giving the correct symmetry overall. The constants A and B are functions of the
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microscopic correlation parameters y and 7 that we will calculate numerically from a
computer simulation. The probability distribution p(s) can now be evaluated analytically

from the reversible work theorem in equation 4.21,

J

IQ) =50~ 5@ — 5 (1- Q) (4.37)

P(Q) ~ (1~ QQ)% exp {—N Kg) Q> — <1T+6) BQ“] } (4.38)

p(s) ~ s (1— s2) exp {—N Kg) s — (#) 354} } (4.39)

s=2_1, “1<s<1 (4.40)
X

Notice how the independent limit shows up as probability in the power of N and how
there is a new term correcting for the mean field effect. This new probability distribution
(equation 4.39) will be proven to be a very powerful tool in analysing large fluctuations.
The free energy per liquid crystal molecule we derived with our method (equation 4.37)
might seem unfamiliar but in the limit of very small () we get the familiar Landau-De

Gennes expression,

b 2 5
](Q):gQ2+ZQ4+... =" and b=g—d+y (4.41)

where the constants a and b are positive and depend on the thermodynamic conditions.
This novel approach provides a molecular explanation of the constants. As the system
approaches criticality, the fluctuations grow and the free energy starts to feel a logarithmic

singularity.

4.5 Similarities with 2D magnetism in the XY model

The problem of characterizing the probability density of nematic order is very closely

related to that of magnetism in 2D. Liquid crystal molecules with up and down symmetry
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are represented as headless vectors and magnetic moments on a lattice are represented as
typical vectors. The probability distribution of the total magnetization and the probability
distribution of total nematic order P(Q) share the same cumulant generator and as we

will see can be described by the same Pade[5/2] equation of state.

/N

| | -
NISI

Figure 4.1: On the left we can see magnetic moments lying on lattice sites. On the rights
we can see the orientation vectors of anisotropic liquid crystal molecules with up-down
symmetry.

Let us imagine a two-dimensional square lattice (See left part of figure 4.1) with a
magnetic moment s; placed on each lattice site j,

s = (cos;,sin6;), (q;F = (cos 20;, sin 2‘93')) (4.42)

J

for k-fold order x! = (cos k6, sin kf;) (4.43)

J

The difference between one-fold (k=1) orientational order (magnetic moments s;) and
two-fold (k=2) orientational order (q;) will not make a difference in our analysis as we
will see later on. Only neighboring spins interact and the spins are able to rotate around
(instead of just up and down like the Ising model). The simplest magnetic Hamiltonian

we can use is the XY-model Hamiltonian defined as,
N
H = —JZ cos (6, — 0) (4.44)
g,k

Depending on the relative orientation of the neighboring magnetic moments the interaction

energy varies continuously form -1 to 1, where parallel spins contribute +1 to the sum
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and vertical neighbohrs contribute 0. Anti-parallel neighboring spins contribute —1. The

magnetization is defined as,

_ % Z — (M, My) (4.45)

N N

1 1
M, = N ZSN = Zcos 0;, M,= ZSJ?/ Zsm@- (4.46)
]7
p=|M| =/ M+ M} (4.47)

The scalar magnetic order parameter p simplifies to,

Z cos (6, — 0) (4.48)

7,k=1

and goes from p = 0 (complete isotropy) to u = 1 (perfect alignment of spins s;). We

wish to describe the probability density P(M) in terms of our large-deviation theory,
P(M) ~ e~ NIM), / P(M)dM = 1 (4.49)

P(p) = 2ruP(M) (4.50)

This probability density has been studied before (See for example [3] and [5]) but the
large deviations of a strongly interacting system have not been captured. The 2D XY
magnet shows a continuous Kosterlitz-Thouless type transition between a high-temperature
paramagnetic phase and a low temperature quasi-long range ordered phase. The critical
point is located at 1/(5.J) =~ 0.8935 [30]. There is a finite (not infinite) correlation
length that grows as we approach the critical point in the paramagnetic phase similarly to
liquid crystals in the isotropic phase close to the isotropic/nematic transition. Although
the underlying mechanism has to do with binding-unbinding of vortices [30] instead of

disclinations (as is the case for liquid crystals [36]) we expect a non-gaussian profile in the
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density P(M) as we approach 1/(/.J).

For very weak fluctuations we expect the cumulant expansion to be dominated by the
second order term. We start from the definition of A(h) (h is a magnetic field conjugate

to the total magnetic moment M),

eNAM) = (NMB) (4.51)

and expand as a power series,
A(h) ~ gh - (6MéM) -h+ ... = %lﬂ +O(h"), h—0 (4.52)
M =M — (M) (4.53)

Identical answer as in equation 4.17 but with a different susceptibility. Here we have y;

which is the one-fold /two-body magnetic susceptibility

X1 = <% > cos (6, — 6k)> =N (p?) (4.54)

J,k=1

N
1
for k-fold order x; = <N Z cos k(0; — Qk)> (4.55)

k=1
Because the magnetic free energy per particle cannot possibly depend on inversion
symmetry of the field,

A(h) = A(=h) (4.56)

the odd terms need to be identically zero. Notice how we get the same result as in the
case of liquid crystals. The truncation of A(h) up to second order is exactly true for weak

fluctuations regardless of the strength of the correlations between the magnetic moments.
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The equation of state now connects the magnetization with the external magnetic field,

M = VA(h) = ag—(hh)ﬁ, f= ot = 2lp (4.57)

The equation of state between the intensive magnetic field h and the extensive magneti-
zation p is the same as in the case of liquid crystals (equation 4.19) but with different

susceptibility.

The large-field limit is the independent-mean field cumulant function which astonish-

ingly is exactly the same as the mean-field answer for liquid-crystals (equation 4.26),
s;-h = hcos¥b; (4.58)

where we chose the field h to be parallel to the x axis so that we can easily evaluate the
integral in terms of Bessel functions. The answer is the same (we ignore the constant

term) and involves the mean-field e,
A(h) =Inly(z), z=h+e (4.59)

In fact this is true for any type of k-fold orientational order. The independent k-rotor

limit requires the evaluation of ,

1

27

2m
A(h) =1In { / exp (zcosk@)df| =Inly(z), Vke{1,2,3,..} (4.60)
0

where [y(2) is the zeroth order modified Bessel function. The corresponding equation of

state that connects the magnetic field with the magnetization is,

NETRT

The same answer as in the case of 2D liquid crystals. In the large field limit the equation
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of state,

1 1
=1-——-—+.., h— 4.62
. 2z T R2 > (4.62)

Similarly to liquid crystals we have the following limits,

p

Zpu+O0?), p—0

h(p) = (4.63)

sy tnTO0(0—p), p—1

L 2(1—p)

but with y; in the weak-field limit and n = 411 — ¢ in the strong-field limit. The magnetic
equation of state only depends on odd powers of p and a minimal Pade[5/2] that simulta-

neously respects the symmetry and correctly reproduces the two limits is (as in equation

4.35),
2 p+ Ay’ + By
hiu) = — 4.64
(= HESE (464)
_ g X9 Xy
A = 2+2 (n+4>, B =1 5 (n+4) (4.65)
The Gaertner-Ellis theorem dictates that,
IM)=M o JAR) A (4.66)
N oh ' ~ 0Oh '
OA(h) OA(h)
I(M) = ph — ———= = —" 4.

which reduces via integration by parts to the reversible work theorem for the magnetization

free energy per spin,

(M) = / " h Yyt (4.68)

IM) = Sp* — o—p* = 5 In(1—p?) (4.69)
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h=—-1, —-1<64 <1 (4.70)
X1

The corresponding probability density of M is

P(M) ~ (1— %) exp {—N [(%) w2 (1 251> Bl,f} } (4.71)

P() ~ i (1 — %) * exp {—N [(%) T (1 Zdl) Bm“} } (4.72)

This expression for the probability distribution of magnetism in 2D is identical to the

probability distribution of nematic order (equation 4.38). In the results chapter we will

show how this equation compares with the gaussian density of the magnetization,

P(M) ~ exp (—%,ﬁ) (4.73)
P(p) ~ pi* exp <—%u2) (4.74)

For temperatures close to the critical point, the gaussian density is inaccurate and it is

necessary to use equation 4.71 instead.
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CHAPTER 5

Large-deviation theory perspective
on three-dimensional polymer

end-to-end distances

5.1 Large deviations theory set-up of the problem

Before we proceed to three-dimensional liquid crystals, we will discuss an easier three-
dimensional problem: end-to-end distance of an interacting chain of stiff bonds. In chapter
2 we studied the random-flight /ideal chain model where there are no correlations between
the bond vectors () and the potential energy between atoms (if we have N bonds that
means that we have N+1 atoms) in the idealized polymer was zero. Now, we will study

the case where there are arbitrary interactions between the atoms in the chain.

The vector-order parameter of the system is the end-to-end distance as in the random

flight case,
N
Nr=R=> (, R=|R| (5.1)
=1

where N identical and rigid links of unit length are strongly interacting with each other.
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We will derive an expression for the interacting chain from large-deviation theory starting
from the intensive/extensive relation between an externally applied field h and the end-
to-end distance R. More specifically we define the scaled cumulant generating function

via the relation,

6N>\(h) — <6h~R> (5.2)

where the brackets imply averaging over all possible orientations in three-dimensional
space. In the limit of large number of polymer links N, large-deviation theory suggests
that,

P(R) ~exp(—NI(r)) (5.3)
I(r)y=h-r—XAh), r=Vpyi(h) (5.4)

Both free energies per bond are spherically symmetric as they will end up being independent
from h, A(h) = A(h). The two free energies are Legendre transforms of each other (equation
5.4) which implies that they also share that same spherical symmetry. This observation
will drastically simplify our calculations as we only need to be concerned with h = |h|

and not . Consequently the vector-order parameter r points in the direction of the field,

r = VpA(h)
OAN(h) -
— A\ 5.9
an (5.5)
=rh, r= lr| = —ag\(hh)

and the rate function I(r) in equation 5.4 can be written as

I(r)=hr—=Xh), r= 82_(}51) (5.6)
Differentiating both sides with respect to r we get
ol(r)  0Oh OA(h) Oh
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and we recover the reversible work theorem,

I(r)= /07“ h(r")dr' (5.8)

The free energy is equal to the work required to extend the polymer in some reversible

manner. The relation h(r) can be obtained by reverting r = ag(:) and defines a polymer

equation of state. Of course we do not know A(h) because it is impossible to solve equation
5.2 analytically for complicated polymer Hamiltonians. Nevertheless the extreme limits of
A(h) as we saw in other applications can be evaluated. When the correlations between
the bonds are strong and the applied force is weak, we can use central-limit theorem
statistics. In that limit we will recover the linear relation between force and response;
Hooke’s law. When the correlations between the bonds are weak and the applied force is
strong, A(h) goes to the mean field answer. The non-linearity of the independent bond

limit will capture the strong fluctuations of P(R).

5.2 Central-limit theory of the interacting polymer

In the weak h limit we may write the generating function as a power series (assuming

that we are not close to a critical point and the free energy is an analytic function),

exp (NA(h)) = (exp (F)) = exp <<F> +S{GF?) + > (5.9)
F_R.h_f:le.h (5.10)

Since we are in the isotropic phase the first term averages to zero and because we apply a
very weak field, the second term will be dominating over higher order terms. By truncating

the series we have,

SN
Ah) = 2= >k <QlQl/> T+ O (5.11)
1l
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The next term in series is going to be proportional to h* and not h* because all the odd
terms are zero. This is a result of the inversion symmetry of the problem since it does not
matter whether we define the end-to-end distance vector as R or —R. The choice of the
first atom in the polymer as first and the last atom as last is abstract and thermodynamic

potentials do not depend on it.

The second rank tensor in equation 5.11 simplifies because of isotropic symmetry. More

specifically, the element u, v of the tensor is

<Ql : Ql,> S (5.12)

W

(). =
The non-diagonal elements will average to zero and the free energy simplifies to,

A(h) = %hQ +OMY, h—0 (5.13)

N
1 A A
= —E Q- 14
! <Nu/=1l l> o1

The corresponding scalar-equation of state is given by equation 5.7,

h(r) = —on %r +00%), r—=0 (5.15)

As anticipated we recovered the linear strain-stress relation known as Hooke’s law (It
differs from the random-flight /weak-field answer by a factor of i) The elastic free energy

will be given be direct integration of the equation of state (equation 5.8),

I(r) = /0 ' Er + (9(#3)} dr' — %ﬂ + oY (5.16)

and the corresponding probability density is given the large-deviation principle in equation
5.3
3N

P(R) ~ exp [—Zr ] (5.17)
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We can calculate the corresponding Maxwell density by multiplying with the surface of a

three-dimensional sphere

SN ] (5.18)

P ~ 2 2
(r) ~ r<exp [ ox r
This expression for P(r) correctly gives the anticipated scaling for (r?) (We take N — oo

in order to extend the upper limit of integration from 1 to co),

_ o rtexplmar?] 3N

n fooo r2 exp [—ar?]’ - K

INCIN! >

(g)-, I( ):/ t*letdt

I'(5)a 0 (5.19)
_32x
- 23
_X

N

In the limit of no interactions between the atoms in the polymer, the bond-susceptibility in
definition 5.14 becomes xy = 1 since only [ = [’ terms will contribute to the sum and we get
the random-flight gaussian density 2.12 with the corresponding scaling \/W =1/ V/'N.
Lastly, we see from 5.17 that y = N (r?) which suggests a route to calculating x numerically

from a simulated P(r).

5.3 The strong-field limit

The central-limit theory answer in equation 5.18 is only accurate when the polymer end-
to-end distance stays very small on average. One wonders how the probability distribution
would change, if the bonds spent a significant amount of time being aligned. High values
of end-to-end distance map to very strong applied forces and as we saw in chapter 3, the

cumulant generator goes to the mean-field answer,

A(h) =1In{exp (h - Qj»p(le)v h — oo (5.20)
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where p(Ql) is the anisotropic single-bond probability distribution

exp (€ - Ql)
i d€) exp (€ Ql)

() = (5.21)

and e is the mean field that a single bond feels. In that limit the field h is very strong
and can be chosen to point along the Z direction where we can solve the integral exactly.

The mean field € also points in that same direction acting as a screening effect,

~

(h+¢)-Q=zcosb, z=h+e (5.22)

We can calculate 5.20 exactly

A(h) = In (exp (z cos b)) = In (sinhz) (5.23)

z

Notice how this is the real-field version of the single molecule generating function (k) we
derived in equation 2.8 for the random flight. Assuming that the bonds have unit length
d =1 we can say z = —ik and get ¥(k),

A(z) = In (Smhz) ~In (W) —In (Sizk) = ln (k) (5.24)

z

The strong-field (z — oo) implies that the equation of state (equation 5.7),

_ OA(h)Oh _

S = L(2) (5.25)

and for large arguments the Langevin function £(z) (equation 2.24) takes the simple form
1

£(2) = coth z — é S1-2 40 (5.26)

because lim cothz =1 (5.27)

Z2—r00
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where the next correction in the coth(z) expansion is exponentially small. Putting back

the h variable,
1

h)y=1-—
r(h) h—+e

+0(1) (5.28)

and inverting the equation of state we end up with,

h(r)zlir—e+(’)(1—r), r—1 (5.29)

The strong-field limit of the equation of state provides the non-linearity that will capture
the fluctuations of P(r). The pole at r = 1 is a result of the saturation that happens
when we apply stronger and stronger forces to the polymers; the bonds will align more
and more and the end-to-end distance will approach 1 asymptotically. As we saw in other
applications the simplicity of 5.29 will allow a simple Pade interpolation that gives us

access to intermediate values of h.

5.4 Pade’ interpolation between weak- and strong-

field limits

Along the same lines with the liquid crystal case and the magnetization of the XY
model, we use the variable n = —e for the constant correction at the large field limit. The

two limits now read,

(

%r +0(r?), r—0

h(r) = (5.30)

ﬁ—l—n—i—@(l—r), r—1
\

61



The simplest Pade interpolant that respects the pole at » = 1, has an odd symmetry and

successfully goes to the limits in equation 5.30 is,

_ 3r+ Ar3 + Brb

h 31
(=" (5.31)
2X
3B 1 1 3
— (5 S §=——9 .33

where § is the polymer correlation index that goes from -2 (completely correlated) to 1
(completely uncorrelated). The denominator in equation 5.31 is even and at the same
time diverges as 7 — 1 while the numerator is odd and has just enough terms in order to
include the constant term 7 from the ordered limit. Equation 5.31 goes to the random

flight Pade[5/2] we calculated in chapter 2 by setting § = 1 and n = 0 (equation 2.33)

Application of the reversible work theorem in equation 5.8 gives us the elastic free

energy,
" 31+ Ar'3 + Br’® 0, 3B , 9
I(r)—/o S = = Tt (=) (5.34)
and finally the probability density is,
) 3B
PR) ~ (1 —7)Nexp (—N§r2) exp (N4—7“4> (5.35)
X

and the probability distribution of the reduced end-to-end distance is

B
P(r) ~r*(1 —r*)N exp (—NgTQ) exp (Ni—xr4) (5.36)

For very small end-to-end distances 5.36 goes to the gaussian probability density 5.18 and

thus it is a generalization of it,

P(r) ~ r?exp (—N%ﬁ) (5.37)



Equation 5.36 is the final large-deviation theory answer for an interacting polymer.
It includes two parameters § and n that physically correspond to the two-body bond
correlations and the mean-field interactions between the bonds. We can calculate these
two parameters numerically from a computer simulation of P(r). While x is taken from
the second moment of some simulated P(r), we could use information from the first
moment (r) in order to specify 1. This way we have an efficient algorithm of calculating
very small probabilities in the tail of the distribution by taking information from the first

two moments.
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CHAPTER 6

Large-deviation theory perspective
on the nematic order of
three-dimensional isotropic liquid

crystals

6.1 Large-deviation theory order parameter

For three-dimensions, we set D = 3 in the definition for the tensor in equation 1.2 and

get the 3 by 3 symmetric and traceless matrix

Q1 Qs Qs

| X
Q:NZ%‘: Qs Q2 Qs (6.1)
—1
J Qs Qo Qs
Tr(Q)=Q1+ Q2+ Q3=0& (Q1 +Q2)> = Q3 (6.2)
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Assuming that the biaxial fluctuations (they correspond to Tr(Q?)) are small, the only
rotational invariant of the tensor is Tr(Q?). The probability distribution P(Q) will
only depend on T7(Q?%) which is equivalent to saying that the probability distribution
is spherically symmetric and will only depend on the modulus of the large-deviation
theory vector-order parameter. So which vector should we choose? The simplest idea is
to use the five independent elements of the matrix directly as ingredients for the vector
QT = (Q1, Q2,Qs3,Q4, Qs, Qg) just as we did in the case of two-dimensional liquid crystals
(See definition 4.4). It is straightforward to see that this is not consistent with our

large-deviation theory formalism because the modulus of Q is not proportional to Tr(Q?),

QD =Q1+ Q3+ Q5+ QF + Q2+ Q§
= QT+ Q5+ (1 + Q) + QT+ Q2+ Qf
=2(Q7 + Q2+ Q1Q2) + QF + Q3 + O
% 2(QF + Q5 + Q@2 + QF + Q3 + QF) = Tr(Q)

(6.3)

It turns out that the elements @, (o = {1,2,4,5,6}) can be written in terms of complex

[ = 2 spherical harmonics,
| N
Yom = ;yg,m(gzj), m=—2,..2 (6.4)

or perhaps more conveniently in terms of their real counterparts (also known as tesseral

harmonics [4]),

N
1 A
Ry = ;m,m(ﬁj), m=-2,..2 (6.5)

where we made the distinction between N-body quantities that refer to the entire system

and molecular quantities that refer to single molecule j. The Cartesian elements of the
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tensor can be written as
N N
1 . 1 3 1
Qo = (N > :%(%)) - <N ) :§Qij - §1> (6.6)

with Ql = Qmma Q? = ny7 Qi’) - sza Q4 = Qmw Q5 = sz; QG = Qyz' We dI‘Op the [ part

1 5}
Ry = E(Yfl -VN)= \/3;(025 (6.8)
Ry =Yy = \/7623 \/> (Q1+ Q2) (6.9)
R_, = Y1 +Y, \/»QG (6.10)

1 5)
R o= E(Y_g -Y;) = \/3:7TQ4 (6.11)

Equations 6.7-6.11 are true for the corresponding molecular quantities qj(Qj), ym(Qj)
and rm(Qj) as well. It is not hard to see now that the modulus of a 5 dimensional vector
that consists of either the 5 N-body complex spherical harmonics or the 5 N-body real
spherical harmonics is proportional to Tr(Q?). However we shall use R,,({;) because the
complex functions lead to technical difficulties and inconsistencies with our theory later
on. This happens because the 5 elements of the tensor are real functions and so the more
natural basis of the problem is R,,(€2;) instead of Y;,(€2;). We define the large-deviation

theory vector as

R={R,m=-2..,2}, RP=R-R (6.12)
1L .
Ry =+ ;rm(gj), m={-2,..,2} (6.13)
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where the modulus R is a function of Tr(Q?),

R*=R’,+ R*, + R} + Ri + R;

= 3%(@?1 + Q3+ Q) + % %(Ql — Q)+ (Q1 + Q2)2]

_ Gi UQE+ Q2+ Q)+ (0 — 0+ 2(Q + W} (6.14)
s 2 5

= 6% [2(Q%F + Q2 + Q2 + Q3 + Q% + Q1Qy)]
5

- aTT(QQ)

The vector R together with a 5-dimensional vector field h will be the suitable large-

deviation order parameter/conjugate field pair with a dot product,
h-R= ) h,Ry, (6.15)
The goal is to calculate the probability distribution of R via a large-deviation principle,
P(R) ~ exp (—NI(R)), / P(R)IR = 1 (6.16)

where I(R) is the free energy per liquid crystal molecule and is can be calculated from

the Gaernter Ellis theorem (as the Legendre transform of the cumulant generator),

IR)=h-R—Ah), R=Vu\(h) (6.17)

exp (NA(h)) = (exp (Nh-R)) = <eXp (Z > hmrm(()j)>> (6.18)

j=1 m=—2
Because of spherical symmetry and assuming that biaxial fluctuations are small compared
to the fluctuations with respect to the director n, the two molecular free energies I(R)

and A(h) are only functions of the modulus of R and h respectively. Having that in mind,
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the vector-equation of state 6.17 can be simplified,

R = VpA(h)
= VnA(h)
~ [OA(h) AA(R) DA(h) AA(R) dA(h)]T
~ | Oh_y ’ah 1 Ohy " Ohy  Ohy
oh  Oh On on]"
ah 2 Oh_y’ Ohy’ 8h1 dhs
_ ( hoo hoy ho by hol]”
oh

(6.19)

h’' h'h' h'h
h
B ah
e o A
= fh R= g

which of course means that the order parameter points in the direction of the field h.

Putting the resulting expression for the vector-order parameter 6.19 into the expression

for I(R) (6.17)
I(R)=h-VR — A(h)

OA(h)
Oh

h
:hR—/ mMmM
0

= B \(h)

(6.20)

R
:/‘MRMR
0
where in the last line we used integration by parts and recovered the reversible work
theorem as expected. The integration happens over h(R) which will be the scalar equation
of state that we will base our theory on. As in other applications in this thesis it will be

possible to calculate exactly the limits of h(R) and use Pade interpolation between the

two extreme behaviors.

Before we go ahead and calculate the two limits, we need one more piece of information
to complete the theory. Let us remind ourselves that what we really need is the probability

distribution of the largest eigenvalue p(s). In two-dimensional liquid crystals, we were
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lucky and the eigenvalue was just the modulus of the large-deviation vector but in three-
dimensions we have P(R) which is the probability distribution of the three eigenvalues of

Q. The connection can be established via the methods of random-matrix theory [63].

It is important to uderstand the two types of transformations that took place. First we
transformed from the elements of the tensor Q to the large-deviation vector R and then
we need to transform to the largest eigenvalue (s > Ay > A3) of the matrix. The Jacobian
of the first transformation J; is a constant (and thus we ignore it) and the second Jacobian
is Jo = (s — Aa)(s — A3) (A2 — A3), called the Vandermonde determinant in the language of

random-matrix theory. Therefore, the connection between P(R) and p(s) is given by,

p(s) ~ /_S dy /_)\2 dA30(s 4+ A2+ A3)(s — A2)(s — A3) (A2 — A3) P(R) (6.21)

We will use large-deviation theory to calculate P(R) and random-matrix theory to calculate

p(s) as a cute combination of different statistical mechanical approaches.

6.2 Weak-field limit of the generating function 3D
liquid crystals

The strong-correlation/weak-fluctuation limit has been worked out before via random-
matrix theory methods by Zhao and Stratt [63]. We will derive the same answer with our

theory starting from the usual series expansion of the cumulant generator 6.18,

exp (NA(h)) = (exp (F)) = exp <(F> + %((5F)2) + > (6.22)
F=NR-h=)_ 22: P (€4;) (6.23)

When the system is isotropic, tesseral harmonics average in the same way that regular

spherical harmonics average. The first term is identically zero and so the cumulant
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generator is

rm(Qj)rm,(Qk)> ho + O(h%) (6.24)

>
=
I
N)‘H
i
g
>
3
~

Furthermore in the isotropic system the field components are all equal h?, = h?/5 and
because the tesseral harmonic form a complete set, the only terms that will survive

averaging in equation 6.24 will be the m = m/ terms,

D7) ) + O(h?) (6.25)

>~
G
[l
)
Sk
o
M
P
5
S,

We can finish off the weak field limit of the cumulant generator with the assistance of the

the tesseral harmonic addition theorem,

. . 5 .
> Q)ra() = - Pa( - ) (6.26)
m=—2
which leads to
h? 1 . A O 3 X ;2 3
Alh) = o <Nj; Py(€2; - Qk)> +O(h?) = £h* + O(') (6.27)

where x is the susceptibility. The modulus of the order parameter (equation 6.19) in that
limit reads,
OA(h) _ x

_ o 2 _ 4_7T 2
R="0," = -+ O & h(R) = R+ O(R?) (6.28)

and from the reversible work theorem 6.20

I(R) = /OR h(R)dR = /OR {%R/ + O(R’Z)] dR = %TR? + O(R?) (6.29)
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Now, we can solve with respect to Tr(Q?) from the definition in 6.14 and get an expression

for I(R) as a function of the three eigenvalues s > Ay > A3 of the tensor Q,

I(s, M) = %TT(QQ) = %(32 + A5+ A3) (6.30)
A3 = (54 No)? (6.31)

And the corresponding probability distribution for the largest eigenvalues s predicted by

the large deviation formalism at the weak field level is,
SN, 2 2
P(S,)\g) ~ 5(S+)\2+)\3) exp —a(s +)\2+>\3) (632)
which can be written in tensor Q notation simply as,
5N 9
P(Q) ~6(Tr(Q)exp —gTT(Q ) (6.33)

This is exactly the anticipated gaussian distribution that is derived via random-matrix
theory arguments by Zhao and Stratt [63]. We can integrate expression 6.32 with respect

to the two smaller eigenvalues (See equation 6.21) in order to calculate p(s),

p(s) = \/iz [exp (—6as?) + exp (—gaSQ) (2%2 - 1” Ca= % (6.34)

and for y = 1 (uncorrelated liquid crystal molecules) we get the exact answer for a random
flight of three-dimensional headless vectors derived almost two decades ago by Doerr,

Herman, Mathur and Taylor [15].

Large-deviation theory is capable of reproducing well-known random-matrix theory
results in the limit of weak fluctuations but strong correlations. The goal is to go
beyond the weak field approach and incorporate the opposite limit in our theory. We

will do just that in the next chapter where the system goes to the mean-field answer for
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three-dimensional nematics.

6.3 Strong-field limit/Mean-field theory of nematics

In the presence of a strong field, three-dimensional liquid crystal molecules are indepen-
dent from each other and their orientations are coupled with the field. The inter-molecular
correlations coarse grain and a single molecule’s orientation only interacts with a mean-
field € = U, that is parallel to the externally applied field h. U, is a constant energy on
the order of the average correlation energy. In that limit, the direction of the field can
be chosen to be solely along the Z axis and so the only component of the field that is
non-zero is h = hyZ and the only contribution to the sum in the cumulant generator is (.

The single-molecule generator is simply,

A(h) =In <exp ( Z hmrm(Qj)) > =1In <exp (hro(Ql))>p(Ql) (6.35)
()

m=—2

p(Q) = o <€TO(Qj)> (6.36)

" fdfll exp (erO(Qj)>

From the definition in 6.9,

hro(Q) = h@qgm = h@mm 0;) (6.37)

where Py(x) = %(3302 — 1) is the second Legendre polynomial. Consequently we need to

evaluate the following integral,

A(h) =1n <exp ((h +¢) \/%PQ(COS 9)) > (6.38)
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We can work out the integral exactly but before we do so we introduce the re-scaling

_|Ar B 5) B 5 ;o ,
7’-\/5R, ’)/—\/47T<h+6)—\/47rh+6—H+6 (6.39)

where v will be used to evaluate the integral and H will be used to simplify the notation

parameters

during the Pade interpolation,

rH = Rh (6.40)

The integral can be evaluated in terms of Dawson’s function F(t) = e "’ fot e’ dr,

A7) = In (exp (7 Pa(cos 0)))
(6.41)

2
=InF(t)—Int+ 51%2, 2 = 377

With the re-scaled quantities we may say that the scalar equation of state 6.19 transforms

to the equivalent form,

OA(7)
vy
_ DA o ot
Ot Oy ot?
31/ 1 1 4 o
=17 (_F(t) — 2t — " + §t> ., F'(t)=1-=2tF(t)

3{etn4-3)

r =

(6.42)

3 2 1 _ 2 t—oo 1 _

Zlo_Z _ = 6y = F - 3

(- 2-prora-2). F=E g 0w
31 31 »
=15 qa tO)

1 1 1
7’:1———3—724—0(?)7 V= X (643>
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It is simpler to apply Pade interpolation in the reverted series,

1 1
= — 1-— 1 44
~(r) 1_r—|—3+0( r), r— (6.44)
1

/

where n = % — €' is the constant coefficient that entails the mean-field intermolecular

correlations at the asymptotic limit.

6.4 Pade interpolation of the 3D liquid crystalline
equation of state

The two limiting extremes of H(r) are given by central-limit theory 6.28 and mean-field

theory 6.45

(

%r +0(?*), r—=0

H(r)= (6.46)

\ﬁ—l—n—i—(’)(l—r), r—1

As we saw in other systems, the simplest and most appropriate technique is Pade in-
terpolation between the two limits. However there is difference here compared to other
applications; There is no h < —h symmetry and so both even and odd powers are
included in the equation of state. The simplest Pade that goes to the correct limits is
now a Pade[3/1] instead of a Pade[5/2] that we used for two-dimensional liquid crystals

and polymers,
_hr+ Ar? + Br3
Y 1—7r

H(r) (6.47)

A=-2- (%) [~y — 3] (6.48)
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B=1+ (%) [~y — 2] (6.49)

It can be easily verified that this minimal Pade gives the correct weak- and strong-field
limits. We can apply the reversible work theorem directly to the variable H(r) instead of
h(R) since Hr = Rh,
I(r) = /Rh(R’)dR’ = /T H(r")dr' (6.50)
0 0

.- \/%R (6.51)

Direct integration of 6.47 yields a new free energy per molecule,

[(r):—ln(l—r)—r—%(1—%)7"2—%(g—n—2>r3 (6.52)

where now there is a logarithmic term that captured the fluctuations. This rate function

gives us the probability distribution P(r) ~ exp (—NI(r)) and r = \/5(32 + A3+ A3).
Via random-matrix theory we can establish the connection between P(r) and the desired
p(s). Direct application of 6.21 with the rate function given by 6.52 gives us the final

answer,

p(s) ~ /S d/\g/ 2 dA30(s+ A2+ A3)(s — Xa)(s — A3) (Ao — A3) exp (—NI(r)) (6.53)

where we can only solve the integral numerically. The expression for p(s) is more general

than 6.34 and the two will be compared in the results chapter.

Finally we can make the connection with the Landau free energy. The weak-field limit

is,

EAPEI LR P 6.54
=—-)r"—-= —=—+—r
X 3 g 3 X (6.54)
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is similar to the Landau form for the free energy per liquid crystal molecule,

Q) = %aTr(Q2) + %bTr(Q?’) 4. (6.55)

We are able to give a molecular explanation of the phenomenological coefficients in the
Landau form. Moreover it is interesting to notice that there is no Tr(Q?) in our equation
but this will not be important as biaxial fluctuations are small. We expect that no
information is missing from the theory since for very small fluctuations vertical to the
director [25] one may say,

Tr(Q%?® = 6Tr(Q%)? (6.56)
which means that information contained in Tr(Q3?) are given by powers of Tr(Q?).

Finally we see that the probability distribution P(Q) takes the anticipated random-

matrix theory from for very small fluctuations,

P(Q) ~ exp (—%Tr(gz)) (6.57)

The value of this thesis is the calculation of a more general function of T'r(Q?) not just a
gaussian distribution. When the system goes close to the I/N transition, the probability
distribution deviates from gaussianity and the free energy starts to feel a logarithmic

singularity which is a result of rapid domain growth.
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CHAPTER 7

Results

7.1 Results for the 2D XY model

We wish to demonstrate the usefulness of our approach to classical two-dimensional
magnetization. The 2D XY model is defined by the Hamiltonian in 4.44 and shows a
Kosterlitz-Thouless transition between a high temperature isotropic phase (paramagnetic)
and a low temperature (quasi-ferromagnetic) ordered phase. In complete analogy with
nematic order in isotropic liquid crystals we want to simulate a system that is close to the
critical point ScJ ~ 1.13 [30] in order to see the non-gaussian profile of the fluctuations.
In figures 7.1 and 7.2 we can see the comparison between central-limit theory (”CLT”
it refers to equation 4.74), large-deviation theory ("LDT” it refers to equation 4.72)
and Monte Carlo simulation (”Simulation”). A small square lattice of 28 x 28 spins
was simulated using the Metropolis algorithm (See Appendix A). The reason why we
chose such a small system was to emphasize the difference between our theory and the
traditional central-limit theory. Of course one needs to perform more simulations with
larger systems in order to demonstrate the faster convergence that large-deviation theory
offers. Nevertheless the improved accuracy that our theory provides at calculating high p

configurations is clear even for such a tiny lattice.
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We plot the effective free energy per spin (—% In P(u), with p defined in 4.47) in
order to visualize larger fluctuations with small probabilities easier. On figure 7.1 we
study thermodynamic conditions that correspond to very high temperatures (8J = 0.01).
This is the paramagnetic region where single vortices dominate and ruin any type of
spontaneous magnetization. The fluctuations of P(u) are small and both CLT and LDT

are very accurate. In fact one may not be able to distinguish between the two curves.

20
i 2D, N =784, 8/ =0.01

S 15

e @ ¢ Simulation
—= CLT
— | DT

=
-

—(1/N)InP(u) X
=) 9

0 0.05 0.1 0.15

Figure 7.1: The effective rate functions as a function of the order parameter p for a 2D
XY system that consists of N = 784 spins deep in the paramagnetic phase where the
temperature is really high compared to the ferromagnetic coupling constant J. The dotted
line corresponds to a Monte Carlo simulation (Metropolis algorithm) (107 configurations);
The blue dashed line corresponds to the 2D Central-limit Theory (CLT) approximation;
The black solid line corresponds to the 2D Large-deviation Theory (LDT) approach. A
very small difference is visible between CLT and LDT for p > 0.12.
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Figure 7.2: The effective rate functions as a function of the order parameter u for a 2D
XY system that consists of N = 784 spins in pre-critical paramagnetic conditions under
a much lower temperature (5J = 0.9). The dotted line corresponds to a Monte Carlo
simulation (Metropolis algorithm) (107 configurations); The blue dashed line corresponds
to the 2D Central-limit Theory (CLT) approximation; The black solid line corresponds to
the 2D Large-deviation Theory (LDT) approach.

In figure 7.2 we show the fluctuations of a low temperature simulation that corresponds
to a 28 x 28 XY lattice (same size as high temperature simulation). The temperature
of the simulation (8.J = 0.9) was chosen to be close to the critical point where vortices
will bind and substantial correlations between the spins have formed. Close to the critical
point, we can see the non-gaussian profile of the fluctuations; CLT is very inaccurate for
values of the magnetization u > 0.5 as opposed to LDT. Although both of the approaches
do well for small deviations around (u), LDT is more accurate for larger deviations as

expected.
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Values of p that are close to the mean correspond to macrostates that are easy to
sample. The system visits those configurations multiple times and we get a very accurate
estimate of their probabilities. Large deviations however, appear less frequently throughout
the Monte Carlo simulation and the sampling of the right tail is poor. By using the
LDT approach outlined in chapter 4 we may use information based on () and (u?) in
order to predict poorly sampled macrostates. The first moment is used to calculate n in
the equation for LDT (4.72) and the second moment is used to calculate the two-body
magnetic susceptibility x = N{u?) in the equation for CLT 4.74 and the equation for
LDT (4.72). Lastly, imagine an application where we are interested in some probability
P(p > 0.6). CLT will be a very inaccurate estimate and the simulation won’t sample the
rare macrostates with p > 0.6. Or at least it might take a lot of computational power.
Instead we can use LDT at a very good approximation by simply taking information from

easy-to-sample macrostates close to ().

This results section on magnets does not present any kind of finite size scaling analysis.
An exhaustive analysis was only performed for two- and three-dimensional Gay-Berne
molecules. It simply demonstrates that the Pade probability distribution derived in
chapter 4.4 is useful for analyzing magnetization fluctuations close to criticality. The
N = 784 system seems to be small and future studies would require larger spin systems.
Nevertheless the point is hopefully clear and more rigorous analysis will be presented
later on for liquid crystals. Finally it is important to mention that the global probability
distribution P(u) is unaware of the underlying geometry; making it impossible to study
vortices. Perhaps the connection between our theory and topological fluctuations might

be an interesting pursue.
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7.2 Results for two- and three-dimensional isotropic
liquid crystals

An exhaustive study of Gay-Berne molecules in two and three dimensions under macro-
scopically isotropic conditions was performed. We used Molecular Dynamics simulations
(See Appendix A for details) in order to calculate the probability distribution of the
order parameter p(s) and study the finite-size dependence of the probabilities. The order
parameter is defined as the largest eigenvalue of the tensor Q. The sweet spot range of
N values (N=128, 242, 450 and 800 for 2D and N=256, 500, 864, 1372 and 2048 for 3D)
that was chosen in this study, is able to emphasize the fluctuations due to the proximity

to the nematic phase and depict the failure of traditional central-limit approaches.

The simplest system we can test our theory on, is the ideal-gas model. Uncorrelated
liquid crystal molecules in 2D and 3D are easy to simulate and demonstrate effectively
how both central-limit theory and large-deviations theory predict the N-dependence of the
probability distribution. We are studying non-interacting liquid crystals which means that
the inter-molecular correlations will be turned off. For the 2D comparison we use equation
4.25 as the CLT (Central-limit theory) and equation 4.39 with § = 1 and n = 0 as the
LDT (Large-deviation theory answer). For the 3D comparison we use equation 6.34 with
x = 1 for the CLT (Central-limit theory) result and expression 6.53 with y =1 and n =0
as the LDT (Large-deviation theory) answer. The uncorrelated probability distributions
do not exhibit large fluctuations and the convergence to the simulated answer is extremely
fast. In figures 7.3 and 7.4 we can see that even for the smallest systems (N=128 and
N=256 for 2D and 3D respectively), both CLT and LDT have converged because there

are no correlations that could potentially lead to large order parameter fluctuations.
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Figure 7.3: Probability distribution of the orientational order parameter s for non-
interacting (uncorrelated) molecules in 2D, demonstrating the dependence on the size of the
system, N. The dotted line corresponds to a computer simulation over 10° configurations;
The dashed line corresponds to the Central-limit Theory (CLT) approximation and the
solid line corresponds to the Large-deviation Theory (LDT) probability distribution
generated from the 2D ideal-gas Pade’ equation of state. The CLT and the LDT lines are

indistinguishable on that scale shown here.
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Figure 7.4: Probability distribution of the orientational order parameter s for non-
interacting (uncorrelated) molecules in 3D, demonstrating the dependence on the size of
the system, N. The dotted line corresponds to a computer simulation of 10° configurations;
The dashed line corresponds to the Central-limit Theory (CLT) approximation and the
solid line corresponds to the Large-deviation Theory (LDT) probability distribution
generated from the 3D ideal-gas Pade’ equation of state. The CLT and the LDT lines are
indistinguishable on the scale of the graph.

7.2.1 Correlated Gay-Berne Molecules/Deep Isotropic Phase

The next step involves the simulation of interacting liquid crystal molecules far from
criticality (Deep isotropic phase). For two-dimensional liquid crystals equation 4.24 is used
as the central-limit theory answer and the susceptibility y is calculated from the simulated

answer since equation 4.18 (y = N(s?)) is true. For the two-dimensional large-deviation
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theory answer we use equation 4.39 where again y is taken from the second moment of
the simulated p(s) and 7 is taken from the first moment of the simulated p(s). This is the
simplest way to determine the mean-field orientational correlation coefficient 7 although
it is not unique. The scaling of 4.24, 4.39 and simulated p(s) can be seen in figure 7.5.
Both CLT and LDT predict the scaling of the simulated p(s) accurately. We are far from

the critical point and the fluctuations are weak, making CLT exact.

In the case of three-dimensional liquid crystals we remind the reader that CLT (central-
limit theory) refers to the random-matrix theory results derived by [15] and [63]. The
connection was extensively discussed in chapter 6. As CLT we use equation 6.34 and we
calculated y numerically from the simulation. As LDT we use equation 6.53 where y was
also determined numerically and 7 was taken from the first moment (s) of the simulated
p(s). As can be seen in figures and 7.6 the lines between the CLT and LDT are identical
(or almost identical for the 3D case). Both LDT and CLT predict the N-dependence of

the simulated probability distributions under these conditions.
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Figure 7.5: Probability distribution of the orientational order parameter s in 2D. The
dotted line represents the Molecular Dynamics simulation (3 x 10° configurations) of
2D Gay-Berne molecules under deep isotropic conditions (p* = 0.230 and T* = 1); The
dashed line is the 2D Central-limit Theory (CLT) approximation with information taken
from the deep isotropic simulation; Finally the solid line is the 2D Large-deviation Theory
(LDT) answer with information extracted from the same simulation. The CLT and the
LDT lines are indistinguishable on the scale of the graph.
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Figure 7.6: Probability distribution of the orientational order parameter s in 3D. The
dotted line represents the Molecular Dynamics simulation (3 x 10° configurations) of 3D
Gay-Berne molecules at deep isotropic conditions (p* = 0.280 and 7™ = 1); The dashed
line is the 3D Central-limit Theory (CLT) approximation with information taken from the
deep isotropic simulation; Finally the solid line is the 3D Large-deviation Theory (LDT)
answer with information extracted from the same simulation. The difference between
CLT and LDT can now be seen on that scale. Moreover it can be seen that for small N,
LDT does slightly better than CLT at the tails of the distribution.

In that region of the phase diagram, the number of correlated molecules is a negligible
fraction of the total number of molecules in the simulation. It is important that we
increase the density and get close to the nematic phase so that correlations really start to

impact the fluctuation profile.
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7.2.2 Correlated Gay-Berne Molecules/Pre-transitional Isotropic

Phase

In two-dimensions, a suitable pre-transitional density was found to be p* = 0.285.
Under these conditions, the system feels the presence of the critical point that lies on the
other side of the Isotropic/Nematic transition line. The correlation length is long and
the size of the fluctuations is comparable to the size of the simulated system. It can be
seen in figure 7.7 panel (a) how the central limit theorem now converges more slowly to
the simulation answer in comparison to our large-deviation theory (panel (b)). For the
smallest system (N=242) the improvement is more obvious but even if we go to the larger
systems where the CLT does seemingly well, it actually fails to reproduce the large-s
tails of the simulated p(s). In order to visualize the large-s tails of the distribution and
compare the performance of CLT and LDT we will need compare the logarithms of the

probabilities, or the so-called effective rate functions per molecule.
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Figure 7.7: (a) The dotted line is the 2D Molecular Dynamics simulation (107 configu-
rations) of 2D Gay-Berne molecules in pre-transitional isotropic conditions (p* = 0.285,
T* = 1). The dashed line is the 2D Central-limit Theory (CLT) approximation with
information taken from the same pre-transitional isotropic simulation; (b) The dotted line
is the 2D Molecular Dynamics simulation of 2D Gay-Berne molecules in pre-transitional
isotropic conditions (p* = 0.285, T* = 1); The solid line is the 2D Large-deviation Theory
(LDT) answer with information extracted from the same simulation.

By plotting the effective rate functions for only the largest system in 2D (N=800)
(figure 7.8), we can easily see that after roughly s=0.4 the CLT starts to diverge from the
simulated answer while LDT is significantly more accurate. The crucial point is that, we

have used information from well-sampled configurations (just as described in section 7.2.1)
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in order to predict atypically large values of s that lie in the tail. The reason why the
2D version is so powerful lies in the very nature of the fluctuations. In lower dimensions,
fluctuations are larger and form much easier than higher dimensions. That is why the
tails of the simulated distribution reflect fluctuations that sense the extreme order limit
s=1, the very limit we have analytically added to our theory and the very limit that CLT

is unaware of.
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Figure 7.8: The effective rate functions as a function of the order parameter s for a
2D system that consists of N = 800 molecules in pre-transitional isotropic conditions
(p* =0.285, T* = 1). The dotted line corresponds to a Molecular Dynamics simulation
(107 configurations) of 2D Gay-Berne molecules; The blue dashed line corresponds to the
2D Central-limit Theory (CLT) approximation with information taken from the simulation;
The black solid line corresponds to the 2D Large-deviation Theory (LDT) approach with
information taken from the same simulation.

In 3D the situation is much more challenging and interesting. We can immediately
see from finite analysis at the pre-transitional density of p* = 0.300 (figure 7.9) that CLT
converges slower than LDT and the situation at the tails (figure 7.11) follows the same
logic as in 2D with only a crucial difference. In 3D the system does not form very highly
ordered states with significant probabilities which means that we are noticeably far from

s=1. Even so, echoes from the perfectly ordered limit can be seen at the large-s tails of
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the distributions by comparing the effective rate functions (subfigure a in figure 7.11).

Via the LDT approach we can now compute the tails of the distributions accurately.
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Figure 7.9: (a) The dotted line is the 3D Molecular Dynamics simulation (1.5 x 107
configurations) of 3D Gay-Berne molecules in pre-transitional isotropic conditions (p* =
0.300, 7% = 1). The dashed line is the 3D Central-limit Theory (CLT) approximation with
information taken from the same pre-transitional isotropic simulation; (b) The dotted line
is the 3D Molecular Dynamics simulation of 3D Gay-Berne molecules in pre-transitional
isotropic conditions (p* = 0.300, 7% = 1); The solid line is the 3D Large-deviation Theory
(LDT) answer with information extracted from the same simulation.

It is enlightening to proceed to even higher densities and see the breakdown of all these
approaches. By increasing the density a bit more (p* = 0.304), finite size scaling (see

figure 7.10) shows how both CLT and LDT converge very slowly to the simulated answer.
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It is still true that LDT captures the large-s tails more accurately than CLT (subfigure
b in figure 7.11). While under these thermodynamic conditions the fluctuations are too
large to be well captured by any theory, we can still see the improvement our approach

offers as opposed to traditional central-limit approximations.
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Figure 7.10: (a) The dotted line is the 3D Molecular Dynamics simulation (1.5 x 107
configurations) of 3D Gay-Berne molecules in pre-transitional isotropic conditions ex-
tremely close to the nematic phase (p* = 0.304, 7" = 1). The dashed line is the 3D
Central-limit Theory (CLT) approximation with information taken from the same extreme
pre-transitional isotropic simulation; (b) The dotted line is the 3D Molecular Dynamics
simulation of 3D Gay-Berne molecules in pre-transitional isotropic conditions (p* = 0.304,
T* = 1); The solid line is the 3D Large-deviation Theory (LDT) answer with information
extracted from the same simulation. LDT describes the tails better than CLT as it
includes the perfect order limit s = 1.
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Figure 7.11: The effective rate functions as a function of the order parameter s for a 3D
system that consists of N = 2048 molecules in (a) pre-transitional isotropic conditions
(p* = 0.300, T* = 1) and (b) pre-transitional isotropic conditions extremely close to
the nematic phase (p* = 0.304, T* = 1). For both (a) and (b) sub-figures, the dotted
line corresponds to a Molecular Dynamics simulation (1.5 x 107 configurations) of 3D
Gay-Berne molecules; The blue dashed line corresponds to the 3D Central-limit Theory
(CLT) approximation with information taken from the simulation; The black solid line
corresponds to the 3D Large-deviation Theory (LDT) approach with information taken
from the same simulation.

92



CHAPTER 8

Time-dependent large-deviation
theory at the weak-fluctuation limit:
Three-dimensional isotropic liquid

crystals

When the fluctuations are weak, we can generalize our theory and calculate a joint
probability distribution of two different times 7 = 0 and 7 = ¢t. We will have two order

parameters whose elements are,

Qun(0) = 5 Z G0 (0), 4, (0) = 4 (00, (0) - = (8.1)
Q Z G0, @ (1) = O, (0%, () — 2 82)
,U«V 2N ,U,l/ p,y v 3

With a joint probability distribution approximated by a large-deviation principle,

P(Q(0), Q(t)) ~ exp (=N (1(Q(0), Q(t))) (8.3)
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/ / 1Q(0)dQ(H)P(Q(0), (1)) = 1 (8.4)

As we saw in chapter 6, the rate function depends on the large-deviation vector made up
of the five tesseral harmonics {R,,;;m = —2,...,2}. We can follow the same logic even for
a two-time problem and say that the total rate function will take the following general
form,

I(R(0),R(t)) = I(R(0)) + I(R(?)) + J(R(0) - R(?)) (8.5)
The third term makes all the difference. There will be overlap between the two order
parameters for finite times, and that overlap will be go to zero at t — oo,

lim J(R(0) - R(t)) = 0 (8.6)

t—o00

That means that the joint rate function will break into the sum of two independent rate
functions,

lim 7(R(0), R(t)) = I(R(0)) + I(R(t)) (8.7)

t—o0

and the joint probability distribution will be a sum of two identical densities,
P(R(0), R(#)) ~ exp (=NI(R(0))) exp (=NI(R(1))) (8.8)

Similarly, the generating function will be a function of the large-deviation field at two
different times,

G(h(0),h(t)) = (exp (h(0) - R(0) + h(?) - R(?))) (8.9)

and the scaled cumulant generating function will split into sums in the same way that the

rate function did,

A(B(0), hi(t)) = A(B(0)) + A(h(1)) + C(B(0) - h(t)) (8.10)
lim A(h(0), h(t)) = A(h(0)) + A(h(1)) (8.11)



At sufficiently long times we expect the terms that involve overlap between two order
parameters or overlap between fields at two different times to vanish and recover sums

and/or products of independent events.

8.1 Time-dependent scaled cumulant generating func-
tion

As a natural extension from a one-time field to a two-time field we define the 10-
dimensional 10-dimensional vector x whose first 5 elements correspond to the field at
7=0, {h,(0);m = —2,...2} and the rest of the five elements are the components of the
field at time 7 = t, {h,,(t);m = —2,...2},

10
x={zsa=1,..,10}, 2*=> 2 (8.12)
a=1

The conjugate order parameter y is also a 10-dimensional vector and is defined in a similar

fashion,

10
y={ta=1,..10}, y*=> y (8.13)
a=1

where the first 5 elements correspond to the five tesseral harmonics at times 7 = 0
{R,,(0);m = —2,...2} and the rest of the five elements correspond tesseral harmonics
at times 7 = t, {R,,(t);m = —2,...2}. When the fluctuations at both times are small,
we can calculate the cumulant generator exactly. The answer has been worked out via
random-matrix theory methods [63] but we can also derive it with our large-deviation

theory. The cumulant generator is defined as

exp (NA(x)) = (exp (F)) = exp <(F> + %((5}7)2) + ) (8.14)



When the system is isotropic the tesseral harmonic functions average to zero as we saw in
chapter 6 and all the one-body averages will be identically zero. Up to second order, the

cumulant generator is,

The tesseral harmonics are orthogonal to each other so only the terms with m=m’ will
survive averaging. Also, the isotropic system the field components are all equal hZ (0) =
h%(0)/5,h2,(t) = h2(t)/5 and hy,(0)h,(t) = h(0)h(t)/5. With these two arguments we

can simplify the expression and we get,

H 1SS (@) @) (817)

where

R0) = 30RO, B = 3 AWM, h(O0)h0) = 3 haOha(t)  (8.15)

m=—2 m=— m=—2

The last part of the calculation involves the tesseral harmonic addition theorem we used

in chapter 6. The theorem states that

2

Y () (Qu(t2)) = %sz(ﬂj(tl) (b)) (8.19)

m=—2
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which leads to

A6 = 1 <%§j& <m»

7,k=1

h2( <% Z A6 t))> (8.20)

k=1

+%%M3%mewmw%w

3,k=1

and we can apply it to all three terms in the cumulant generator including the cross term

with the dot product. By defining the one-time and two-time susceptibilities

< ZPQ Qk(tl))> < Zg Qk(tg))> (8.21)

Ji:k=1 7,k=1

the scaled cumulant generating function can be written simply as,

A(x) = % (h2(0) + h2(t) + 2C(t)h(0) - h(t)) (8.22)
O(t) = % lim C(t) = 0 (8.23)

This is exactly the answer that was derived via random-matrix theory in [63]. We showed
that our framework is capable of reproducing the same result. Furthermore we see that

the term (in equation 8.10) that depends on the dot product is,

((h(0) -h(t)) = C(t)ﬁh(o) ~h(t) (8.24)

For large times we expect that term to vanish as the two order parameters will be

independent from each other,

lim A(x) = %h?(@) + %hQ(t) = A(h(0)) + A(h(?)) (8.25)

t—o00
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Finally in the large-deviation theory language we can write the cumulant generator in

terms of the vector x in a very succinct way,

A(x) = A T Mx (8.26)

8T

where M is a 10 x 10 coupling matrix (given in Appendix B, equation B.22) that goes to

the 10 x 10 unit matrix 1 for very long times as the fields uncouple,

lim M = 1 (8.27)
t—o0
A(x) = 8%1:2’ t — 00 (8.28)

It is quite incredible how we can manipulate the cumulant generating function into this
extremely simple form. Perhaps one may wonder how far our theory can be stretched.
Surprisingly, crucial results and assumptions that we made in the time-independent scenario
carry over to time-dependent weak fluctuations albeit with different order parameter and

conjugate field.

8.2 Gaertner-Ellis theorem and vector equation of
state

The goal is to calculate the rate function I(y) which is the Legendre transform of the
cumulant generator A\(x). The Gaernter Ellis provides a route of calculating I(y) and

without loss of generality we can say

Iy)=xy = Ax), y=VxA(x)

=X-y— /Oxy(xl) - dx’ (8.29)
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where once again we used integration by parts and obtained a reversible work theorem for
I(y) in terms of a vector equation of state x(y). The reversible work theorem does not
simplify in a straightforward manner to a one-dimensional integral as in time-independent

problems. We will get back to this point later.

Is is interesting that the usual results of our theory generalize to time-dependent

problems relatively straightforward.

When the fluctuations are weak for both times, we can calculate the rate function

exactly. This can be seen from the vector-equation of state defined in 8.29
v = VAKX) = X Mx (8.30)
47

4
ex=—Mly (8.31)
X

where M ™! is the inverse (given in Appendix B, equation B.29) of the coupling matrix M
MM =1 (8.32)

lim M = lim Mt =1 (8.33)
t—o0

t—o00

This is the time-dependent analogue of the field being linear to the order parameter.

Substituting the expression for x from equation 8.31 into equation 8.26 we get

4 2T
I(y) = YyTM‘ly — A(x(y)) = YyTM‘ly (8.34)

This can be written in terms of the two 5-dimensional large-deviation vectors which are

made out of tesseral harmonics,

I(y) = 21A(t) (R?*(0) + R*(t) — 2C(t)R(0) - R(1)) (8.35)
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A(t) = .
= =6 (8.36)
tlgrolo Alt)=1 (8.37)
The long-time behavior simplifies,
_ 2r 5 2m 5 2m _,
Jim 1(y) = =597 = ZOR0)+ R < IRO) +TRW) (839

Moreover we can express I(y) as a function of the traces of the matrices Q(0) and Q(¢),

o6

Tr(Q*0)) = ?RQ(O) (8.39)
Tr(Q(t)) = %”R?(t) (8.40)
Tr(Q0)Q(1) = TR(O) - R(1) (3.41)

where the term Q(0)Q(¢) means matrix multiplication between the tensor order parameter
at times 7 = 0 and the tensor order parameter at times 7 = ¢. Inserting the expressions

for the traces into the expression for the rate function in 8.35 we get,

I(y) = %A(t) (Tr(Q*(0)) + Tr(Q*(t)) — 2C(H)Tr(Q(0)Q(1))) (8.42)

P(y) ~exp (=NI(y)) (8.43)

This expression has been derived in [63] via random-matrix theory methods. In the limit

of large times the third term goes to zero and we get
P(y) = P(Q(0))P(Q(1)) (8.44)

which means that the probabilities are independent.
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8.3 Scalar equation of state and reversible work the-
orem

In time independent problems we were able to make a few natural assumptions about
the free energy functions as well as the vector equation of state. We were able to
choose the order parameter to point parallel to the external field h. Combined with
the spherical symmetry of the free energy functions we wrote the rate function as a
thermodynamic integral over the scalar equation of state. A natural question rises here:
Can we make similar assumptions for the time-dependent problem? The answer is no but
there is nevertheless an elegant simplification we can make, at least for the case of weak

fluctuations.

Firstly, we observe that for weak fluctuations,

Ax) = A(VxIMx), I(y) =1(Vy"M'y) (8.45)

a = vxIMx (8.46)
tlgcr)lo a=uz (8.47)
B=+y' M-y (8.48)
tlim L=y (8.49)

We may assume that the free energy functions of the weak-fluctuation limit are spherically
symmetric in the sense that they depend only on the scalar quantities a and (3 respectively.

The two-time scaled cumulant generating function is,

Ma) ~ X Mmx = Lo (8.50)



lim Aa) = == (8.51)

and the rate function,

I ~ 22T My = 2052 8.52
(8) Y My , 8 (8.52)
Jim 7(9) = =747 (8.53)

with the corresponding large time limits. With the new definitions we can show that it is

possible to convert the vector equation of state

y = VxA(x) (8.54)

into a scalar one by using the newly defined quantities (o and ),

_ )
=" (8.55)

Keep in mind that this is not the same as

OA(z)
= 8.56
v="7, (8.56)
since 8.56 holds true only for very long times,
: OX(«) OA(x)
Jim [ o ] Y= (8.57)

The scalar equation of state 8.55 can be derived in the following manner. Starting from

the spherical symmetry of A(«) we have,

y = VxA(a) (8.58)
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from the definition in 8.46 we can see that,

1 oA
= —— 8.59
y=1 GaMx (8.59)
or equivalently,
1
x=a57 My (8.60)
da

By taking the dot product of 8.59 with x on both sides and equation 8.60 with y we get

the following two equations,

O\

Xy =ag- (8.61)
L oo
y X =a5f (8.62)
da
Which of course are equal,
X-y=y-X (8.63)
A
ep= M) pp (8.64)
Oa

In terms of the scalars, the Gaernter-Ellis theorem may be re-written as,

Iy) = o~ Aa), 5= (8.65)

which means that it can be written as a reversible work type of integral over the the

equation of state just as we did in the time-independent case,

B
I(y) = /0 a(f)dp (8.66)

Which is a generalization of the scalar reversible work theorem but for a joint rate function.

As in the case of the equation of state 8.57
B Y
lim [ / (3B = / :L'(y’)dy’} (8.67)
t—00 0 0

103



Finally we can verify that equation 8.66 is true in the weak fluctuation limit. The inverse

of the equation of state is,

oN  x
8= i (8.68)
4
or a= —Wﬁ (8.69)
X
providing the correct rate function,
A B 4r 27
1(B) = / a(f)dp" = / —pldp = —p? (8.70)
0 0o X X

It is impressive that the theory of large-deviations gives a very simple answer for the
joint-probability distributions in the limit of weak fluctuations. When time-dependence is
considered, the large-deviation theory vector y does not point parallel to x. Instead we

have,

y || Mx (8.71)

This result is exactly true for weak fluctuations and it led to a reversible work theorem

expression albeit with an unusual form,

h X

1) = [ atpas, 5= (5.72)
a = VxIMx (8.73)
B=Vy" My (8.74)

In other words, we have articulated in very succinct mathematics the case of two-time
probability distributions with gaussian fluctuations. However, the focus of this study
is to go beyond weak fluctuations and analytically include strong fluctuations in the
picture. This thesis has reached its chronological limit and any investigation of the
strongly-fluctuating limit and the possible application of Pade interpolation remains an

open question.
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CHAPTER 9

Concluding remarks

In this thesis we have developed a novel theory for the calculation of rare configurations
in finite disordered systems. Many physical problems require the calculation of the
probability distribution of an orientational order parameter. However, standard techniques
like the central-limit theorem suffice when the fluctuations are weak but fail in the vicinity
of a critical point. There, the fluctuations of the orientational order parameter are large
and their direct simulation is subject to numerical noise and poor sampling. According to
large-deviation theory, we are able to move our attention to the thermodynamic integration
of the equation of state of the system. Analytical evaluation of the exact limits of the
equation of state, and direct interpolation between them provides us with a new way of
evaluating the probability distribution. In the low field limit, the correlations are strong
but the fluctuations are easy to simulate while in the strong field limit the opposite is
true. We exploited the analytical simplicity of the strong field limit in order to calculate
it based on configurations that are easy to sample. The re-direction of rare-configuration

calculation to some easily obtained computational information is the core of the theory.

Large-deviation theory directed us into thinking in terms of a conjugate field but in
practice we never applied such a field to any of our simulations. For all the applications

that were presented in the thesis, the equation of state was evaluated analytically via
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Pade’ interpolation. Would it be the same if we could simulate directly the equation of
state by applying an external field to our system? For liquid crystals, it would not be the
same for two reasons. Firstly, the application of strong alignment fields might take us to
regions in the phase diagram that we do not wish to go. The system might transition to
the solid phase instead of the pre-transitional isotropic phase that we want. Secondly, the
very existence of domains and long correlation lengths implies that numerical evaluation
of the equation of state will be noisy and the resulting rate function inaccurate. The case
described in this thesis is possibly a rare occasion where analytical manipulations are

actually easier than direct numerical computations.

Moreover, it is important to comment on our approach to three-dimensional liquid

crystals. The absolute invariants of the problem according to random matrix theory are,

Tr(Q*) and Tr(Q?

since higher order traces are functions of these two objects. In our theory however we

assumed that the probability distribution will be a function of just Tr(Q?),

P(Q) ~ f(Tr(Q%)

ignoring the effects coming from the other invariant. This assumption is exactly true
for two-dimensional systems but it is not for the three-dimensional case. The second
invariant T'r(Q3?) represents the fluctuations perpendicular to the director and are usually
found to be small, making our assumption justified. More specifically we see in Appendix
A that, (T'r(Q?)) is approximately two orders of magnitude bigger than (Tr(Q?)) for a
typical pre-transitional simulation. The probability distribution P(Q) will be dominated
by Tr(Q?) and our assumption is reasonable. We do not expect crucial information to be

missing from our theory.

Lastly, an interesting lesson that we ought to take from this study is the following:
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The two-dimensional liquid crystal case is surprisingly easier than the three-dimensional
counterpart. One might have expected the opposite because of the low-dimensionality
topological complications (disclinations) and the inherently strong fluctuation profile
of two-dimensions. It was shown that the underlying geometry is not pertinent to the
discussion of the global probability distribution. Furthermore, the large deviations in
two-dimensional liquid crystals brought the system closer to the perfect order limit, the

very limit we implemented analytically.
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Appendix A: Simulation detalils

Monte Carlo simulation of the 2D XY model

Monte Carlo simulations have been used extensively to study the XY model in two-
dimensions since the 1970s [59]. The XY model (or planar rotor) is the simplest model to
exhibit a Kosterlitz-Thouless continuous transition between a paramagnetic phase and
quasi-ferromagnetic phase. In this study we used the standard Metropolis Monte Carlo
(MC) algorithm under canonical conditions (NAT - constant number of spins N, constant
area A and constant temperature 7'). We used a square lattice of dimensions 28 x 28 and
each of the N = 282 = 784 spins lies on a site of the lattice. Periodic boundary conditions
were employed which means that the spins lie on the surface of a torus. See figure 9.1 for

a pictorial representation of the lattice we simulated.

+—¢-

2o
A
-4

Figure 9.1: A typical configuration of the 2DXY lattice simulation. The figure is taken
from [52]

PR
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Working similarly to 2D liquid crystals, we simulate the crystal under different temper-
atures in order to understand the fluctuation profile of P(u). The conditions are specified

via the dimensionless constant (”temperature”),

(9.1)

which is the ratio between the ferromagnetic coupling constant J and the thermal energy
kgT. As 8J — 0 the spins are disordered and when J — B¢J the system approaches

the Kosterlitz-Thouless transition and order grows.

Parameter Value
Number of spins N =784
Dimensionality D=2
Temperature BJ =0.01
Relaxation MC moves 10°
Data collection MC moves 107

Table 9.1: Monte Carlo simulation of the 2DXY model under high-temperature conditions.
We relaxed the system sufficiently and then proceeded to data collection where for every
10 Monte Carlo moves, we calculated pu.

Parameter Value
Number of spins N =784
Dimensionality D=2
Temperature 8J=0.9
Relaxation MC moves 108
Data collection MC moves 108

Table 9.2: Monte Carlo simulation of the 2DXY model under low-temperature conditions.
The system is close to the critical point S¢J ~ 1.13 ([30]). After enough relaxation we
started calculating p every 10 moves.

In tables 9.1 and 9.2 the exact conditions and parameters for the two simulations are
shown. The high-temperature paramagnetic phase is useful because it shows us that in
that limit the fluctuations are gaussian; truncating the cumulant generating function is
exact in that limit. Interestingly, when we cool the system down to a temperature that is

very close to criticality, correlations between the spins are important and the fluctuations
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are intrinsically non-gaussian. The approach we developed can be used to describe the
probability distribution of the magnetization when fluctuations dominate and central-limit

theory fails.

Molecular dynamics simulation of the Gay-Berne liquid

We performed standard Molecular Dynamics simulations where Newton’s classical
equations of motion are propagated numerically in time. All the quantities in the
simulation are expressed in terms of the fundamental energy ¢, scale, length scale oy
and time scale 75. The simulations are performed using microcanonical conditions with
tetragonal and cubic periodic boundary conditions for 2D and 3D systems respectively.
We follow similar initialization and relaxation protocols that are described in previous
work [63]. Via Molecular Dynamics simulations we generate equilibrium ensembles of
liquid crystal configurations that are used in order to calculate the elements of the tensor
Q. For each configuration we diagonalize the tensor and get the largest eigenvalue s (order
parameter). Before we unfold the exact simulation protocol we remind the reader about

reduced temperature and density units,

kgT
T === p=po? (2D) and p"=poj (3D) (9.2)
€0

and the time-step of the simulation is,

2
mog

ot = 0.0017'07 T0 = (93)

€0

Initialization

For the initialization of the simulation we set the center-of-mass positions of the
Gay-Berne molecules in the sites of square (2D) and cubic (3D) lattices respectively. The

initial density is very low p* = 0.05 so that we make sure that there are no overlaps
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between molecules. The initial orientations of all the molecules were initialized using the
structure described by Allen and Tildesley [1, p. 169]. The initial velocities and angular
velocities were selected from the Maxwell-Boltzmann distribution. Moreover, we made
use of square and cubic periodic boundary conditions for two- and three-dimensional
simulations respectively. We used the velocity Verlet algorithm [1, Chapter 3] for the

propagation of the equations of motion.

Relaxation and data collection
In order to equilibrate the 2D and the 3D systems we run the following protocol:

1. Melting: We sample the initial velocities and angular velocities from a high-
temperature (7 = 5.00) distribution, and allow the system to relax for 257y. This

step is used in order to melt the initial crystal.

2. Compression: We compress the system by increasing the density in small steps.
(Prew = Pig + Ap*) Every 0.17p we increase the density, until the final density
is reached. During this time, we rescale the velocities and angular velocities to
T* = 3.00 so that the system’s temperature will not increase in an uncontrollable

manner upon compression. The compression steps for the 2D systems are,

Aphyy = 0.002 (9.4)
Aptsy = 0.002 (9.5)
Apty, = 0.001 (9.6)

and for the 3D systems the optimal values were found to be

Aplhsg = 0.002 (9.7)

Apto, = 0.002 (9.8)
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Aplg, = 0.001 (9.9)
Aplgry = 0.001 (9.10)

3. Cooling: We rescale the velocities and angular velocities every 17y in small tem-
perature increments 70", = T, — 0.1 until the desired temperature (7™ = 1 for
all simulations in this study) is reached. We continue to rescale the velocities and
angular velocities to the desired temperature for another 207, and then we allow
the system to relax for 6075. We repeat the cycle of rescaling and equilibrating one

more time.

4. Relaxation: Allow the system to relax for 20075. We run a significant amount of

steps before data collection to make sure the system is sufficiently relaxed.

5. Data collection: After the system has finished equilibrating, configurations are
sampled every 0.017y (corresponds to 10 time steps). We propagate the system for
enough steps so that we can get decent sampling of rare deviations. We use different
amount of averaging for different systems and the exact number is mentioned in the

caption of each figure.

We can visualize each step of the simulation by plotting the total, translational kinetic,
rotational kinetic and potential energy per particle. In figure 9.2 we see the different

energies as the simulation time progresses.
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Figure 9.2: The total, translational, rotational and potential energy per particle for a
three-dimensional simulation of N = 2048 Gay-Berne molecules under pre-transitional
isotropic conditions p* = 0.30 and 7™ = 1.

In figure 9.2 we show the total, rotational, translational and potential energy during
melting-compression-cooling and relaxation. Indeed our system’s energy has relaxed and
at the same time we can verify that equipartition of energy holds. This can be used as a
diagnostic tool of the simulation. In terms of simulation units, each degree of freedom
contributes on average 1/2. The rotational degrees of freedom are 2 (in three-dimensions),
so the average rotational energy is 1 and the translational energy is 3/2 since there are
3 degrees of freedom for translation (again, in three-dimensions). The means with the

standard deviations of the means for the different energies in the simulation shown in
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figure 9.2 are (up to 3 decimal places),

(Eyorat/(Neg)) = —0.488 + 0.000 (9.12)

( Evranstationar/(Neo)) = 1.486 = 0.021 (9.13)
(Erotationat/ (Neg)) = 0.991 & 0.019 (9.14)
(Epotentiar) (Neg)) = —2.964 & 0.021 (9.15)

which verifies that the equipartition theorem and the conservation of energy are true.

After reaching equilibrium we proceed to the data collection where a plethora of
configurations is produced and for each configuration we calculate the elements of the
tensor @ and we diagonalize it in order to calculate the three eigenvalues s, Ay and A3
(s > Ay > A3). For the diagonalization we use Eigen library’s Francis QR algorithm [26]

and the instantaneous eigenvalues are shown in figure 9.3.
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Figure 9.3: The three instantaneous eigenvalues of the tensor Q for a three-dimensional
simulation of N = 2048 Gay-Berne molecules under pre-transitional isotropic conditions
p* =0.30 and T = 1. This is the data collection process of the same simulation shown in
figure 9.2.

with,
(s) = 0.077 £0.028 (9.16)
(A2) = —0.011 £ 0.019 (9.17)
(Az) = —(s) — (A2) (9.18)

The largest eigenvalue s is our order parameter, the second largest eigenvalue is Ay and
the third eigenvalue is A3. Another useful calculation involves the absolute rotational

invariants of the tensor Q. These are defined in terms of the eigenvalues,

Tr(Q%) = s*+ A3 + A\ (9.19)
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Tr(Q%) ="+ \j + \] (9.20)

and can be evaluated for each configuration. It is useful to see the relative magnitude of

the two traces and for the system shown in figure 9.3 we can calculate that

~ O(10%) (9.21)

which means that Tr(Q?) is two orders of magnitude bigger than Tr(Q?) on average and

it will dominate the probability distribution of P(Q) for three-dimensional liquid crystals.
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Appendix B: Definition of M and

calculation of M~}

When discussing time-dependent weak fluctuations we derived the expression for the

cumulant generator in equation 8.26. The expression involves the 10 by 10 matrix M

defined as,
1 0 0 0 0 C({) 0 0 0 0
0 1 0 0 0 0 C(t) 0 0 0
0 0 1 0 0 0 0 C{) 0 0
0 0 0 1 0 0 0 0 C() 0
M 0 0 0 1 0 0 0 0 Ct) (B.22)
C() 0 0 0 1 0 0 0 0
0 C() 0 0 0 0 1 0 0 0
0 0 C() 0 0 0 0 1 0 0
0 0 0 C() 0 0 0 0 1 0
0 0 0 0 C(t) 0 0 0 0 1
or in terms of elements
M;; =65 + C(t)dia, a= mod 19(j + 5) (B.23)
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The matrix M might be high dimensional and cumbersome to handle but in reality it

can be very simply written as a 2 by 2 block matrix

M= (B.24)

where 1 is the 5 by 5 unit matrix. The rate function 8.34 is expressed in terms of the

inverse of M. We can do the inversion of M by using the block inversion formula [45],

-1

A B A1+ AIBSTICA™Y —ATIBST!
= (B.25)
-§-1cA™! S
where § is called the Schur complement of A4 and is defined as,
S=D-CA'B (B.26)

In our case we have the following 5 by 5 matrices A=1, B=C(t)1,C=1, D = C(¢)1.

Applying B.25 to B.24 we get,

A 1 —c@n

NG (B.27)
o1 1

Af) = — éQ 0 (B.28)
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which means that ﬁ./\/l_1 is

1 0 0 0 0 -C@t 0 0 0 0
0 1 0 0 0 0 —C(t) 0 0 0
0 0 1 0 0 0 0 —C() 0 0
0 0 0 1 0 0 0 0 —C(t) 0
Mmoo 0 0 0 1 0 0 0 0 —C@)
G -C@) 0 0 0 0 1 0 0 0 0
0 —C{) 0 0 0 0 1 0 0 0
0 0 -C@t 0 0 0 0 1 0 0
0 0 0 -Cit) 0 0 0 0 1 0
0 0 0 0 -C@t 0 0 0 0
(B.29)
and in terms of elements
Mt =A(t) [6; — C(t)dia), a= mod1o(j+5) (B.30)
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