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Abstract

We analyze the modes (excitations) of phases that arise via spontaneous global
symmetry breaking from the isotropic phase. We focus on ordinary and liquid
crystals. The modes can be classified into three categories: regular or electric
modes, which refer to regular excitations of the ground state; topological or
magnetic modes, which have a core in which the symmetry is (partially) re-
stored; and dyons, which carry both electric and magnetic quantum numbers.
We study their interactions, in particular their fusion and braiding properties.
These interactions can be captured by a mathematical structure called a Hopf
algebra, which we analyze in detail. Once the Hopf symmetry of a phase has
been established, we study symmetry breaking induced by the condensation of
electric, magnetic or dyonic modes. The use of Hopf symmetry breaking to
analyze the phase structure of media with topological excitations was pioneered
by Bais, Schoers and Slingerland. In this thesis we use a novel more refined cri-
terion to define the residual symmetry, which in certain cases leads to a richer
analysis of the physics of the broken phase.

Some of the excitations are confined, meaning that they cost an infinite
amount of energy to create. These confined excitations may form unconfined
”hadronic” composites, in analogy with the hadrons in the theory of strong
interactions of quarks. We determine the unconfined symmetry algebra of the
broken phase, and develop a method to analyze the hadronic composites in con-
densed matter systems. We apply our symmetry breaking analysis to ordinary
and liquid crystals, and predict a wealth of new phases, in particular phases
resulting from nonabelian defect condensates.
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Chapter 1

Introduction

The enormous usefulness of mathematics in the natural sciences is
something bordering on the mysterious and there is no rational ex-
planation of it.

- Eugene P. Wigner

One of the major drives of modern day theoretical physics is the search for uni-
fying principles. An important tool in this search is the concept of symmetry.
Over the past century physicists have had to generalize the concept of symme-
try, from global to local, from the Lorentz group to supersymmetry, and from
ordinary groups to Hopf algebras. In this thesis we will study new applications
of Hopf symmetry to condensed matter systems, in particular to describe the
rich variety of interactions and phase transitions in liquid crystals.

When the temperature of a condensed matter system is lowered, a common
phenomenon is the development of order in the system. The system enters a
phase with less symmetry than the high temperature phase. To characterize
symmetry breaking phase transitions, physicists introduce order parameters,
which determine the symmetries which are broken of manifest.

The spectrum of systems with the same symmetry breaking pattern share
important properties. The spontaneous breaking of global symmetries implies
the existence of low energy excitations called Goldstone modes, and of excita-
tions called topological defects. The Goldstone modes are labelled by quantum
numbers that characterize their transformation properties under the residual
symmetry group in the broken phase. The topological excitations carry so
called ”topological quantum numbers”, which are quite different from the quan-
tum numbers of Goldstone modes. However, using the extended symmetry con-
cept of Hopf algebras both types of quantum numbers can be treated on equal
footing. The Hopf algebra captures the transformation properties of ordinary
and topological modes under symmetry transformations, and their topological
interactions. Recently it has been discovered that many physical systems can
be described using Hopf algebras, from crystals to Quantum Hall states to 241
dimensional gravity. Our application to liquid crystals is novel.

11



12 CHAPTER 1. INTRODUCTION

Liquid crystals are systems with a symmetry in between that of a liquid and
a crystal. In nature a wide variety of liquid crystals have been discovered, and
they have subsequently found important applications in industry, in flat screens.
In theoretical physics, they offer an ideal testing ground for certain models of
the early Universe. Namely, as the early Universe expanded it cooled down and
went through a sequence of phase transitions that are analogous to phase tran-
sitions in liquid crystals. Liquid crystals are particularly convenient materials
to analyze phase transitions because they are relatively cheap compounds, their
phase transitions occur at temperatures that can be reached with a common
kitchen oven, and they can be observed with a simple microscope.

Our goal is to study symmetry breaking in crystals and liquid crystals using
the Hopf symmetry. The most common phase transitions in crystals and liquid
crystals are associated with the development of order, and thus the breaking
of symmetries. These are described by order parameters. There are also phase
transitions induced by topological defects, which break no conventional sym-
metries. It is possible to introduce disorder parameters to study these phase
transitions, but until now it has not been possible to treat defect-mediated phase
transitions in terms of symmetry breaking. In this thesis, we will see that the
defect-mediated phase transitions break Hopf symmetries, and thus we can treat
these phase transitions as Hopf symmetry breaking phase transitions. The Hopf
symmetry description allows one to unify the description of conventional and
defect-mediated phase transitions, and it allows for a systematic investigation
of all the possible phase transitions from a given phase.

The Hopf symmetry approach to symmetry breaking was pioneered by Bais,
Schoers and Slingerland [6]. We will carry out the analysis of the Hopf symmetry
description, and of Hopf symmetry breaking in liquid crystals and crystals. We
choose these phases because they exhibit a rich variety of symmetry breaking
patterns and defect-mediated phase transitions, so that they provide the perfect
testing ground for the Hopf algebra description of symmetry breaking.

Outline

Chapter 2

In chapter 2 we study the physics of condensed matter systems with sponta-
neously broken symmetries. We introduce order parameter fields, and explain
how to set up the free energy of a system. We distinguish between global and
local symmetries, and in both cases analyze the mode content. We discuss con-
tinuity modes, Goldstone modes, massive gauge bosons, topological defects and
dyons, and we analyze their interactions. We analyze the transformation prop-
erties of these modes under residual global symmetry transformations. Finally
we describe the tools used to study conventional phase transitions: Landau’s
theory of phase transitions. We introduce correlation functions, and use them
to characterize the order of a phase. We illustrate this with the XY model.
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Chapter 3

In chapter 3 we classify the different types of liquid crystals, and study their
mode content, using the tools described in chapter 2. The most important
categories of liquid crystals are nematics and smectics. We discuss the different
types of nematics and smectics, and analyze the dynamics of the modes. In
particular, we explain why the Goldstone modes are diffusive in these systems
(i.e. they decay in time). We study the free energy of liquid crystals, and find
an effective gauge theory in smectics, which leads to massive Goldstone modes.
We also comment on the energetics of defects.

Finally, we discuss the hexatic phase. This liquid crystal phase is obtained
from a two-dimensional crystal by the condensation of defects. The defect con-
densate restores translational symmetry, while rotational symmetry remains un-
broken. In order to understand defect condensates, we also treat the Kosterlitz-
Thouless phase transition, which is a simpler example of defect condensate, in
the XY model.

Chapter 4

In chapter 4 we introduce the Hopf symmetry description of condensed matter
systems. We give the generic name electric modes to low energy excitations
of the order parameter field, such as Goldstone and continuity modes. The
topological defects are called magnetic modes. This denomination is borrowed
from Quantum Electrodynamics. We show that the representation theory and
fusion rules of electric and magnetic modes is reproduced by a Hopf algebra
called quantum double. Then we show which Hopf algebra is appropriate for the
liquid crystals phases discussed in chapter 3. We find that we need to slightly
modify the quantum doubles, thus we define generalized quantum doubles.

Then we discuss the braiding of modes: when one mode is adiabatically (i.e.
slowly) transported around another mode, it may return in a slightly different
state. The most famous example of this behaviour is the Aharonov-Bohm effect:
an electron braiding with a infinitely long coil carrying a current picks up a phase
factor, even though the electric and magnetic fields outside the coil are zero.
The Aharonov-Bohm effect is an example abelian braiding, because the gauge
group U(1) of electromagnetism is abelian. In the case of non-abelian gauge
theories, the outcome of braiding may be more complicated than a simple phase
factor. Once we’ve described braiding in local theories, we will discuss what
the analogous phenomenon is in a global theories. Adiabatic transport in global
theories also leads to a change of the state of a mode, but the interpretation
is different. The mode is being frame dragged, meaning that it is following a
geodesic in a curved space. We analyze the braiding of modes in liquid crystals

The braiding can be captured by the Hopf symmetry description. Part of
the Hopf structure is a wuniversal R-matriz, which acts as a braid operator of
the modes. A Hopf algebra with a universal R-matrix is called a quasitriangular
Hopf algebra. We introduce the universal R-matrix of the quantum double, and
show that it reproduces the braiding of modes in liquid crystals.
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Finally we analyze the braiding in a uniaxial nematic. We find a rather
interesting phenomenon: the defects actually have a continuous label, and we
can define coherent sums of defects, thereby obtaining a set of magnetic states
with U(1) charge. We show how charge can be transferred from these defect
states to electrically charged particles by braiding the electric particle around
the magnetic state. This phenomenon is the global analogue of Cheshire charge.

Chapter 5

In the final chapter we study we study symmetry breaking in a phase with
Hopf symmetry A. A phase transition is accompanied by a condensate |¢p >,
which is a particle that fills the ground state. We define a residual symmetry
algebra T, which is the set of operators that are well defined with respect to the
condensate particle |¢ >. Excitations of the ground state are irreps of 7r. We
show that there are two types of irreps of Tr: confined irreps, whose excitation
requires introducing a half-line singularity in the condensate. The state |¢ > of
the condensate is different to the left and right of this half-line. This implies
that the half-line costs a finite amount of energy per unit length. Thus in
an infinite system a confined excitation costs and infinite amount of energy to
excite. However, the half-line may end on another confined excitation, thus
giving it finite extent. We call such an combination of confined excitations a
hadronic composite, in analogy with hadrons in Quantum Chromodynamics.

The other type of irreps are unconfined excitations, and they are not con-
nected to a half-line singularity. We will show that there is a Hopf algebra called
the unconfined symmetry algebra, whose irreps are precisely the unconfined ex-
citations. We work out U for electric condensates, and defect condensates in
liquid crystals. We find what we expect for electric condensates, namely that
Landau’s theory of phase transitions is reproduced. We also find natural answers
for the defect condensates, and we show that these results reproduce the defect
condensates discussed in chapter 3. As an example, we work out all electric and
defect phase transitions from a tetrahedral nematic.

We then take a closer look at the confined excitations, and at 7z. 7r is not
always a Hopf algebra, which is due to the fact that the tensor product of irreps
of T is not associative. We discuss how to deal with this.

Finally, we study a simple example of dyonic condensate. The calculations
are rather involved in the case of dyonic condensates. We work out 7z and U
for a relatively simple dyon in a dihedral nematic.



Chapter 2

Ordered systems

In this chapter, we describe the physics of ordered condensed matter systems.
We first discuss how to capture the state of a system using fields. Then we
discuss the symmetries of a phase, and the phenomenon of spontaneous sym-
metry breaking to an ordered phase with less symmetry. At high temperatures,
the symmetry of the state of the system is G. As the temperature is lowered,
the state may change to a state with less symmetries. The symmetry group of
the ordered phase is called the residual symmetry group H. We introduce order
parameters which determine which symmetries are broken, and which symme-
tries are unbroken in the ordered phase. To describe excitations in the ordered
phase, the order parameters are allowed to vary in space, thus becoming order
parameter fields.

Once the fields that characterize the state of the system have been estab-
lished, we can study low energy excitations of the state. We consider plane
wave excitations of the fields, and using the equations of motion of the fields
we can determine the dispersion relations of the plane wave excitations. By lin-
earizing the equations of motion, we obtain the long wavelength, low frequency
behaviour of the excitations. Plane wave excitations that satisfy the linearized
equations of motion are called modes. We will discuss continuity modes and
Goldstone modes.

In an ordered phase, there are also excitations called topological defects,
which are configurations of the fields that are stable for topological reasons.
These defects are classified using homotopy theory.

Finally, it is also possible to have dyonic excitations, which are a combination
of topological defect and low energy excitation.

2.1 Description of ordered systems

States and fields

The configuration of a condensed matter system at some time ¢ is called the state
of the system at time t. The state of the system is determined by the positions,

15



16 CHAPTER 2. ORDERED SYSTEMS

velocities and configurations of all its constituents. Since we cannot keep track
of every constituent, we consider local averages of certain quantities to describe
the state, such as mass density. We introduce fields which describe these local
averages. Examples of fields are the mass density field p(#,t) in a fluid, the
average local magnetization field m(Z,t) in a magnet, and the displacement
field u(Z,t) in a crystal.

In a quantum mechanical treatment, the state of the system at time ¢ is
a vector |¢(t) > in a Hilbert space, and the fields are expectation values of
operators in this state. We denote operators with a hat " For example, p(&)
is the local density operator at position z, and in the state |¢(¢) > the density
field p(Z,t) is given by

p(E;1) =< ¢(1)|p(Z) o(t) > .

Hamiltonian and symmetries

The time evolution of a d-dimensional condensed matter system is determined by
its Hamiltonian. The Hamiltonian is an operator H acting on the Hilbert space
of the system. The state of the system |¢(t) > at time ¢ satisfies Schr odinger’s
equation:

olg(t) > i
A= — Lo >,
whose solution is ! )
|6(t) >= e~ 7" >, (21)

where |¢ >= |¢(0) > is the state of the system at time ¢ = 0. We say that H
generates time evolution.

A ground state of the system is an eigenvector of the Hamiltonian with the
smallest eigenvalue of H. According to (2.1), a system that starts in a ground
state stays in the ground state (the state picks up an irrelevant phase factor).

The Hamiltonian is invariant under the transformations of some group G,
called the symmetry group of the system. For example, the Hamiltonian of an
ideal gas is invariant under time translation, time reversal, and the Euclidean
group I1SO(3) = R® x O(3) in three dimensions consisting of translations, ro-
tations and reflections. We assume that G is a Lie group, so that it is fully
characterized by its generators® L%, which are infinitesimal symmetry transfor-
mations that can be exponentiated to give elements of G.

In quantum theory, these symmetry transformations are operators, called
symmetry operators, that commute with the Hamiltonian. The states |¢ >
in the Hilbert space of the system transform under a representation of the
symmetry group G. We denote the action of g € G on |¢ > by g - |¢ >.

Since the symmetry operators commute with H, and H generates time evo-
lution, an eigenvector |¢ > of g € G with eigenvalue A, evolves into a state

IWe assume the Hamiltonian is not explicitly dependent on time.
2In mathematical terminology, the generators form a basis of the Lie algebra of the Lie
group G.
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|p(t) > with the same eigenvalue under the action of g:

919 >=Xgl¢ > and [H,g] = 0= ge~"" = e g = g |¢(t) >= Ag|o(t) >
(2.2)
where we used (2.1) in the last line.

Thus we can label eigenstates of symmetry operators with the eigenvalues
under the action of the corresponding symmetry operators. These eigenvalues
are called quantum numbers of the state, and are conserved in time. It is not
possible to choose states that are eigenstates of all the symmetry operators,
unless the symmetry operators commute.

We distinguish between different types of symmetries. Symmetries can be
spacetime or external symmetries, which means that they act on the space in
which the system lives, or they can be internal, meaning that they act on some
internal space. External symmetries act on the coordinates Z. If g € G is some
external symmetry, then there is a matrix I';;(g) associated to it that transforms
# according to ' — T';;(g)2?. Then the field ¢(%,t) transforms into a new field
¢ (Z,t) under the action of ¢ as follows:

$(T,t) = ¢ (F,1) = $(T'(9) ' 7, 1) (2.3)
The reason for the appearance of I'(g)~! is that we are transforming the space
”from under” the field. For example, if we translate the space in the x-direction
by one unit, The value of the new field at x = 1 is equal to the value of the old
field at £ = 0. This is called an active transformation of space?.
Internal symmetries act on some internal label i of the fields. An internal
symmetry transformation g € G acts on ¢’ according to a matrix I‘(g)g:

¢" = T(g)5¢. (2.4)
We denote the action of g on ¢ by g - ¢.

We further subdivide internal symmetries into global symmetries and local
symmetries. Global symmetries act uniformly on the system, while local sym-
metries can act differently on different parts of the system?. Therefore, while a
global symmetry is set by an element g € G, a local symmetry is defined by a
spacetime dependent g(Z,t) € G, i.e. a map:

g: R @G, (2.5)
where R? is space. To write down a Lagrangian that is invariant under lo-

cal symmetry transformations, we must introduce a gauge field, of which the
electromagnetic field A, is the paramount example.

3Note that when some authors refer to external symmetries, they mean an external sym-
metry coupled to an internal one. For example, a rotation of a space with a vector in it not
only rotates the starting point of the vector, but also the vector itself! We will not adopt this
point of view. Instead, we will describe such a transformation as a simultaneous internal and
external rotation.

4This is actually a subtle distinction. For example, it is known that general relativity can
be treated as a theory with the Lorentz group SO(3,1) as local internal symmetry. But the
Lorentz transformations act on the tangent space at every point! Therefore, in some cases
external symmetries may be treated as internal. The same applies to crystals. We will discuss
this later.
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Spontaneous symmetry breaking and order parameter fields

A condensed matter system is said to be in equilibrium when we can identify a
ground state, such that the configurations of the fields of the system as a function
of time only deviate slightly from the configuration of the fields corresponding
to the ground state.

We denote the ground state at high temperatures by |0 >. |0 > is invariant
under the full symmetry group G:

g-10>=10> Vged. (2.6)

As the system is cooled down, the ground state may change to a new ground
state that is only invariant under a subgroup H of G. The low temperature
phase is then called an ordered phase, or a broken phase, and the symmetry is
said to be spontaneously broken. Spontaneously symmetry breaking is different
from explicit symmetry breaking, where a term is added in the Hamiltonian that
is only invariant under H.

In the case of spontaneous symmetry breaking, the Hamiltonian is invariant
under all of G, but the ground state isn’t. Spontaneous symmetry breaking is
ubiquitous in condensed matter physics. It appears in a wide variety of phases,
such as ferromagnets, crystals, liquid crystals, superfluids, and superconductors.
In this thesis we will significantly extend the notion of spontaneously broken
symmetry to include so called Hopf symmetries.

The difference between the high and low temperature phases is characterized
by a change in the expectation value of an operator (;AS ) may have a label 1.
For example, if qAS is a vector operator: <5= (g%l, 52, q33) We will usually omit
this label, and write it down when necessary.

We label states with the expectation value of (;AS For example, |¢ > corre-
sponds to a state that satisfies

< ¢llo >= ¢. (2.7)

The state may have other labels, such as electric charge, but we neglect these for
the moment, since we are only interested in the phase transition to the ordered
phase.

We always choose our operators q% such that < 0|g£|0 >=0, i.e. their expec-
tation value is zero in the high temperature phase. Thus our notation of |0 >
for the ground state of the high temperature phase is consistent with (2.7).

In the ordered phase, the ground state is |¢g > with ¢g =< ¢0|<§|¢0 >=
¢o # 0. Thus the expectation value ¢y of (;AS is nonzero in the ordered phase.
The expectation value of qﬁ is called an order parameter. Its expectation value
distinguishes the high temperature phase from the ordered phase.

As we saw in (2.4), the order parameter ¢ transforms under a representation
I' of the symmetry group. Generally the representation I' can be decomposed
into irreducible representations, which are disjoint subsets of ¢'’s that are only
transformed into combinations of each other under the action of G. It is advan-
tageous to work with order parameters in an irreducible representation.
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The symmetry group H in the ordered phase is the subgroup of G whose
elements leave ¢ invariant:

h-¢o=¢o VheH. (28)

H is called the stabilizer of ¢9. Note that H is also the the subgroup of G whose
elements leave the ground state invariant. Namely,

h-|¢o >=|po > == h-do = ¢o. (2.9)

To study fluctuations of the ground state, we allow for a spatial dependence
of the operator, so that we can compute its local expectation value ¢(¥) =<

o(Z) > at a point Z. ¢(Z) is then called an order parameter field.

Free energy

Once the order parameter fields have been established, we can set up the free
energy of the system. The free energy captures the competition between energy
and entropy in a system, and it is minimized when the system is in thermal
equilibrium. The ground state is a configuration that minimizes the free energy.
We can find such a configuration using standard techniques from the calculus of
variations. This is analogous to field theory, where the free energy is replaced by
an action, and the equations that the fields have to satisfy in order to minimize
the action are called the Fuler-Lagrange equations. There is one minimizing
equation for every field. In general, the free energy will be of the form

Flg] = /d3w flol(@) = /d3w (faldl(Z) + VIo|(T) ) (2.10)

where f is called the free energy density. fe; is called the elastic free energy
density, and all its terms contain derivatives of the order parameter fields. V'
is the potential term, and contains no derivatives®. f,; and V depend on the
coupling constants of the theory. In thermodynamics a system has at least two
coupling constants, which can be taken to be pressure P and temperature 7T'.

All the terms in the free energy respect the symmetries of the Hamiltonian.
We use this fact to write down the possible terms in f: we seek combinations
of the fields ¢ that are invariant under the symmetry group G. For example, if
¢ is a vector and G = SO(3), then we could include ¢'¢; in the free energy.

The elastic free energy and potential term are separately invariant under G.
For any configuration ¢ of the fields, and any g € G, we have

[Eatalg- 6= [@atale)  [@ovigol= [@avie.  @12)

5The free energy may depend on other fields x than order parameter fields, such as mass
density. We will assume that the total free energy F: can be split into two parts

Fi[¢,x] = Folx] + Fl¢]. (2.11)

We will only study F' = Ft — Fy. There may also be several order parameter fields, in which
case we would include a sublabel ¢g.
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This implies that
felg- ¢l = faldl +V -gald]  Vig-¢]l=VId]+V - gvid], (2.13)

where V- gei[¢] and V- gy [¢] are total derivative terms, that disappear when we
the take the integral over all space (neglecting surface effects). We will ignore
eventual total derivative terms.

The potential term plays a crucial role in spontaneous symmetry breaking.
Namely, the ground state is a configuration of the fields, which we denote by
¢o, that minimizes the free energy. We assume the ground state is uniform, i.e.
the fields are all constant in the ground state®. Since the terms in f.; contain
derivatives, fei[¢o] = 0, so that to minimize f, ¢o must be a minimum of V).
At high temperatures, the minimum of V[¢] occurs at ¢9 = 0. To obtain
spontaneous symmetry breaking, V'[¢] must change shape as the temperature is
lowered, so that below some critical temperature 7T (at fixed pressure) the global
minimum occurs at nonzero values of ¢g. This signals that we have entered the
ordered phase.

Say the system is in the ordered phase with ground state ¢y and symmetry
group H. Then ¢} is a global minimum of V[¢], the elements of H are defined
as those h € G that satisfy

- o = do. (2.14)

H is called the stabilizer of ¢g.

Since, according to (2.13), for any g € G we have Vg - ¢] = Vg, if ¢ is a
minimum of V[¢] then so is g - ¢9. By letting all of G act on ¢y, we obtain
a continuous family of ground states, called the ground state manifold. We
assume that all the minima of V[¢] are obtained by acting with elements of G
on a chosen minimum ¢o. Then G/H is equal to the order parameter space,
since the order parameter ¢ takes value in the ground state manifold. Since H
leaves the ground state invariant, the ground state manifold is equal to” G/H.
There is one type of term in V[¢] we would like to mention: if $m?C(¢")? is
present in V[¢], with m? some constant and i fixed, then we say that ¢' is
massive, and m is the mass of ¢*. There can be different masses for different i.
The story until now applies equally well to spontaneous symmetry breaking in
a theory with global and local symmetries. The only difference in a local theory
is that the derivatives in f.; are covariant derivatives D;, which means that
we redefine the derivatives so that f.; energy is invariant under local symmetry
transformations. To show how this is done, pick one field ¢ that transforms
under a representation I' of G. For g € G, the matrix I'(g) can be written as

I'(g) = exp(ie, T%) (2.15)

where the T form an n X n matrix representation of the generators of G, and the
€, are real numbers. In a local symmetry transformation, the €, are dependent

6The ground state can be nonuniform, given certain boundary conditions. We impose the
boundary condition ”the ground state is uniform at infinity”.

"Elements of G/H are left cosets gH, defined by gH = {gh|h € H}. Given that G is a Lie
group and acts smoothly on the order parameter space, the G/H is a manifold.
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on position. Now we introduce a gauge field
A() = AL@)T, (2.16)

where the A%(Z) are real numbers. A;(Z) is an n X n matrix at every point
in space. Under a local symmetry transformation g(#) = exp(ie,(¥)L*), we
postulate that A, transforms according to

Ai(@) = T(9) (@D A(@DT(9(2) " + éf(g)(f?)vil“(g(f))’l (2.17)

¢ transforms as
P() — L'(g(2))p(Z). (2.18)

Now if we define the covariant derivative as
Dj = Vj - iqAM, (219)

then we verify that under the local transformation ¢g(Z), D, has a simple trans-
formation law:

D;(Z) — I'(g(Z))D;. (2.20)

We can now construct a free energy density that is invariant under local sym-
metry transformations:

foauge = D¢ - D' = V9] (2.21)
where the dot ”-” is an inner product that satisfies
(C(9)D;o) - (L(9)D?¢) = Dj¢p- D*¢. (2.22)

for any g € G. We will see examples of such an inner product later on.

Since the potential term contains no derivatives and it is invariant under
global symmetries, it is also invariant under local ones. Therefore this free
energy is invariant under local transformations. If G is a nonabelian group,
then we are dealing with a nonabelian gauge theory.

In analogy with the global case, if the order parameter acquires a nonzero
ground state expectation value ¢q, and the stabilizer of ¢q is H, then the residual
local symmetry transformations are those that take values in H everywhere:

g: RY — H
T g(¥) € H, (2.23)

where R? is space. A special case that will occur frequently in this thesis is the
case of a discrete® H. In this case, for the map ¢:R% — H to be continuous,
it must be constant, since there is no way to "move around” continuously in H,
since H is discrete. Thus we are only left with global symmetry transformations
h € H. A gauge theory that is spontaneously broken to a discrete H is called a
discrete gauge theory.

8 H is discrete if it is countable. There are no ”infinitesimal” transformations, arbitrarily
close to the identity.
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2.2 Excitations and modes

Once the symmetries of the ground state of a phase have been determined, we
can study the low energy excitations of the ground states. Given the ground
state ¢g, we write

where 0¢(Z,t) is the excitation from the ground state ¢o. Note that we've
included time dependence in the fields here, while in the free energy we had no
time dependence in the fields. In thermodynamics, the free energy is obtained
by integrating out time, and time evolution is determined by the second law
of thermodynamics. However, when we study excitations we are interested
in their time evolution. If we have the Hamiltonian of our system, we can
determine the Hamiltonian equations of motion for every field ¢. Then we fill in
O(Z,t) = po+9p(Z, t) into the equations of motion for ¢, and linearize them (i.e.
we only consider first order terms in d¢). The ensuing equations are called the
linearized equations of motion. Solutions to the linearized equations of motion
for ¢ are called the modes of ¢.

We don’t always know the exact Hamiltonian of our system. It may be very
complicated, involving interactions of atomic orbitals. We may, however, have
an expression for the free energy in terms of coarse grained variables. The free
energy has no explicit time dependence, so we don’t have equations of motion if
we only have a free energy. In that case we need a separate analysis to determine
the time evolution equations.

2.2.1 Dispersion relation

The common prescription to study the modes of a field ¢ is to consider a plane
wave configuration of the excitation d¢ of the field from the ground state ¢y:

8(,1) = (6¢)p P Tt (2.25)

where (§¢)o is constant configuration of the field. We can justify studying only
plane wave excitations by noting that any field configuration can be written as
an integral of plane waves, using a Fourier transform.

To obtain the dispersion relations of the modes of ¢, we need an equation
that determines the time derivative of d¢(Z,t). This is a nontrivial problem.
In this equation, we have to write down all terms that contribute to changes
in time of the field ¢(Z,t). We will see a simple example when we discuss
continuity modes. Once we have obtained this equation, we plug in the plane-
wave configuration, to obtain the dispersion relation of the mode, which gives
w as a function of k:

w(k) = a(k) + ib(K) (2.26)

From the form of the dispersion relation we learn a lot about a mode. We can
distinguish between different cases:
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o b(k)#0,a(k) £ 0
The mode oscillates, and the oscillations damp out exponentially as a
function of time. This is called a diffusive mode. It signals that our mode
is losing energy to the incoherent degrees of freedom of the system.

o b(k)#0,a(k) =0
The mode is then overdamped. It will not oscillate, but simply die out
exponentially.

e a(k) = c|k|, and b(k) goes to zero faster than a(k) as k — 0
c is a constant. This is called a sound mode, or a phonon. c is called the
sound velocity of the phonon.

o b(k) ~ |K|?
This is called a heat mode.

e a(0) #0
This is a massive mode. There is an energy gap for such a mode: it can
only be excited if a minimum finite amount of energy is put into it. The
energy gap is of order a(0).

The precise form of the dispersion relation of the modes has dramatic conse-
quences on the physics of the system. For example, as Landau first pointed out
[36], the existence of a sound mode in a superfluid accounts for the superfluidity!
In superconductors, the massive photon is responsible for the Meissner effect.

2.2.2 Continuity modes

A condensed matter system satisfies certain conservation laws. For example,
in a simple fluid, mass, energy and momentum are conserved. The variables
associated with these conversation laws are called conserved quantities, and are
measured by operators that commute with the Hamiltonian. Analogously to the
order parameter fields, we introduce continuity fields that correspond to local
expectation values of these operators. In a simple fluid, the continuity fields are
the mass density p(Z,t), the energy density €(Z,t), and the momentum density
pU(Z,t). In the ground state, all these fields are constant. These fields satisfy
continuity equations that express their local conservation:

Oe
A vy 2.2
8t+VJ" 0 (2.27)
ap .
P Nt = 2.2
8t+va 0 (2.28)
8p17j

L = 2.2
T +Vill;; =0 (2.29)

There are five conservation laws: one for energy, one for mass, and three for mo-
mentum. The modes associated to these equations are called continuity modes,
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and there are five of them in a simple fluid®. The latter two equations are cou-
pled, but the first equation is independent, so we can treat it independently.
We will heuristically derive the dispersion relation associated to this equation.
To do this, we need an equation for Jf. If the energy density is constant, the
current should be zero. If it is nonuniform, then Jf{ should try to reestablish
equilibrium, so to lowest order the simplest expression we can write down is

JE(F) = —DrV,e(T) (2.30)

where Dr is called the heat diffusion constant. Plugging this into (2.27) we get

5= DrVe, (2.31)
which is the famous diffusion equation. Note that this equation is not invariant
under time reversal ¢ — —t. This signals that the flow determined by this
equation is irreversible. We use this criterion in more general flow equations to
see if the flow is reversible or not.

The diffusion equation yields the following dispersion relation:

w = —iDrk?, (2.32)

which is, as defined above, a heat mode.
We can Fourier transform this equation back to position space, to see what
happens. Given an initial configuration ¢(#,¢ = 0) = 6(z) (an excitation at the
origin), at later times ¢ is given by

1 2

¢($,t) = me 4Dt (233)

where d is the number of space dimensions (here d = 3). The time evolution
shows that the initial excitation broadens and decays.

We have four modes left to discuss. The derivation can for example be found
n [15]. We will only describe the dispersion relations.

Two of these four modes are diffusive transverse momentum modes, cor-
responding to excitations of p¥(Z). Transverse means that the momentum is
perpendicular to the wave-number k of the plane wave. In other words, the
plane wave excitation is of the form pt e~ with 7 - k = 0. There are two
transverse directions, thus two modes, with the same dispersion relation:

w= —ing (2.34)

9These conservation laws follow from the external symmetries of the system! Namely, time
translation invariance implies conservation of energy, spatial translation invariance implies
momentum conservation, rotational invariance implies angular momentum conservation, etc.
This is a consequence of Noether’s theorem, which states that there is a conserved quantity
associated to every global symmetry of the Hamiltonian. Mass is a special case: in a relativistic
theory it is not conserved (since it can be converted into energy), but mass is approximately
conserved in the nonrelativistic limit.
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where 7 is a viscosity parameter.

Finally, we have two diffusive sound modes, which correspond to combined
excitations of the mass density and longitudinal momentum. Their dispersion
relations are:

1
w=ck — z‘§I‘k2 (2.35)

where I and ¢ are constants. Thus given a momentum E, the sound mode can
propagate in the negative or positive k direction.

Note that our analysis of the energy mode was rather simplified. Actually
the energy density s coupled to the mass density. The energy mode and sound
modes are coupled excitations of the mass density, energy density and longitu-
dinal momentum. Still, our simplified analysis does give the right dispersion
relation.

The mode structure is already quite intricate in a simple fluid, and when we
add order parameter fields it will become even more complex. In liquid crystals,
we will see that the Goldstone modes, corresponding to the order parameter
fields, couple to the continuity modes, thereby forming composite modes.

2.2.3 Goldstone modes and massive gauge fields

We've seen that after spontaneous symmetry breaking, the ground state man-
ifold is G/H. Now we will discuss Goldstone’s theorem, which states that for
every broken generator of GG there is a massless mode of the order parameter
field. After that, we will discuss the Higgs phenomenon, which is the analogon
of Goldstone’s theorem in a gauge theory.

The ground state is ¢9. Expand the potential V[¢] around ¢g to second order:

V[g] = Vo] + (¢ — do) Myj(¢ — ¢0) (2.36)
where M;; is the mass matriz defined by

0?V

M;; = m (2.37)

=0}
There are no first order terms in the expansion, since ¢ is a minimum of V[¢],
so that

oV

56 =0 (2.38)

$i=}
Denote the generators of H by t°. These are a subset of the generators T of G
(see 2.15), that satisfy o

(")) =0, (2:39)
and are called the unbroken generators. The other generators are said to be
broken.
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We will now prove that for every T® that is not a generator of H, T%¢q is an
eigenvector of M;; with eigenvalue zero. This corresponds to a mode with zero
mass, called a Goldstone mode. Since it is massless, we learn from the free
energy that it costs no energy to uniformly excite such a mode, i.e.

fleo(@)] = flpo(Z) + T ¢o]. (2.40)

Nonuniform excitations, however, will cost energy because of the derivatives in
fel-

The proof runs as follows. An element g of G can be written as'® g = exp(ie, T%),
with €, real numbers. From (2.13) we know that for any configuration ¢* of the
fields

Take small €,, so that we can expand g: g = 1 + i€, T*. Plugging this into the
previous equation, and Taylor expanding, we get

VI6) + T 5oz = V1o
avi i OV
> QT = (2.41)
(2.42)

Now derive this equation with respect to ¢*, and evaluate the equation at ¢* =
¢b. Using (2.38) we obtain

caMii(T")igh =0 (2.43)

For the unbroken generators tb this equation is trivial. For the broken genera-
tors, (T“);-@J) # 0, so that (T“)} } is a zero eigenvalue eigenvector of M;;. There-
fore the Goldstone modes form a vector space, the zero-eigenvalue eigenspace
of M;;. We diagonalize M;; in the free energy, and we see that the Goldstone
modes do not appear in V[¢]. They are only present in derivative terms in fe;.

We will now briefly discuss what happens in a spontaneously broken local
theory. The Goldstone modes are unphysical degrees of freedom that can be
gauged away. The gauge bosons associated to the would-be Goldstone bosons
(i.e. the A%T* with T broken) become massive, while the other gauge bosons
remain massless. This is the celebrated Higgs mechanism, and it is the only
mechanism we know that gives mass to gauge bosons. It plays a crucial role in
Glashow-Salam-Weinberg theory of weak interactions, where the local symmetry
is sopntaneously broken from SU(2) x U(1) to U(1l). Three generators are
broken, leading to three massive gauge bosons W+, W=, Z that mediate the
weak interaction. The unbroken U(1) corresponds to a massless gauge boson,
which is the photon. In superconductors, the U(1) of electromagnetism is broken
to Z5, which leads to a massive photon. The Meissner effect ensues: magnetic

10This is only true for group elements that are connected to the identity. For the analysis
of the Goldstone modes we only need to study such transformations.
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fields aimed at the superconductor only penetrate a finite depth, and decay
exponentially inside the superconductor. Later on we will see analogs of the
Higgs mechanism in liquid crystals and crystals, without a gauge theory!

2.3 Topological defects

Topological defects are a special type of configuration of the order parameter
fields. To obtain such a configuration in our d-dimensional space, remove a
manifold C' of dimension n < d from the space. For example, remove a line or
a point in three dimensions. Then there may exist continuous configurations of
the order parameter field, that it take values in G/H everywhere outside of C,
and cannot be given a value in G/H on C such that the overal configuration
is continuous. Sometimes we can smoothly vary the order parameter field close
to C such that the configuration is continuous everywhere, in which case the
singularity is said to be removable. It this is not possible, then the configuration
is called a topological defect of dimension n, and C is called the core of the defect.
Close to the core, the order parameter can be defined continuously if we allow
it to leave G/H. For example, we can have ¢ = 0 at the core, and ¢ increases
smoothly from zero to its value in G/H outside the core. Some authors refer
to the area around C' in which ¢ is still outside of G/H as the core. There is a
length scale in the system, associated to the size of this core.

Defects are given names according to the dimensionality of their core. For
example, a defect with a one-dimensional core in a three-dimensional space is
called a line defect, and if the core is a point (a zero-dimensional manifold) it
is called a monopole. More generally, in a d-dimensional space, the names of
defects are given in table 2.1.

Dimension of the core Type
d—1 Domain wall
1 Line defect  Flux, vortex
0 Point defect Monopole

Table 2.1: The different defects in a d-dimensional space. We give the dimension
of the core in space.

2.3.1 Classification of topological defects

For an excellent review on the theory behind topological defects in condensed
matter, see [42].

Homotopy groups

We study a defect by surrounding the core by S*, with an appropriate k. A line
defect in three dimensions is surrounded by a circle S*, for example. More gen-
erally, an n-dimensional defect in d-dimensional space is surrounded by %=1,



28 CHAPTER 2. ORDERED SYSTEMS

On every point of this S* we have a value of the order parameter field in G/ H.
Thus this gives a map from S* to G/H. We are interested in the homotopy
classes of these maps. A homotopy between two maps hg and h; from S* to
G/H is a continuous family Fy of maps from S* to G/H, with ¢ € [0,1], such
that F() = h() and F1 = hl.

One can prove that if the map around the core of a defect is homotopic to
the map around the core of another defect, then we can smoothly change the
configuration of the field around one core so that it becomes the other core. We
say that the cores of homotopic defects can be turned into each other by local
surgery. This local surgery only costs a finite amount of energy. If the maps are
not homotopic, then to turn one defect into the other we would have to change
the configuration of the fields out to infinity, which would cost an infinite amount
of energy. Thus nonhomotopic defects are separated by infinitely high energy
barriers, and we say they belong to different topological sectors.

Homotopy theory studies these embeddings of maps. II,,(G/H) is called the
n-th homotopy group, and classifies the homotopy classes of embeddings of S™
into G/H. Remarkably, II,,(G/H) can always be given a group structure. The
multiplication of homotopy classes corresponds to the composition of homo-
topies. For examples, two loops in II; (G/H) are composed by traversing both
paths in succession. One can similarly define the composition of maps from S*
for any k. We call the group element corresponding to the homotopy class of
the defect the topological charge of the defect.

Note that we can only compose loops if one loop ends where the other one
starts. Thus we are actually studying based homotopies, which means that we
pick a distinguished point x of S*, and a distinguished point y of G/H, and
require that for all our mappings x gets mapped to y. If the space G/H is
connected, then the homotopy groups for different basepoints are isomorphic,
so it doesn’t matter which basepoint we pick. For convenience, we pick H as
the basepoint in G/H (remember that ”points” in y are left H cosets).
Homotopy theory gives us isomorphism between homotopy groups of different
dimension. We will need two of them. We state them first, and then explain
them.

Theorem 1. If G is a connected and simply connected Lie group, then

,(G/H) ~ Ty(H) (2.44)
I2(G/H) ~ 11 (Ho), (2.45)

where Hy is the component of H that is connected to the identity'!.

IIo(H) is the set of connected components of H, which also has a group
structure.

G is called simply connected if all loops in G are contractible, i.e. II;(G) =
0. If this is not the case for a group we are interested in, then there is a
theorem which tells us that we can always enlarge G to G, called the universal

17t can be shown that Hy is a normal subgroup of H, so that H/Hj is a group.
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covering group of G. This group covers G, which means that there is a surjective
homomorphism p : G +— G, whose kernel consists of a finite set. Therefore
G should be thought of as a number of copies of G. A famous example is
p : SU(2) — SO(3) with kernel {1,—1}, so that SU(2) is a double cover of
SO(3). Once we've enlarged G to G, we must also enlarge H to H. This has
no effect on the ground state manifold, because = G/H = G/H. Using this
covering group, we can rewrite the two theorems without assuming that G is
simply connected:

I1,(G/H) ~ To(H) (2.46)

I,(G/H) ~ 11, (Hy). (2.47)

There is a convenient to picture these isomorphisms. Assume G is simply con-
nected. Take a representative f of a homotopy class in II1(G/H), which is a
map from S to G/H that starts at H. To this f we can associate a path fin
G called a covering path, that starts at the identity e and ends in a point in H,
such that f(modH) = f. Studying homotopies of loops f in G/H is equivalent
to studying homotopies of paths in G that end in H. From fig.2.1 (a), it is clear
that two paths in G that end in H are homotopic if and only if'? their endpoints
are in the same connected component of H. Therefore I1;(G/H) = H/H,.

An analogous analysis applies to monopoles. In this case, we first note that
instead of embedding S? into G/H with a distinguished point mapped to H, we
can equivalently consider embeddings of I? = [0,1]? to G/H with the surface
OI' of I? mapped to H. This is equivalent because S? is topologically equiva-
lent to I? with the boundary identified to a point. Take a representative « of a
homotopy class in IIy(G/H). This is a map from I? to G/H with the boundary
taken to H. To this o we can associate a map & from I? to G, called the cover-
ing map of «, such that a distinguished point x on the boundary is mapped to
e. The boundary 9I' is then a loop in G that is connected to e, so that it sits
in Hy. Call this loop f,. Given two maps o and 3 from I2, respective covering
maps & and 3, and corresponding loops on the boundary f, and fg, one can
prove!® that o and (3 are homotopic if and only if fo and fg are homotopic
loops in Hy.

An important example is when the residual symmetry group H is discrete,
meaning that Hy = {e}. In this case, we get

,(G/H) ~To(H) ~ H (2.48)
M5 (G/H) ~ TI1(Hy) ~ 0. (2.49)

So the line defects are characterized by elements of H, and there are no monopoles.

12Here we use the fact that G is simply connected. All paths in G are homotopic, but under
the restriction of the endpoint ending in H, two loops with endpoints ending in disconnected
components are not homotopic, because the homotopy would contain loops that don’t end in
H.

13The theorem follows from the lifting property of homotopies[23]. The same theorem is
used to prove the theorem for II; (G/H) discussed above.
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(a) Representation of a homotopy class ~ (b) Representation of a homotopy
in I11(G/H), as a path f in G that class in I[Io(G/H), as a map & from
starts at e and ends in some discon- I? to G, with a distinguished point
nected component h; Hg of H. z on the boundary mapped to e.

Figure 2.1: The isomorphisms of homotopy theory. The maps from I to G/H
can be replaced by maps from I™ to G, with appropriate boundary conditions.

If we drop the assumption that G is simply connected, then IT; (G/H) ~ H, and

In three dimensions, line defects are divided into two categories: Dislocations
are defects whose characteristic loop is a noncontractible loop in the translational
part of the symmetry group. They only occur if the translational group is broken
Disclinations are defects whose loop is noncontractible in the rotational part of
the defect. This may be the external of the internal rotational group.

Defect multiplets

If the group II;(G/H) is non-abelian, then the defects are organized in multi-
plets, and the different defects in different multiplets are separated by infinitely
high energy barriers. In other words, the cores of the defects in the same mul-
tiplet can be interchanged, which means that we can turn one defect into the
other by local surgery, with only costs a finite amount of energy.

To see which defects are part of the same multiplet, we must act on the
defect with global symmetry transformations. We’ve seen that a line defect can
be characterized by a path f in G that starts at e and ends in an element h; of
H. The homotopy class is set by the left coset in H/Hy to which h; belongs. A
global symmetry transformation h € H conjugates the path 14 turning it into
f': f' = hfh~!. This is again a loop that starts at e and ends in a new element
of H, namely hh;h~!. Therefore the charge of the defect has been conjugated.

14 A global symmetry transformation h actually multiplies the loop by h from the left, since
h at acts on every point of the space. This gives a loop that starts in h and ends in hf(1).
We can multiply this loop by h~! from the right, because we are actually studying loops in
G/H, which are defined modulo multiplication by elements of H from the right. This gives
the loop f’, which starts at e and ends at hf(1)h~!. Therefore its charge is given by the left
coset in H/Hp to which hf(1)h~! belongs.
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So line defects whose charges are in the same conjugacy class of H/Hy are in the
same multiplet. For these multiplets to consist of more than one defect, H/Hy
has to be non-abelian: If H/Hy is abelian, then the conjugacy classes consist of
single elements.

We've already discussed that defects with the same charge are homotopic.
We now further specify that defects whose charges are in the same conjugacy
class are freely homotopic . The defects in different classes are separated by
infinitely high energy barriers in configuration space, thus they correspond to
different topological sectors.

The cores of defects in the same conjugacy class can be interchanged because
the global symmetry transformation h is connected to the identity (we assumed
G was simply connected). Thus we have a path h(t) in G going from e to h:

h(0)=e h(l)=h.
By conjugating f with %(t), we obtain a family of paths:
fo =) fR(t) ™"

This is a continuous family of paths, that starts at fo = f and ends at fl =
hfh~1. Thus we have just defined a homotopy between f and f’.

A similar analysis applies to monopoles. To describe the action of global
symmetry transformations, we use the isomorphism (2.45). If the loop in Hy
characterizing the monopole is f,, then a global symmetry transformation h
conjugates the loop, giving a monopole charcterized by the loop f/, = hf,h~!.
Therefore the monopoles are arranged in classes, consisting of based homotopy
classes of loops in Hy that are conjugates under the action of H/Hy. The
monopoles in the same class are homotopic. For the monopole classes to consist
of more than one element, H must be non-abelian.

2.3.2 Interactions between defects in d=3

Now that we’ve classified the different charges of defects, we must study what
happens when several defects are present in the system. The defects can influ-
ence each other’s charge, by moving around each other, which we call braiding.
Furthermore, two defects can also fuse to form a new defect. We discuss both
types of interactions.

The braiding of defects

Consider a configuration with two line defects. If we remove the cores of these
line defects from the space, then the resulting space is not simply connected.
Namely, a loop around one of the cores cannot be to shrunk to the trivial loop.
Not that this is only true if the line defects have infinite extent. If the line
defects end on monopoles, then the space is simply connected.

15 A free homotopy is a homotopy that is not based, i.e. we don’t require that a distinguished
point of S™ be mapped to e.
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The charges of the defects may interact with each other, and the defects in
the same multiplet can be transformed into one another. Fig.2.2 tells us that if

—~38

Figure 2.2: The conjugation of the defect h by the presence of g. This conjuga-
tion is the effect of braiding one defect around another.

a defect h is transported halfway around g, then it is conjugated by g, and its
charge becomes ghg~!. This transport halfway around is called half braiding.
Thus line defects in the same multiplet transform into each other when they
braid with other line defects. If H/Hj is abelian, then the braiding is trivial,
since then ghg~! = h. Thus these interactions between charges only occur when
the first homotopy group is non-abelian.

Monopoles in the same class can also transform into each other by braiding

around a line defect. If a monopole is described by the loop f, in Hy under

Figure 2.3: The conjugation of a monopole by a line defect. The charge of
the monopole is an element of TIy(G/H). It is acted on by the charge of the
line defect, an element of II;(G/H). Homotopy theory is used to calculate the
action.

the isomorphism (2.45), then after transporting the monopole around a line
defect of charge h;Hy € H/H, the monopole is characterized by the loop'®
[l = hifahi ! Therefore the monopoles in the same class can turn into each
other by braiding around a line defect.

16 This action is well defined because Hy is a normal subgroup of H, and the action of Hy
on H/Hy is therefore trivial: Take ho € Ho, and hHo € H/Hy, then hohHohO_1 = hHy.
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Note that the conjugation of the monopole is achieved by a full braiding of
the monopole around the line defect, in contrast to the half braiding of the line
defects.

The braiding of two monopoles does not affect their charge, since such a
braiding is homotopic to doing nothing (the path can be contracted ”over” the
other monopole).

The fusion of defects

Let us take a cross section of the line defects discussed until now. If we cut fig.
2.2 horizontally, the line defects become points in two dimensions.

When two line defects g and h are brought so close together that their cores
fuse, the charge of the resulting defect is gh, as shown in fig.2.3.2. In the

Figure 2.4: The fusion of two defects.

presence of another defect f, the fusion is ambiguous. Namely, if g is transported
around f in a clockwise fashion, the fusion becomes f~'gfh. Similarly, if h were

Figure 2.5: The fusion of defects g and & in the presence of another defect f.
The fusion originally gives gh. If g travels around f in a clockwise path, then g
is conjugated by f, and the fusion with h becomes f~1gfh.

transported around f in a clockwise path, the fusion would give gf ~'hf. From
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these observations we conclude that the possible outcomes of the fusion of g
and h are given by the multiplication of all elements in the conjugacy of ¢ in
H/H, with all elements in the conjugacy class of h. Denote the conjugacy class
of an element g by Cy;. We call the fusion rules of two particles the possible
outcomes of their fusion. We've learned that the fusion rules of g and h are
given by'™ Cy x Cj,. One can prove that the multiplication of conjugacy classes
is commutative, and that it is composed of entire conjugacy classes, although
some conjugacy classes may be repeated in the decomposition. We denote the
fusion rules as

C4x P =) NAB,CC (2.50)

c

where C4 is the conjugacy class of an element g4, CP the conjugacy of class
gB, etc. We are adopting the notation that will be used in the next chapter,
where we will pick a preferred element out of each conjugacy class.N ABC is an

integer that tells us how often C¢ appears in the multiplication of elements of
C# with those of CB.

2.3.3 Some energetics of defects

In a global theory with spontaneous symmetry breaking, the line defects have a
free energy per unit length outside the core which diverges logarithmically with
the size of the system. In a gauge theory, the energy per unit length outside the
core is finite. We will look at examples that show how this comes about.

The energy of a defect has a contribution from the core, where the symmetry
is higher and therefore the system is "hotter”. To calculate it one needs an
expression for the free energy that is valid at the core. The free energies one
writes down are usually not valid at the core, since they are explicitly written for
a phase with the broken symmetry. However one can often make good estimates
of the core energy [15]. For our purposes, we need only remember that is makes
a finite contribution to the total energy.

Outside the core, we need an expression for the free energy to calculate the
energy. We will now consider an explicit example to illustrate the energetic
behaviour mentioned above.

We consider the free energy of a two-dimensional space with a complex order
parameter field ¢ = |¢|e”:

= %/d%(u(vm*(w) —XNT —T.)(|9]? — v?)?), (2.51)

where v and p are real numbers, and A is a positive real number. It has the
following global symmetry: ,
¢ — ¢e' (2.52)

with @ € R. p and A depend on coupling constants. The second term is some-
times referred to as the 'Mexican hat’ potential. If T' < T, it is energetically

1709 x Cl, is obtained by multiplying all elements of Cy with all elements of Cf,.



2.3. TOPOLOGICAL DEFECTS 35

favorable for ¢ to acquire a vacuum expectation value < ¢ >= ve’, and the
system enters the ordered phase. By using a global symmetry transformation we
can set 0 to zero, such that < ¢ >= v. Excitations of |¢| away from v are mas-
sive excitations, and at low temperatures we can set |¢| = v in the Lagrangian,
obtaining an effective free energy Feyy:

1 1
Fepp = 3 /dzx/wz(VO)z =3 /dzxpS(V9)2 (2.53)

We defined the spin-wave stiffness ps = pv?. It dictates how rigid the phase is.
(2.53) is the celebrated XY model in two dimensions. It plays a pivotal role in
the theory of superfluidity, where ¢ is the wavefunction of the system. It also
models ferromagnets in two dimensions. Finally, we will see that hexatic liquid
crystals are also described by this effective free energy.

In this phase, G = SO(2), H = {e}, and we have line defects characterized by
an integer:

11,(G/H) = 7.

In this theory, the charge of the defect is called its winding number, because for a
defect with charge n, loop around the defect winds around the order parameter
space S* n times (see fig.2.6). The defects in this theory are called vortices.
We would like to find configurations of the fields that minimize the free energy,
and correspond to the defects of different winding number. Minimizing (2.53)
yields the equation
—psV20 =0, (2.54)

which is Laplace’s equation in two dimensions. Aside from the constant solution
O(x,y) = o, it also has singular solutions:

Oz, (z,y) = n arctan( Y yo) = nyp, (2.55)
r — X
where n is an integer, veczo = (2o, yo) is a two-dimensional vector, and ¢ is the
polar angle of the vector (x — zo,y — yo)-
0.z, is the field of a defect of charge n whose core is at 5. We can calculate the
free energy of this defect using (2.53). We impose a short and a long distance
cutoff of the integral, a and R respectively, and get

1 1 Rd
Fu(n) = §ps/d2x(V0)2 = §p82ﬂ'n2/ %ﬁ = p,mn?in(R/a) (2.56)

The free energy is infrared (long distances) and ultraviolet (short distances)
divergent. We needn’t worry about the ultraviolet divergence, since this is the
core region, where the effective free energy is invalid. We can obtain a regular
solution at the core if we demand that the symmetry is restored, meaning that
|¢| — 0 as we go to the center of the core.

The infrared divergence signals that the defect has an infinite energy if the
system has infinite extent. This divergence is traced back to the fact that the
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(b) (c)
The loop around a charge 1 de-  Another charge 1 defect.
fect

X

(d) (e)
The order parameter A charge -1 defect.
space SO(2), and the
loop around the charge
1 defects. x is the base-
point, where all loops
must start and end.

Figure 2.6: Examples of defects in the XY model. We denote the angle 6 by a
unit vector that makes an angle  with the x-axis. A loop drawn around the
defect gives a closed loop in order parameter space, with winding number equal
to the charge of the defect.
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spins have a non zero gradient out to infinity. However, a defect-antidefect pair
has finite energy, because far away from the pair the gradient goes to zero. More
generally, if there are many vortices present of different winding numbers n;, we
will show that as long as ), n; = 0 the energy is finite. In jargon, a vortex gas
(a finite density of defects) in this system must be neutral to have finite energy.
Therefore the only thermally excited configuration will have zero net vorticity.
To prove this, first note that if 8,, , are solutions to Laplace’s equation, then
0 is ), On, ., since Laplace’s equation is linear. Define 7j; = (z; — x4, yj — i),
the vector from vortex i to vortex j. The elastic free energy of the configuration
> O, 7, with multiple vortices is

Fyortices = ﬂ'psln(g)(z ni)? + 2mps Z nmjln(;) (2.57)

Tij

[ 1<J

Therefore the energy is logarithmically divergent with the sample size, unless
>-;ni = 0. The second term is the interaction energy. From it we learn that
vortices with vorticity of like sign repel, while they attract if their vorticities have
opposite sign. The defects interact via a Coulomb potential'® in two dimensions,
thus they behave like electrically charged particles in two dimensions.

In three dimensions, the point defects become line defects. The free energy
formulas we’ve just derived correspond to the free energy per unit length of a
line defect.

Now take the original free energy before symmetry breaking, and promote
it to a gauge theory (for example, by coupling the field to electrodynamics):

Fynge = 5 [ Palu(Dio)" (DI6) + M6 = *?)  (259)

The covariant derivative D is defined by D;¢ = (0; +iA;)¢ (j = z,y), and'®
A € R%. The free energy has the following local symmetry:

O(T) = $(@)e D, A;(@) — A(T) + j0(T) (2.60)

where a : R? — U(1).

In this theory, there are finite energy configurations that correspond to defects
of any winding number. Go to polar coordinates (r, ), and choose the following
values for the fields outside the core region?’:

o(r, ) = ve'™? (2.61)
A, =0 (2.62)
n

18 A Coulomb potential V in d dimensions is a potential that satisfies Poisson’s equation:
V2V (&) = —\p(F) (2.58)
where A is a constant, and p(Z) is the local charge density.
lgFgauge is not Lorentz invariant. This is due to the fact that we are considering the system
at finite temperatures. The relativistic version of this Lagrangian is called the planar Abelian

Higgs model[5] (see also [58]).
20We’ve neglected radial dependence. If we wanted a solution that is also valid at the core,
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The free energy vanishes everywhere with this configuration! The energy of this
defect is concentrated in the core region. Note that the field ¢ is locally flat! By
this we mean that it satisfies the parallel transport equation of the gauge field:

D;¢=0. (2.64)

This local flatness is the reason that the free energy vanishes everywhere. To
explicitly see that ¢ is flat, we can choose a gauge where ¢ is constant. Apply
the gauge transformation

¢ — ge ™ A A+ nVe. (2.65)

This gives
p=v, A, =0, A, +nVo. (2.66)

¢ is now constant, but note that Vi is not well defined everywhere. If we
let ¢ run from 0 to 2w, there is a singularity in V¢ at 27. To resolve this,
we need to realize that we can only define our gauge transformation locally.
To be mathematically precise, we needs to work with charts, and realize that
we are dealing with a nontrivial line bundle. But it isn’t necessary to get too
technical. There is a physically intuitive way of dealing with this singularity.
Just introduce a cut in our space along the ¢ = 0 line. This is called a Dirac
string. It starts at the core and goes out to infinity. The Dirac string should be
thought of as a reminder that we have a nontrivial line bundle. A more physical
way to picture the Dirac string is to say that we’ve used a gauge transformation
to concentrate the windings of the Higgs field into a thin tube.

If we consider the analogous theory in 3 spatial dimensions, then there will be
line defects, with a finite energy per unit length. The energy equations for the
vortex in two dimensions correspond to the energy per unit length of the line
defects in the three-dimensional theory.

In this discussion of defects in gauge theory, we have glossed over one important
point: is the topological charge of the defects a gauge invariant quantity? We
will prove it for our abelian case. Go back to the original gauge choice (2.61).
If we draw any closed loop C' around a defect of winding number n, the integral
of the gauge field along C' gives fc A -dl = 27n. Thus we can also define the
winding to be

1 Lo
n=—aqo A-dl (2.67)
27T C
we would write
B(r, ) = f(r)e™?
Ar=0
Ay ="g(r)

with f(0) = 0, f(c0) = v, and g(co) = 1. Then we would use the field equations to set f(r)
and g(r). We won’t go into this. This is done in [52]. We also haven’t included an energy
term for the gauge field, which in relativistic notation is of the form Fj,, F/*¥. One can check
it is also finite[58].
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Now apply the gauge transformation ¢(%) — ¢(&)eM® A; s A; — VA. Then
this integral is invariant, because fc VA-dl = 0, since A is a regular function.
So the integral is gauge invariant, and so is the winding number. Thus we can
study the defects with homotopy theory, just like in the global case.

For general G and H, and defects of general dimensions, the topological charge
is also related to an integral of the gauge field[58], although for the non-abelian
case we must define the integral differently. For example, the charge g of a line
defect is equal to the exponential of the path ordered integral of the gauge field
along a closed path C encircling the defect:

g = Peif Ade, (2.68)

When the gauge group is abelian path ordering is trivial.

If H is discrete, then, as we discussed earlier, the only residual symmetry
transformations are global symmetry transformations h € H. Under this trans-
formation, the gauge field transforms according to A hAn1 Using (2.68)
and the properties of the path-ordered integral, we can determine the transfor-
mation of the charge g under the symmetry transformation h:

g= PpeifAde |, peif hAnTlde _ ppeif Adep—1 _ hgh™?. (2.69)

This is precisely the transformation property in the global case. Thus when H is
discrete the topological classification of defects is the same in the case of global
and local symmetries. When H is continuous the comparison of both cases is
more subtle.

2.4 Dyonic configurations

In this section we assume G is simply connected.

If there is a defect g in our space, corresponding to a configuration of ¢, it
is interesting to study another field ¥ with this defect in the background. W
transforms under a representation I'gof G, i.e.

(7)) — Ty (g); U () (2.70)

for any g € G. We want to answer the following question: which symmetry
transformations in H can we globally implement on ¥ with the defect g in
the background? A globally implemented transformation must leave the defect
configuration invariant, and act only on ¥. If H is abelian, then all of H is
always globally implementable. If H is non-abelian, then we will see that in
some cases there are topological obstructions to globally implementing certain
transformations.

2.4.1 Global implementation of h € H

Outside the core of the defect g the order parameter field ¢(Z) takes values in
G/H. The stabilizer Hz of ¢(&) depends on position. Therefore to globally
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implement a transformation h € H, we must make it dependent on position.
To h € H we want to associate a smooth function hz from the space to G, such
hz € Hz for all x (since then, and only then, does the transformation leave the
defect configuration invariant). This choice should respect the multiplication in
H,ie. if h,h' € H then

hzh’z = (hh')z. (2.71)
We can then let h act on ¥(&) according to
(Z) = T(hag) (7). (2.72)

However not all of H can be made to satisfy (2.71).
To see which elements of H can be globally implemented, we draw a loop around
the defect, and parametrize it with an angle ¢ (see fig. 2.4.1).

Figure 2.7: The path in G characterizing the line defect. ¢ parametrizes the
loop. We take g(0) = e, so that g(27) is in the left coset in H/Hy that corre-
sponds to the topological charge of the defect.

Along the loop we have a path in G that characterizes the defect. The path
starts at g(0) = e and ends at ¢g(27), with g(27) € H. Then the only globally
implementable transformations are those h € H that commute with g(27), i.e.

hg(2m)h~! = g(27) (2.73)

To see why, note that the order parameter field around the defect is defined by
acting with g(¢) on ¢(0) = ¢:

d(p) = g(p) o (2.74)

This configuration is smooth because the path g(¢) is smooth, and g(27) € H
so that g(2m)¢ = ¢. Therefore there is no singularity at ¢ = 0.
Now the stabilizer of ¢(yp) is

Hy = g(0)Hg(p) ™! (2.75)
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with Hy = H the stabilizer of ¢. This tells us how to globally implement an
h € H. Define

h(p) = g(p)hg(p) (2.76)

With this definition, h(yp) € H, for all ¢, so that when h(p) acts on the space
it leaves the defect invariant. However, this may be ill defined at ¢ = 0 ~ 27.
For the action to be well defined at ¢ = 0 we must demand that

9(2m)hg(2m) =" = h, (2.77)

thus h is only globally implementable if it commutes with g(2).

Thus we can only globally implement the centralizer of g(2m). The centralizer
of a defect of charge g is denoted by N,.

We note that a similar analysis applies to defects of other dimensions, such as
monopoles. The analysis is more subtle in that case, since we must globally
implement h on all of 52 [8].

2.4.2 A dyon

If ¥ transforms nontrivially under the action of Ny, we call the configuration a
dyon.

We mention two subtleties. First, there may exist h € H that do not commute
with ¢g(27), but that can be globally implemented on W if ¥ doesn’t distinguish
between the action of h and the action of g(2m)hg(2m)~!, i.e.

h-¢ = g(2m)hg(2m)~! - 6. (2.78)

Second, g(2) is not well defined if Hy # 0. Namely, we saw that for any
ho € Hp, g(2m)ho represents the same defect. But the centralizers of g(27)
and g(27)hg needn’t be equal, and they needn’t even be isomorphic [3]! Thus,
to study dyons, II1(G/H) is too coarse a description, and we need to specify
the actual endpoint of the loop. However, for all cases we will be studying the
centralizers are isomorphic for different choices of endpoint.
For example, if H is discrete there is no ambiguity. II;(G/H) = H in this case,
and for h € H, N, is simply the centralizer of h in H.
Finally, it may be unnecessary to include another field ¥ to get a dyonic con-
figuration. In the case of the uniaxial nematic, we will see that the defect
configuration already dyonic, because the field configuration transforms non-
trivially under the centralizer of the defect.

There are dyons in gauge theory as well, and the analysis is the same. The
dyon is then an electrically and magnetically charged configuration of the gauge
fields. The theory behind electric modes with a defect in the background is well
established, for an introduction see [55].
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2.5 Phase transitions and correlation functions

We can use the free energy to study phase transitions to an ordered state, and
the fluctuations around the ordered state.

2.5.1 Order of a phase transition

If the order parameter jumps discontinuously at the phase transition, we say
the transition is first order. If it changes continuously, the phase transition is
second order.

2.5.2 Landau theory of phase transitions

Landau’s theory is a mean field approach to the study of phase transitions. We
neglect fluctuations of the fields ¢, so that the free energy (2.10) becomes

Fl¢] = / daV]g). (2.79)

Landau developed general arguments to write down the possible terms in this
free energy. He then used it to predict the order of the phase transitions. We will
only mention the salient features of Landau’s theory. For a detailed treatment,
see [37].
First we assume that the ¢' transform under an irreducible representation (irrep)
of GG. If the representation is reducible, we decompose it into irreps, and consider
the irreps separately. All the terms in V[¢] must be invariant under G. Thus
we must form scalar invariants using combinations of the ¢*. There cannot be a
first order invariant?!. The second order term Mijqbiw , where M;; is the mass
matrix. It is positive definite in the isotropic phase, i.e. its eigenvalues are
positive, to assure that ¢g = 0 is a minimum of the potential. Thus we can
diagonalize the second order term, by defining ¢'"’s as linear combinations of
¢’s such that

M;j¢'¢? = ¢i¢/; = N2 (2.80)

There is only one second order invariant, which we’ve called A2.
If we work to fourth order, we must also determine all third order and fourth
order invariants. We write them in terms of rescaled fields

=X\ (2.81)

We index the third order invariants with an index «, and the fourth order
invariants with an index §. The Landau free energy then takes the general form

Fl¢] = NAP,T) + XY Ca(P,T)f3() + X' > Ba(P,T)f4(d).  (2.82)
o 3

21 A first order invariant would imply the representation is reducible (it contains the trivial
representation in its decomposition). We're assuming the representation is not trivial.
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We now change the pressure and/or temperature, and we have a phase transition
when there is a new global minimum of the free energy away from ¢ = 0. A global
minimum is a minimum of the overal function, not simply a local minimum. By
studying this expression for the free energy as a function of A\, we can derive the
following behaviour at the phase transitions:

e If there are no third order invariants, the phase transition is of second
order. The ground state leaves 0 continuously.

e If there are third order invariants the transition is of first order. The
ground state jumps from 0 to a nonzero value.

2.5.3 Correlation functions and order

We want to study fluctuations from the ground states. We assume the depar-
tures are isothermal. In that case, when the field configuration goes from 0 to
¢, the work done on the system is equal to the change in free energy. This work
done is proportional to the change in entropy (see [37], p.62):

AF[¢] = W[¢] = —TAS|¢] (2.83)

where T is the temperature of the system. From this we derive the behaviour
of the weight function w(p) ~ e51¥1/* which determines the relative probability
of the system to be in state ¢, as a function of the free energy:

w(¢) ~ e AFIRI/RT (2.84)

To check these statements, see any standard book on statistical mechanics such
as [37].

Thus we can study the fluctuations of our order parameter fields around the
ground state, using the free energy. The correlation function between ¢ at
point 27 and ¢’ at 5 is defined as

< S y) o LDO S ENG () w(e) _ [ Do &' ()old) e SrIANT
J Do w(¢) J D e=FI9l/kT

(2.85)

The integrals are path integrals, which are integrals over all configurations of

the fields ¢. To make this well defined, we can give our system finite extent

and periodic boundary conditions, and Fourier transform to momentum space.

Then the field ¢(&) becomes characterized by a countable set ¢l¥,»’ and [ D¢

becomes f Hidk_;, which is a countable number of integrals.
If F'[¢] only has terms quadratic in the ¢¢, i.e. it is of the form

Flo) = 5 [ dridao! ()65 (@1, 52)67 () (2:86)

then we can calculate the correlation functions exactly:

< @U@ (%) >= kTGY (7, 23), (2.87)
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where G (27, 2%) is defined by
[ a6 )G, ) = o 2) (2.88)

If F[¢] has terms of higher order in ¢, then we can only calculate correlations
perturbatively, using Feynman diagrams. We will restrict ourselves to quadratic
order.

The behaviour of the correlation function at large separations of 1 and z3
is used to characterize the system:

e Long Range Order (LRO)

< ¢'(21)¢’ (4%) >+ Constant as |75 — 77| — 0. (2.89)

e Short Range Order (SRO)

_ lap—aq|
. . e 3
< @' (21)¢? (@2) > ———=— as |3 — 21| — o0, (2.90)
|75 — @37

where £ and 7 are positive constants.

e Quasi Long Range Order (QLRO)
. . 1
< ¢'(71)¢ (73) >+ ﬁ as |75 — 21| > o0, (2.91)

where 7 is a positive constant.

We can use the correlation functions to study the fluctuations in an ordered
phase. Let us carry this out for the XY model in d dimensions. The free energy
given by (2.51), with d?x replaced by d%z. We want to calculate < |¢|2 > in the
ordered phase, were < |¢| >= v. This cannot be done exactly, however if we
set |¢| = v and neglect fluctuations in |¢|, we can use the effective free energy,
(2.53) with d%z replaced by d%x:

1
Feff = §/ddxpg(V0)2

By going to Fourier space and transforming back, the correlation function of 6
is calculated to be 22

1 o
< 0(2)6(0) >= dk— et T 2.93
(£)0(0) pe Jogen M2 (2.93)

22This equation actually needs to be regularized to be well defined. We won’t go into details,
but note that the behaviour < 8(%)0(0) >~ |vecz|?~? as || — oo can be inferred by looking
at the behaviour of the correlation function when # — a:

< 0(aZ)0(0) >~ a?~% < 9(Z0(0) > (2.92)
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We introduced a cutoff A of the momenta: this integral is not valid at very
high momenta. We need to know the behaviour of this integral as k +— 0. By
noting that the volume element in momentum space d%k ~ k?~'dk, we infer the
following behaviour as |Z| — oo:

e d < 2: the integral behaves like ’;—?|£’|2*d.

e d = 2: the integral behaves like ’;—Tln(|f|)
e d > 2: the integral converges, we call it 2W.

From this integral we can derive < ¢(Z)*¢(0) >:
< (&) p(0) >=< 0@ e=i00) 5= =3 <H@0)> (2.94)

In proving the second equal sign, we use a standard Gaussian integral®>. Thus

kT |:I—I_~|27d

o d <2 < @) 0) >~ e 20s
o d=2: < () ¢(0) >~ |7 s
o d>2: < ¢(T)P(0) >~ e W

For d > 2 the fluctuations do not destroy the Long-Range Order. For d = 2,
the ordered phase has Quasi-Long Range Order: the fluctuations destroy the
Long-Range Order! This is a special case of the Mermin- Wagner theorem?*[43],
which states that if a continuous abelian symmetry is broken in two dimensions,
there can never be long-range order. However, if we consider a small enough
region of our system, then the system is effectively ordered. Namely, the or-
der only decays algebraically. For d < 2, the fluctuations destroy the order
completely, and only Short-Range Order is left over.

The lowest dimension d., such that LRO is maintained for d > d., is called
the lower critical dimension. Thus d. = 2 for the XY model.

For the XY model in d = 2 we saw that < ¢(Z)*¢(0) > does not exhibit
LRO. There is another field that does exhibit LRO in d = 2, namely V0(Z):

kT

< VO(@)VO(0) >= — dkei®E ~ oW, (2.97)
Ps J|k|<A
231f our weight function is
w(x1,...,Tn) = A/dxl .. .dxnexp(f%G;jlxixj) (2.95)
where A is a normalization factor, then
< exp(a‘z;) >= ea:p(%aiaj < mpxg >). (2.96)

24Sometimes the theorem is also attributed to Coleman, Berezinskii and/or Hohenberg.
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One of the applications of the XY model is to superfluidity, where it is
the simplest effective energy. When applied to superfluidity, ¢(Z) is the wave-
function of the system, and (&) is the phase angle. In the application to
superfluidity, VO(Z) is directly related to the superfluid velocity vs:

h
vy = — V6, (2.98)
m
where m = 25 is the 'mass’. This follows from the momentum operator in

quantum mechanics: p = %V. Applied on the wavefunction ¢ = ve? (where
we set the amplitude to the constant the value v), we get p¢ = h(V)p. Since
the velocity is obtained by dividing the momentum by the mass, the superfluid
velocity is then the eigenvalue of the operator % when applied to ¢, which is
(2.98).

According to (2.97), the superfluid velocity exhibits LRO.



Chapter 3

Ordinary and liquid crystals

3.1 Introduction

Liquid crystals are phases with a symmetry between that of a liquid and a
crystal. A veritable zoology of liquid crystals have been discovered, the most
famous one being the nematic crystal used in flat screens. In biology liquid
crystals are quite common, the cell membrane is an ubiquitous example.

In high school we all learn that there are three phases of matter: solid, liquid
and gas. Now we know that there are many phases in between solids and liquids,
called liquid crystals. They share properties of both phases.

In the previous chapter we developed the formalism used to study the fluc-
tuations in such systems. We introduced order parameter fields, and found that
Goldstone modes and topological defects are excitations of the order parameter
fields. We also discussed the possible existence of other fields and dyons.

Liquid crystals exhibit a wide variety of orders, and we will study their
symmetry properties, order parameter fields, and modes. First we give a clear
definition of liquid crystals in terms of symmetry.

3.1.1 Definition in terms of symmetry

A liquid is a phase with unbroken external symmetry and internal symmetry.
The external symmetry group is O(d) xR?, the Euclidean group in d dimensions,
including reflections. At this point we needn’t consider an internal symmetry:
Either the molecules are spherically symmetric, or their orientations are random.
Note that this doesn’t distinguish a liquid from a gas.

A crystal is a phase in which the external symmetry is a discrete group.
There are no infinitesimal rotations of translations in the symmetry group. The
atoms that make up the crystal may have internal structure, such as spin. We
will neglect the internal symmetries of the crystal for the moment.

Discrete external symmetry groups are called space groups. These have been
completely classified: there 230 different space groups.

47
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A liguid crystal is a phase with less symmetries than a liquid, and more sym-
metries than a crystal. More specifically, its external symmetry group is not
discrete, but it is smaller than O(3) x R?. The internal symmetry group may or
may not be broken.

This definition is subtle, because some liquid crystals have coupled external and
internal symmetries, i.e. the phase is only invariant under simultaneous internal
and external symmetry transformations. This will become clear in examples to
come.

The symmetries of a phase can be determined experimentally using scattering
experiments (with neutrons, or x-rays for example).

3.2 Liquid crystals

We now turn our attention to the most famous liquid crystals: nematics, smec-
tics and columnar phases. A good reference book on liquid crystals is the book
by de Gennes[18].

3.2.1 Nematic liquid crystals
Symmetry

A nematic liquid crystal is a phase with complete translational symmetry, and
incomplete rotational symmetry. The phase then inherits the name of the resid-
ual rotational group: If the residual rotational group is the tetrahedral group,
for example, the phase is called a tetrahedral nematic.
The residual internal rotational symmetry group H can be any proper subgroup
of G = SO(3). The possibilities are (see Appendix A)

G =SO(3) — H € {Cn,Dn,T,0,1,50(2) x Z5} (3.1)

where we use the notation employed in the crystallography literature[14]. C,, =
7, the abelian cyclic group of order n. D, is the dihedral group of order n, T'
is the tetrahedral group, O the octahedral group, and I the icosahedral group.
The most famous example is the uniaxial nematic, see fig.3.1. One possible
realization of a uniaxial nematic is a fluid in which the molecules have a rod-
like structure. The symmetry of one rod pointing along an axis 7 is denoted
by SO(2) x Z5. This group contains rotations around 7, and rotations over 7
around any axis perpendicular to 7.

However, the phase is not invariant under purely internal rotations. Ro-
tating the rods without rotating the system need not give a configuration
of same energy. In the isotropic phase, the rotational symmetry group is
(SO(3)ext X R3) x SO(3)int, consisting of translations R?, an external rota-
tional group SO(3).,+ which rotates the space, and an internal rotational group
which rotates the rods:

Rea:t S 50(3)ewt P T Rextf
Rt € SO(3)mt T Ryt (3.2)
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\ n(x)

Figure 3.1: Schematic representation of a uniaxial nematic liquid crystal.

At low temperatures, the translational part is unbroken, while the external
and internal rotational symmetries are coupled. The phase is only invariant
under transformations such that the internal and external rotations are the
same. In other words, the residual rotational group is the diagonal subgroup
of SO(3)ext X SO(3)int, i-e. all elements of the form {R(Z7 9),R(i, 0)}, where
R(Z7 ) is a clockwise rotation of angle 6 around the axis of the unit vector .
We denote the diagonal subgroup as
S0(3)57 x $0(3)L,7). (3.3)
We can also describe the diagonal subgroup in terms of generators. Denote as
L, L, and L, the generators of external rotations in SO(3)eqt around the x-,
y- and z-axes respectively. We say that SO(3)..: is generated by the vector
I = (Ly, Ly, L), and write SO(3)r, = SO(3)ext. Denote as T, T, and T,
the generators of internal rotations in SO(3);,; around the x-, y- and z-axes
respectively. SO(3);,: is generated by T = (Tz, Ty, t>), and we write SO(3)r =
SO(3)int. Then the diagonal subgroup is generated by J = L + T = (L, +
Ty, Ly + Ty, L, +T;), thus SO(3); is the diagonal subgroup.
Then the residual symmetry of the uniaxial nematic is
H=R%xS50(3); = (R % S03)":9) x s0(3)L9. (3.4)
A similar statement holds for any nematic.
The locally gauged version of the uniaxial nematic is called Alice electrody-
namics. For analysis of Alice electrodynamics see [64][63].

Order parameter space and field

To describe the order parameter, we must treat each nematic separately.

For the unaxial nematic, we can describe the orientation of the rod as a bidirec-
tional arrow %, or a vector i with the equivalence 77 ~ —7. The order parameter
space O is therefore S2, the surface of a sphere, with antipodal points identified.
This manifold is called RP2, the projective sphere. We cannot use a vector as an
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order parameter field, since it does not invariant under v +— —v. We must use a
rank two tensor : take a symmetric traceless rank-two tensor, which transforms
in the five dimensional irreducible representation of SO(3). A symmetric matrix
is always diagonalizable and it has three orthonormal eigenvectors (7, l, m) , so
we can write

2 1 1
Qij = gSanLJ + (77 - gs)lilj + (—77 — gS)mimj (3.5)
where S and 7 are numbers. This parametrization is redundant: we need only
specify 7,1, S and n to set Q.

In the case of the uniaxial nematic, n = 0. Using l;l; + mym; = 0;; — nyn;
(which is true for any triple of orthonormal vectors), we get

1
Qij = S(nmj - gdij) (36)

If, on the other hand, n # 0, we say the nematic is biazial. The rotational
symmetry will then be D, the point group of a rectangle.

If we want to describe another nematic liquid crystal, such as a tetrahedral
nematic, then we need to use higher order rank tensors. We need an order
parameter that is only invariant under the rotational group H of the nematic we
are considering. In terms of representation theory, that means we seek a vector
in a vector space on which a representation of SO(3) acts, whose stabilizer is H.
This has to be worked out case by case (for a smart method, see [49]). For a
tetrahedral nematic, we need a third order tensor. Take the third tensor power
of the | =1 (vector) representation of SO(3), and consider the vector

Tiji = 392k + T2k + Ui 26 + 9:2i2k + 2:250k + 2i0; %k, (3.7)

where Z,, 2 are orthonormal vectors in R3. Tj;; is only invariant under the
tetrahedral group, to be precise the symmetry transformations of the tetrahe-
dron given in fig.3.2.

Figure 3.2: The tetrahedron with the axes discussed in the text.

Using fig.3.2, we can use a convenient notation of the symmetry transforma-
tions of the tetrahedron. Namely, T' ~ A4, the even permutations of the four
vertices. So we write the symmetries as permutations. For example, (12)(34)
corresponds to a 7 rotation around the z-axis, and (12) corresponds to a mirror



3.2. LIQUID CRYSTALS 51

symmetry, with respect to the plane that contains the z-axis and passes through
the vertices 3 and 4. Note that a similar notation, in terms of permutations,
can be used for all the discrete subgroups® of SO(3).

Until now, we had neglected mirror symmetries. The reason is that we haven’t
specified if the constituent molecules are chiral, i.e. different from their mirror
image. If our tetrahedron isn’t chiral, then its symmetry group is Ty ~ Sy, the
group of permutations of the four vertices. Ty is a subgroup of O(3), so we must
take G = O(3) as the symmetry in the isotropic phase to describe chirality. If
all the phases we are considering are achiral, then we can work with SO(3).
Note that (3.7) is invariant under all of Tj.

T, includes symmetry transformations that are not connected to the identity.
Later on we will study the effect of such large symmetry transformations, as
they are called.

Experimentally, a wide variety of different nematics have been discovered. Not
necessarily as a phase with constituents with such a symmetry, but also as mod-
els that capture the essential physics. For example, icosahedral nematics have
been invoked to describe supercooled liquid prior to the glass transition [66].
The idea is that as the fluid is cooled down, locally the molecules want to form
an icosahedral structure (because they pack closer together this way). Since they
cannot maintain this icosahedral structure macroscopically, frustration occurs,
and the phase remains liquid below the freezing point. It is therefore transla-
tionally invariant, but locally the rotational symmetry is icosahedral. This is
a prime example of a nematic. There are also quantum systems with nematic
symmetries, which we discuss later.

Free energy and phase transitions

Let us form the free energy for a uniaxial nematic?. The order parameter field
is Qi;(Z). To fourth order, the potential term is

V[Q] = BiTr(Q*) — BoaTr(Q°) + BsTr(QY) (3.8)

These three terms are the only invariants one can build out of @;; to this or-
der. Other invariants are not independent of these ones: for example?, TrQ* =
1(TrQ?)?, and Tr(Q?) = 3detQ.

To form the elastic free energy density, one must form invariants under
simultaneous rotations of the space and the orientation of the molecules. The
possible terms are

Frin = AiV'QjiViQik+AsV' Qi VFQik+ A3 V' Q1 V Qi+ AsVIVIQy; (3.9)

It can in fact be used for any finite group, since all finite groups are a subgroup of S, for
some n. We prove this in AppendixA.

2The locally gauged version of the uniaxial nematic is called ” Alice electrodynamics”. For
an analysis see [64] and [63].

3These equations are easily checked in a basis where Q is diagonal.
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If we plug this expression into (3.6), we get

Foy = K1 (V.7)? 4 Ko(A.V x 71)? + K3(i x (V x 71)? + K,V - (- V)it — (V- 71)).
(3.10)
This is called the Frank free energy density, and K; are called the Frank con-
stants. The four terms are called the splay, twist, bend and saddle-splay curva-
ture terms, respectively. The saddle-splay term is a total derivative term, and
is only important if one considers surface effects. We will set K4 to zero.
A common simplification in the literature is to take K1 = Ky = K3 = K, known
as the one constant approximation. In this approximation the elastic free energy
density is called the field-theory free energy density fr:, and is equal to

Fy = KVin;V'n/ (3.11)

In this approximation, the external and internal rotational groups decouple,
and in the ordered phase the external rotational group is unbroken, while the
internal rotational group is SO(2) x Z5. This is a common situation in field
theory, where only the internal symmetry group is broken.

According to Landau’s theory of phase transitions, due to the third-order term
in (3.8) the phase transition from the isotropic to the uniaxial nematic phase is
first order. Experiments reveal that it is only weakly first order, meaning that
Bs is small.

For other nematics, we have to form a free energy using whichever order param-
eter fields are necessary to describe the order. for example, for a tetrahedral
nematic, using the order parameter field 7;;;, we get

F = AlviTjklviTjkl + AQViTijleT”k + A3TijkTijk
+ A (T TI*)? + A5TijkﬂlmTj fhg,mm (3.12)

There are no other terms because 7};;, is completely symmetric with respect to
the interchange of its indices. The analog to the one-constant approximation in
this case would be setting As = 0, because the As is the only term that couples
internal and external rotations. With As = 0 only the internal rotational group
is broken.

To see the details on the theory behind Landau phase transitions between the
different possible nematics, see [39].

Since there are no third order terms, Landau’s theory predicts a second order
phase transition. However, it has been proven in [54] that there is a runaway
of the coupling constant A4 in front of the fourth order term (T%“*T%*)? to-
wards negative values, signaling a first order phase transition. Note that the
Landau theory is still precious, as it is the basis for the Renormalization Group
calculation.

Modes

There are 7 conventional modes in the uniaxial nematic: 5 continuity modes
just as in a simple fluid, and 2 Goldstone modes.
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In the low temperature phase, the rods are oriented on average along an axis,
which we choose to be the z-axis. This leads to the existence of two Goldstone
modes, dn, and on, (see fig.3.3). They transform under a two-dimensional
irreducible representation of the residual symmetry group SO(2) x Zs. However,

on sn

z — >

Figure 3.3: The Goldstone modes in a uniaxial nematic liquid crystal. These
low-energy excitations are extrapolations into neighboring vacua. The Gold-
stone modes dn, and én, span a two-dimensional vector space. Note that al-
though 7 is a headless vector (with a symmetry 77 — —7i), the Goldstone modes
ong and on, aren’t.

the 2 transverse momentum modes couple to the Goldstone modes, because an
excitation of a Goldstone mode leads to a transverse momentum current, and
therefore the Goldstone modes imply the presence of transverse momentum
diffusion. The dispersion relations are given in [15] (they are approximate).
There are two ”slow” (low frequency) and two ”fast” modes (high frequency).
We reproduce the dispersion relations for one slow, and one fast mode:

k‘2

jws(Kok? + K3k?)™! = Cak2 + Cyk2
iws(Koky + K3k?) Cl+0203k§+04k3

(3.13)

_ Csk? 4 Cy4k?
p

iwy (3.14)
where C; are constants related to the viscosity tensor of the phase. The fre-
quency is purely imaginary, so these modes are overdamped, i.e. they do not
propagate. The slow mode dies out on a longer timescale than the fast mode.

For other nematics, there are 5 continuity modes, and 3 Goldstone modes,
since all 3 generators of SO(3) are broken. The analysis of the couplings between
continuity and Goldstone modes would be complicated, but analogous to the
uniaxial case.

Defects

The defect structure is much more intricate for uniaxial nematics than for other
nematics. For nematics other than the uniaxial nematic, H is discrete. Thus
there are no monopoles, and line defects are characterized by H, the double
cover of H in SU(2).
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Now we consider the uniaxial nematic, for which H is continuous.
1 - The homotopy groups of the uniazial nematic

To study the defects, we need the double cover H of SO(2) x Z3 in SU(2).
If the uniaxial nematics are on average ordered along the z-axis, then

H = {2 io,e'37 0 € [0,47)} (3.15)

where 04, 0y,0, are the Pauli matrices (see appendix A). H consists of a com-
ponent Hg that is connected to the identity, and a component H 4 that is discon-
nected from the identity. They subsets of H consist of the following elements:

Hy = {e'37% 0 € [0, 4n)}
Hy= {iaxei%”z,ﬁ € [0, 4m)}.

The homotopy groups of the uniaxial nematic are

IL(G/H) =o(H) =7, (3.16)
IL(G/H) =11 (Ho) = Z (3.17)

Thus there is only one nontrivial line defect, a disclination. The monopoles are
labelled by an integer.

8 - The disclination of the uniaxial nematic

Figure 3.4: A section of the nontrivial line defect in a uniaxial nematic liquid
crystal.
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An explicit realisation of the line defect, with the core oriented along the
x-axis, is
P .1 1
7i(#) = (0, ~sin(50), cos )
with ¢ the angle defined in fig.3.4. The kinetic free energy of this defect is easily
calculated in the one constant approximation. Namely, in polar coordinates we
get

Vn, =0
1 1
Vny, —2—rcos(§<p)<p
1 .1 .
Vny, —2—rsm(§gp)gp

The free energy density becomes %. We can calculate the energy per unit

length in the x-direction, which is the energy per unit length of the defect:

R

Eunittength = /a rdrd<p4—I:2 - ngn(g) (3.18)
This result is analogous to the XY model which we discussed earlier: The inte-
gral of this energy is ultraviolet (short distances) and infrared (large distances)
divergent. We needn’t worry about the infrared divergence, since we can always
place and antidefect at a certain distance, or give the system a finite extent.
The ultraviolet divergence is a signal that our the Frank free energy description
breaks down at the core. The integral is only valid outside the core of the defect.
Inside the core, another form of the free energy is needed.

What is the symmetry at the core? The system could be isotropic at the core
of the defect, but numerical investigations[62] have led to the conclusion that the
core is biaxial. This biaxiality can be captured by the tensor order parameter
description. The tools of homotopy theory discussed previously allow us to
understand why the singularity can be removed.

The argument runs as follows: Now, the B; are temperature dependent
quantities, and they dictate the order of the phase transition. As B; goes from
being positive to negative, a phase transition occurs. If By = 0, the phase
transition is of second order, otherwise it’s of first order. The second term is
present because there is no @ — —@ symmetry in a uniaxial nematic (Q — —Q
does not correspond to 7 — —). Experiments reveal that the transition from
the isotropic to the nematic phase is only weakly first order, meaning that Bs
is small relative to B; and Bs. So an approximation commonly used (which
is only qualitatively valid close to the phase transition) is that TrQ? takes on
the value that minimizes the first and third terms in the potential free energy.
Using TrQ* = 3(TrQ?)?, one gets TrQ? = —g—;. Now, in the five-dimensional
space of traceless symmetric matrices, this is the equation of an S*. And since
I1;(S*) = 0, any loop can be shrunk. So if we start with the nontrivial defect in
the uniaxial nematic, the singularity at the core can be removed by assuming
biaxial symmetry at the core.
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There is an important observation to make about the uniaxial nematic: if
we consider the configuration in fig. 3.4, and rotate all the rods around the
z-axis by an angle 6, then we obtain a new configuration, which is topologically
a disclination, with the same line defect charge. Thus for every 6 € 27 we
have a configuration that corresponds to a disclination. In the one-constant
approximation, all these configurations have the same energy. We can now
imagine all the rods rotating around the z-axis, see 3.5. This costs no energy,
S0 it is an excitation of zero energy around the defect configuration, just like a
Goldstone mode! We have discovered a zero mode around the defect. A zero
mode is the generic name given to an excitation that costs zero energy in the long
wavelength, low frequency limit. The zero mode implies that the disclination is
dyonic in the one-constant approximation. Namely, rotations around the z-axis
correspond to transformations of the residual symmetry group. Thus, the defect
configuration transforms nontrivially under the residual symmetry group, which
is how we defined dyons. We will come back to this discussion at the end of
chapter 4.

> X )— y z
(a) o

The non trivial defect in a uniaxial
nematic. Imagine rotating the con-
figuration around the z-axis. This
gives a continuous family of con-
figurations which correspond to the
same defect. In the one-constant
approximation these configurations

(b)
The same defect after a 7 rota-
tion around the z-axis. Rotations
around the z-axis expose the zero
mode: the rods can rotate around
the z-axis, at low energy cost. This
is a massless excitation.

all have the same energy.

Figure 3.5: Schematic explanation of the dyonic nature of the disclination in a
uniaxial nematic.

2 - Monopoles in the uniazial nematic

The monopoles are labelled by a charge n € Z, which corresponds to the
winding number of the loop in Hy that characterizes the monopole, under the
isomorphism (2.45). Note that H is topologically a circle, which is why homo-
topy classes of loops in Hy are characterized by a winding number.
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In chapter 2 we discussed the possibility of having theories where the charge
of a monopole changes when it is transported around a line defect. In the
uniaxial nematic, there is only one nontrivial line defect, a disclination. When
a monopole of charge n is transported around the disclination, it returns with
the opposite charge —n. This is not too difficult to prove. Namely, a charge n
monopole is characterized by a loop f, : S' — H( of winding number n in Hy:

fn (0) _ eineaz (319)

where 0 is the angle that parametrizes the points on the circle S'. In chapter
2 we saw that a line defect is characterized by a path in G that ends in a
disconnected component of H. Thus in this case the path ends in a point
iawei%"z in Hy. We also showed that the outcome of transporting a monopole
around a line defect is the conjugation of the loop in H characterizing the
monopole, by the endpoint of the path characterizing the line defect. This,
in this case, if we transport a monopole of charge n, characterized by f,(6)

Oz

given (3.19), around a disclination whose endpoint is io,e?29%, the outcome is

a monopole with loop ¢(6) given by

B fu(0)(i0,6'37) T = o (0). (3.20)
Note that the outcome is independent of the endpoint of the disclination. Thus
a monopole with charge n becomes a monopole with charge —n when trans-
ported around a disclination. This has remarkable consequences. For example,
if a monopole of even charge 2n decays into two monopoles of charge n (which is
topologically possible), and one of the monopole is transported around a discli-
nation, then it returns with charge —n. Thus we obtain a monopole of charge
n and an antimonopole of charge —n, and there is no topological obstruction
to their decay. Determining whether these processes actually takes place in a
system requires a dynamical analysis. For a dynamical analysis in the gauge
theoretical equivalent of the uniaxial nematic, called ” Alice Electrodynamics”,
see [64].

If we leave the one-constant approximation, the topological analysis is the
same, but the energetic analysis becomes very subtle. Namely, one has to ex-
plicitly solve the equations that minimize the free energy to find out if a certain
configuration is stable. This has been done extensively for uniaxial nematics. It
has been shown[16], for example, that the flux of the monopoles is not isotrop-
ically distributed around the monopole. Instead, it concentrates itself into two
flux tubes.

‘We make one last comment on monopoles. The disclination has a core which
is a line. This line can form a closed loop, and it turns out that this loop can
carry monopole charge! To measure this monopole charge, we draw a surface
that encompasses the loop. We will briefly explain why the loop can carry
monopole charge. For a more detailed discussion see [13].

Under the isomorphism II;(G/H) ~ H/Hy, every point of the core of a
line defect can be associated to an element h(t) in H, where ¢ parametrizes the
core. As we move along the core, the element h(t) may change, as long as it

g(0) = ioe
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corresponds to the same left coset in H/H, since that doesn’t affect the charge
in II;(G/H). The elements associated to the points on the core are given by
h(0)h(t), with h/(t) € Ho. Thus if we consider a core that is a closed loop, h’(t)
will traced out a closed loop in Hy as we move around the loop. In the case of
the uniaxial nematic, Hy is topologicall a circle, so that the homotopy classes
of loops in Hy are characterized by a winding number. It turns out that this
winding number is precisely the monopole charge of the line defect [13].

One of the implication of the possibility of closed line defect loops to carry
monopole charge is that there is no topological obstruction to the decay of a
monopole into a closed line defect loop [63]. Another implication is that a
monopole can travel through a closed loop of line defect, and its charge will
change sign. This follows from the analysis above of the transport of monopoles
around a line defect.

Dyons

When we studied dyons in the previous chapter, we stated that in the presence
of a defect characterized by a path f in G the only elements of H that can be
globally implemented are those that commute with f (27). For nematics other
than the uniaxial one, the endpoint of the path is unique, so the centralizer is
well defined.

For the uniaxial nematic, the endpoint of the path that characterizes the discli-
nation is not unique. It can be any element of the form iamei%‘”,@ € [0,4m).
The centralizer of such an element is {£1, :l:iameig”} (see (3.15)). Therefore
the centralizers for different 6 are isomorphic to Do. We could therefore have a
field ¥ with this defect in the background, that transforms nontrivially under
D5, which gives a dyon.

Fluctuations and order

A nematic liquid has translational short-range order, and orientational long-
range order. The orientational long-range order survives fluctuations. This is
obvious for a uniaxial nematic in the one-constant approximation, where the
free energy is that of an XY model in three dimensions. In the previous chapter
we saw that in such a model long-range order survives fluctuations.

Cholesteric elastomers

Cholesteric elastomers are a special type of nematic liquid crystals, and we
briefly describe them here.
The cholerestic phase is very similar to the uniaxial nematic. The molecules are
rodlike so that they are characterized by a bidirectional arrow 77 ~ —7. In every
plane perpendicular to the x-axis, the rods have the same average orientation.
However, as we go along the x-axis the average orientation of the rods twists
around the x-axis:

7l = §cosqx + Zsingx. (3.21)
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q is called the pitch of the cholesteric, which determines the period along the
x-axis. If we set ¢ to 0, we get a uniaxial nematic, so that a uniazial nematic
is a cholesteric with infinite pitch. This twist is achieved by introducing ¢ into
the Frank free energy (3.10) , in the following way:

Frin = K1(V.71)? + Ko(7.V xi+q)* 4+ K3(7i x (V x71)> + K4V.((7.V)i — 7 (V.77))
Minimizing the Ky term, i.e. setting
AV x7i+q=0, (3.22)

we find that (3.21) minimizes the Ko term.

The symmetries of the phase consist of translations a distance a along the x-axis
coupled to rotations of angle ga around the x-axis, and of m rotations are the
x-, y- and z- axes. The coupled rotations and translations are connected to the
identity, i.e. they sit in Ho. Thus II;(G/H) = HH, is equal to the double
cover of the group spanned by the 7 rotations, which are not connected to the
identity. This group is D, so that II;(G/H) = Dy ~ @, the quaternion group.
There are no monopoles, since there are no nontrivial loops in Hy.

Since locally the phase looks like a uniaxial nematic, the structure of the conti-
nuity and modes is similar.

Experimentally this phase can be obtained by adding chiral molecules to a uni-
axial nematic.

3.2.2 Smectics
Symmetry

A smectic liquid crystal is obtained by breaking translational symmetry in a ne-
matic liquid crystal, in one direction. If a nematic is cooled down, the molecules
may form layers. Within a layer the system is a fluid. Note that the layer need
not have the thickness of one molecule as we in suggest fig. 3.6. In some cases
its thickness is that of two molecules.
There are different kinds of smectics, corresponding to different orientations of
the rods within the layers, which changes their symmeties properties. We will
discuss the smectic A, A* and C phases, because these are the most common
smectics. At the end of this chapter we will also briefly mention the smectic B
phase.
We call the axis normal to the layers the z-axis.
In a smectic A, the long axis of the molecules points along the z-axis.

The forming of the layers breaks the symmetry to a group that couples
internal and external rotations. The residual symmetry group is

H=((R* xZ) x S0(3):9) x SO(3)L9. (3.23)

ext int

The only difference with the symmetry group of the uniaxial nematic is that
translational symmetry in the z-direction is broken to Z.
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Figure 3.6: Schematic representation of a Smectic A liquid crystal. The rods are
confined to planes, and in microscopic times they orient themselves perpendic-
ularly to the planes. The only mode left is transverse oscillation of the planes,
which is captured by the field u(Z).
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Figure 3.7: The smectic A* phase. The spirals on the molecules indicate the
phase is chiral.
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A smectic A* is a smectic A in which the molecules are chiral, i.e. they
cannot be superimposed on their mirror image. The chirality affects the optical
activity of the system. It is known that if a molecule is going to be optically
active (i.e. rotate the plane of polarization of an incoming monochromatic
light beam), it must be chiral because of symmetry arguments. Namely, if the
molecule rotates the polarization plane in a specific direction, and the molecule
is achiral, this violates the mirror symmetry.

The star is a general way of denoting a chiral phase, and applies to any phase.
For example, a nematic* phase is a nematic made of chiral molecules.
To pictorially indicate a molecule is chiral, we will draw a spiral on the molecules.
The only difference between the symmetry groups of the smectic A and A*
phases is that reflections are broken in the A* phase. We had neglected reflec-
tions in the smectic A, but they were actually present.

In the smectic C phase, the rods do not point towards the normal to the layers.

I
11
1IN

Figure 3.8: The smectic C phase.

Instead, their average direction is in a direction that is tilted with respect to
the normal. The residual symmetry is (R? x Z) x Z5, where Z5 corresponds to
a 7 rotation around a vector in the x-y plane perpendicular to the rods, the R?
symmetries are translations within a plane, and Z translates perpendicularly to
the layers.

Order parameter

To find the order parameter of a smectic, consider the Fourier transform of the

density operator:
. d3q o
F(m) = / 3pl‘€'6lkw

(2m)

In a nematic, we have < pz >= 515,6%’ where ” <> " denotes a thermal av-
erage. This simply means that the ground state has a constant density, which
is an infinite wavelength density wave. In the smectic phase, a density wave
with finite wavelength sets in, such that < Pr, >z 0, for some vector ko.
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U=pe =lpg le~%ou is the complex order parameter of the smectic. Increas-

ing u uniformly corresponds to a translation along the z-axis. Thus u is actually
a vector that points along the z-axis.

Modes

The particle content is interesting: one might expect three Goldstone modes,
since a nematic crystal has two, and the breaking of translational symmetry
should give a third mode. However, there is only one mode! This is the mode
associated with the breaking of translational symmetry, see fig.3.6. What hap-
pened to the other two?

The figures we have provided are very suggestive. Namely, the rods are
always perpendicular to the layer, and it costs a lot of energy to rotate away
from the normal. If they slightly deflect from the normal, they decay back to it in
microscopic time. In the language of field theory, the two modes corresponding
to such an excitation (excitation in x- and in y-direction) are massive. Two
Goldstone modes have acquired mass, via the Higgs mechanism!

This requires clarification, because the Higgs mechanism is a very specific
mechanism, which requires a gauge theory, and the associated covariant deriva-
tive. In smectics, there is also a covariant derivative. A dynamically generated
gauge field will indeed appear when we construct the smectic free energy Fj.
The order parameter ¥ is now allowed to vary in space:

U(7) = pyg, (F)e o),

Define V| = (V,, Vy,0), the derivative parallel to the undeformed planes; and
V,; =(0,0,V.), the derivative perpendicular to the planes. If we assume that
7 does not fluctuate, then Landau theory tells us that the only terms in the free
energy are now

1 1
5 [ A1V 4 ey 1V WP 4 o[V + Sl

c¢/) # c1 because the presence of the rods sets up an anisotropic background in
the smectic.
If we allow for fluctuations of 77, then to lowest order only the ¢; term is modi-
fied. Define 671, = it — 2. Since n? = 1, the variations of 7 in the z-direction is
second order, and we neglect it.
The c¢; term becomes

CJ_|(VJ_ - ikodﬁL)\I/F,

which is very similar to the covariant derivative term in the free energy of a
superconductor:

l|(hv —ieA)W.

m
To arrive at this term, note that 677, should enter the c¢; in such a way that it is
invariant under rigid rotations of the whole system, which involves rotating the
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layers as well as the molecules. If we rotate the system by an angle § around
a unit vector [ in the x-y plane, then d,, = —0l x 2, and u(¥) = -z, - 2.
Therefore ¥ changes according to:

U U = Petkodn 7,

and (V| —ikodn)W is invariant under global rotations. The smectic free energy
becomes

1 1
. /d3x(r|\I!|2 eIV U+ edl(V4 — ks U + Sglulh)  (3.24)

The action is almost identical to the action for superconductivity [65]:

1 3 2 L h € w2 1 n2 . Big
Fso =3 [ @2l + 5oV = SWP + £ (7 x AP + Sl

It is invariant under
o, — 01 — VA
U Petksd

with A : R3 — R. An important difference is that only one gauge is physical:
(5ﬁL)Z = O

Summarizing, the Goldstone modes of the nematic are massive in the ordered
phase due to the Higgs mechanism. The variation in the director is no longer an
independent variable, as it relaxes in microscopic time to an orientation normal
to the layers. Just like in the nematic liquid crystals, the Goldstone mode is
diffusive, because it couples to continuity modes. See [15] for the precise cou-
pling. The dispersion relations are anisotropic: they depend on the orientation
of the wave number of the modes with respect to the layers.

Topological defects
The topological line defects are dislocations characterized by an integer:
II;(ISO(3)/1S0(2) x Z) =114(ISO(2) x Z) = Z.

The topological charge should be interpreted as a vector pointing perpendic-
ularly to the layers, whose length is an integer times the distance d between
consecutive layers. This vector is called the Burgers vector b of the defect. For
a defect of charge n the Burgers vector is

b= nds (3.25)

We've treated the smectic in the continuum theory, so that u(Z) is a field that
measures the local displacement of the layers along the z-axis. We consider
u(Z) to be a vector @(Z). Then a configuration of the field that corresponds to
a dislocation of with Burgers vector b must satisfy the following property; for
any loop L around the core of the dislocation

]{ @-d¥ =b. (3.26)
L
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Thus the Burgers vector measures the displacement of an observer inside the
smectic turning around the dislocation (see fig. ??). While the observer ” thinks”
he’s walked a close loop around the dislocation, he is actually displaced by b. The

Figure 3.9: The cross section of a three dimensional smectic. There are three
dislocations, and their Burgers vectors are drawn. This cross section is also a
phase in itself, a two-dimensional smectic, also known as a stripe phase.

Burgers vector can point in any direction with respect to the orientation of the
singular line. If it is parallel to the singular line, it is called a screw dislocation,
and if it is perpendicular we are dealing with an edge dislocation. In general,
the Burgers vector can be decomposed into a parallel and a perpendicular part,
and the defect is simultaneously screw and edge.

There are no monopoles, since I3 (1S0O(3)/150(2) x Z) = 11;(Z,) = 0.

Fluctuations and order

There is only quasi-long range order due to the fluctuations of u. This is a
general phenomenon for three-dimensional phases with periodic order in only
one direction [37], and once again follows from convergence considerations of
the fluctuation integrals.

3.2.3 Columnar phases

We can break translational symmetry in two directions, which corresponds to
columnar phases. This phase is composed of lines along which the phase is
liquid. These lines are placed on the vertices of a lattice. If we take a cross
section of the liquid lines, we obtain a two dimensional crystal.

There is true long-range order, and there are 2 Goldstone modes, associated
with the breaking of translational symmetry in two directions (The rotons are
massive).

The topological defects are line defects, and no monopoles. The cross section
gives a two-dimensional crystal with a certain homotopy group, which is equal
to the homotopy group of the columnar phase. The defects are precisely the



3.3. THE HEXATIC PHASE 65

Liquid crystal | Order parameter field Symmetry Goldstone | Defects
modes

Uniaxial Qij 50(2) X Zq 2 79
Dihedral DQ Q” DQ 3 D_Q
Tetrahedral Tijk Ty 3 T
Octahedral Oijii Oy, 3 @)
Icosahedral I 3 T
Cholesteric n Complicated 2 Dy
Smectic A i 7 x 150(2) 1 z
Smectic A* i, Z x ISO(2) 1 z
Smectic C Pr, Z x ISO(2) 1 z
Smectic F Pr, 7 x 1S0(2) 1 z

Hexatic Smectic (e, p } Z x (Zg x R?) 2 7 x Zg

Hexagonal e'%0 (Zg x 7%) x R 3 7 x Zg

Table 3.1: The different liquid crystals, and their mode content. We omitted the
continuity modes, since there are five of them in all these phases (though they
may be coupled to Goldstone modes, see text). We also omitted the massive
Goldstone modes in smectics.

dislocations and disclinations of this two dimensional crystal. The only differ-
ence with the defects of the two dimensional crystal is that the dislocations can
have both screw and edge character.

3.2.4 Quantum Liquid Crystals

It has been theoretically predicted that Quantum Hall Systems at certain frac-
tional filling levels behave like a one-dimensional array of Luttinger liquids
[53][21]. This shares the properties of a two-dimensional smectic. The same
happens in High-Tc superconductors[9]. These two-dimensional smectics are
called stripe phases. We illustrate a 2D smectic in fig. 3.2.2.

3.3 The hexatic phase

The hexatic phase is a rather remarkable phase. It has unbroken translational
symmetry but broken rotational symmetry. Its most important characteristic
for us is that there are crystals that enter this phase when defects condense.
Before we can explain this, we must review the theory behind crystals.

3.3.1 Crystals
Symmetry, order parameter field and free energy

A crystal is a phase in which the symmetry group G' = O(d) x R? has been spon-
taneously broken to a discrete group H, called the space group of the crystal.
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The positions of the atoms in the crystal form a lattice. Severe restrictions on
the possible symmetries arise from the observation that the crystal should look
the same from every lattice point. For example, a crystal cannot have a fivefold
symmetry axis. This forbids icosahedral symmetry, since an icosahedron has a
fivefold symmetry axis. A tetrahedral crystal is also impossible in three dimen-
sions, because we can’t tile R® with tetrahedra.

In the ground state, the i-th atom is on lattice point xj. At ﬁnite_‘tempera—
tures, its position fluctuates around ;. We denote its position by x;, and its
displacement from z; by u(z;):

7, = & + () (3.27)
The order parameter is the structure function, defined by
S(@) =< |p(@F > (3.28)

where j(q) is the Fourier transform of the density. It is equal to [15]

S(q) = Zeié*fi < eiq‘(ﬁ(mi)*ﬁ(o)) > (3.29)

To write down a free energy, we must take the lattice spacing to zero. « then
becomes a field @(F), called the displacement field.
The free energy can only depend on derivatives of this field, since a uniform « is
equivalent to a uniform translation, which costs no energy. For small deviations,
the deformation energy density depends on the strain tensor

9T Oy Owy

(3.30)

We build up the free energy density out of u;;. The potential term will be of
the form -
Vo= N\ (3.31)

The rank four tensor A is called the elastic modulus tensor. It is invariant
under the action of the space group. For every space group we can determine
the number of independent components of A;ji; by using its symmetry proper-
ties.

Continuity and Goldstone modes

Of the continuity modes in a simple fluid, only the heat mode is present in
a crystal. Namely, momentum and mass cannot flow since the the atoms are
restricted to oscillate around their equilibrium position. We will have to assume
that heat flow happens slowly, i.e. the time scale of heat flow is long compared to
the time scale of oscillations of the atoms. Thus we consider adiabatic excitations
from the ground state. Under this assumption, we can actually write down a
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kinetic term for the crystal: the kinetic energy of the i-th atom is %muf, where
the dot denotes a time derivative.
In the continuum limit mass becomes a mass density p. Therefore the internal
energy density U of the crystal is

1 »
U= §pdi2 + u”)\ijklukl. (332)
Minimizing this equation, we obtain

aZul

ijklm- (3.33)

pu7 =)\
To find the dispersion relation of the Goldstone modes, we substitute a plane

wave L
@ = upe! Tt (3.34)

to obtain '
(pw?6ir — Nijr k7K )uy = 0. (3.35)

For this equation to have solutions, the matrix acting on w; must have zero
determinant:

|pw?8i — Nk kF| = 0 (3.36)

This equation in w? of order d, where d is the dimension of the space. It has d
solutions, which may be complex, and may be degenerate. These solutions are
the dispersion relations of the d Goldstone modes.

We have obtained d Goldstone modes, but note that this does not equal the
number of broken generators! Namely, the group O(d) x R? as d generators
of translations, and %d(d — 1) generators of rotations. We have obtained the
translation Goldstone modes, so what happened to the rotational Goldstone
modes? They don’t appear because we didn’t include rotations in the field
u;(Z). This field only has d components, so obviously it cannot have more than
d independent excitations. If we wanted to include rotational Goldstone modes,
called rotons, we would have to include a field that describes the local rotation
of the crystal.

However, for crystals encountered in nature this is unnecessary, because the
”rotons” turn out to be high-energy excitations. It costs relatively little energy
to stretch the bonds between neighbouring atoms, while bending different parts
of the crystal relative to each other is energetically very costly. Thus the rotons
are massive.

The situation is analogous to the case of smectics. There is a term in the free
energy that resembles a covariant derivative so that we effectively have a Higgs
mechanism that gives mass to the rotons. Although it is analogous to the term
for the smectic, it is more complicated, and involves 6 momenta, corresponding
to 6 reciprocal lattice vectors. We will not discuss it here. It can be found in
[46].

We make an important observation about our massive Goldstone modes: the
rotons have acquired mass because of translational symmetry breaking. It is the
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rigidity of the crystal, associated with the breaking of translational symmetry,
that makes it energetically costly to rotate different parts of the crystal relative
to each other. After finishing the discussion of crystals, we will return to this
point, when we discuss the hexatic phase.

Let us determine the Goldstone modes for a two-dimensional crystal with
hexagonal symmetry. The symmetry is broken to Z2 x Zg. Symmetry under Zg
implies that A;jz; only has two independent components, and the free energy
density becomes

f= 5)\(1&;)2 + pugjut (3.37)

where A and p are constants. This is a special case, because we would have
obtained the same free energy if we had demanded that A be invariant under
any rotation! Thus the elastic properties of a two-dimensional hexagonal crystal
are equivalent to those of an isotropic crystal. An isotropic crystal may sound
like a contradiction in terms, but it is perfectly possible that in the continuum
limit the crystal has a free energy density of the form above.
Using (3.33), we obtain the equations that minimize the internal energy
density:
pli; = —AV,;Vu! — pu(V2u; + V,;V,u’) (3.38)
To obtain the dispersion relations, we look for a plane wave solution @(Z) =
we'(F7-wt) - The resulting equations simplify if we write @ = iy, + i), with
i,/ parallel to k (V x i, =0), and u perpendicular to k (V-4 =0). The

dispersion relations become
) w= \/%k (3.39)

A+ 2
TLw= ,/%k (3.40)

Thus we arrive at one longitudinal mode called the compression mode, with
velocity ¢/, = /(X + 2u)/p; and one transversal Goldstone mode, with velocity

c1 = +/p/p. Note that the longitudinal mode is faster.

Topological defects
The homotopy groups are:

L(G/H)=H (3.41)
IL(G/H) =0 (3.42)

In three dimensions, there are no monopoles because the space group H is
discrete. The line defects are characterized by elements of the covering group
of H.

Once again, we consider a two-dimensional hexagonal crystal. To determine
H we need the covering group of R? x SO(2). The translational part R? is
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already simply connected. The covering group of SO(2) is R. An element 6 of
R corresponds to a rotation over an angle 6. In the covering group, however,
a rotation over 27 is not equivalent to the identity, like it is in SO(2). The
covering of Zg is

Zo=7x2s~17 (3.43)

Therefore 72 x Zg = 72 x Z, and
I,(G/H) =7*x 7. (3.44)

Therefore a defect is an element of 72 x Z. We denote it by (n,m)r?, with
27

n,m,p € Z. ris a Z rotation, (1,0) a translation by one lattice vector in
the x-direction, and (0,1) a translation by one lattice vector in the y-direction.
A defect of the form (n,m) (i.e. with p = 0) is a dislocation. An r? defect
(n = m = 0) is a disclination. Now, we said that the rotational Goldstone
modes were massive, because it cost a lot of energy to rotate different parts
of the crystal relative to each other. For the same reason, disclinations are
massive, and at low temperatures we only have dislocations.

For a three-dimensional crystal, the analysis is very similar. For example, in a
crystal made up of layers of hexagonal crystal, G = R® x SO(3) is broken to
H = 73 x Zg, so the defects have an extra label, which represents translational

defects in the direction perpendicular to the layers:
,(G/H)=7*x17 (3.45)

For a dislocation characterized by (n,m, k), the vector (n,m, k) is the Burgers
vector of the defect. Just like in the smectic case, a general dislocation has both
screw and edge character, and the Burgers vector is given by the integral of the
field 4(Z) along a loop L encircling the core.

The fusion rules of line defects have some interesting features, which are crucial
for the story to come. We illustrate these features for the hexagonal crystal. To
determine the fusion rules, we need the conjugacy classes of the defects. This
requires knowledge of the multiplication in Z? x Zg, which is set by

r(a,b)r~t = (=b,a +1b). (3.46)

Thus we can classify all the conjugacy classes, see Table 3.2. Now we can prove
that two disclinations can fuse to form any dislocation in this crystal. Namely,
the fusion rules are given by multiplying entire conjugacy classes. If we fuse
r and r~!, we can get any dislocation (m,n) because (m,n)r is an element of
C,. Thus, from a topological point of view a dislocation can decay into two
disclinations.

Fluctuations and orientational order

The structure function S(q) = 3, € 4% < @ (@@)=@0)) > js our order pa-
rameter. Exactly analogous to the discussion of the XY model of the previous
chapter, fluctuations in u; affects the order of the phase:
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Representative element Conjugacy class
Tﬁk, kez Crer = {T6k}
(a, b)rS* Clapyror = {(a,b)r%  (=b,a 4 b)r, (—a — b, a)r,
keZ, a,b>0 (—a, =b)r%* (b, —a — b)r% (a + b, —a)r®*}
rTF ez Criver = {(m,n)r'¥% . (m,n) € 72}
P~k ez Crrex = {(m,n)r~ 5% (m,n) € 7%}
2t kez Cravor = {(m,n)r**% . m —n € 37}
(1,0)r*%%% k€7 Cioprztor = {(m,n)r®*% . m —n ¢ 37}
TR kez Crsvor = {(m,n)r*T% . (m,n) € 2Z x 27}
3T kezZ C1,0yr3+or = {(m, n)r*T : (m,n) ¢ 27 x 27}
it kez Crator = {(m,n)r*T% :m —n € 37}
(1,0)r* ¥k c 7 Cioprator = {(m,n)r* ™ . m —n ¢ 37}

Table 3.2: The defect classes in 72 x Zg.

e If d > 2 the correlation of the fluctuations is finite, thus LRO survives.
e If d =2 we have QLRO.
e If d < 2 we have SRO

The reason we get the same behaviour is that when considering fluctuations,
we only need consider the derivative terms in the free energy. These terms,
when Fourier transformed, are of the form u} (E)uj(ﬁ)flj(km, ky, k.), where f is
a quadratic function of the k;. Just like in the XY model calculation,
< ui(%)u; (0) >~ / AUk (ks by, o) (3.47)
which exhibits the behaviour discussed above.
Thus a two-dimensional crystal cannot have infinite extent. However, since the
divergence is only logarithmic, for a finite system we can speak of order.
A more advanced treatment [47] has led to the following: one can define two
correlation functions. The first one is called the translation correlation function
I'7, which is the one we defined. The second one is the rotational correlation
function. to define it, we first define an angle 6 according to

1,0uy () Oug(d)
0(2) = = (—L= — . 4
(@ = 5(“2 - 2 (3.45)
In this equation we encounter the xy component of the rotational field
iy = 2u@) _9u(E) (3.49)

Kl &u 8yj

By considering infinitesimal rotations, one can prove that it does indeed describe
the local rotation of the crystal. Using @ we define a new order parameter field

U (z) = 50@ (3.50)

4In the Einstein-Cartan formulation of crystals, w is the spin connection.
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In the ordered phase < ¥ >= 1, meaning that the phase has hexagonal symme-
try. It can be proven that W does exhibit long range order in the crystal phase.
In the hexatic phase, which we discuss in the next section, it exhibits QLRO.
The heuristic derivation of this is that 6 contains only first-order derivative,
which gives only one power of k in the denominator of the correlation function
of §. Thus the correlation function converges, because [ ko‘% converges for
small k.

3.3.2 The hexatic phase

The phase is two dimensional. It is translationally invariant, but the rotational
group is broken to Cg. Such a phase looks strange at first sight, because it
seems that to break rotational symmetry we need to put the atoms on a lattice,
thereby also breaking translational symmetry. But such a hexatic phase occurs
in nature!

Not that it is impossible to break translational symmetry without breaking
rotational symmetry. This can be proved by studying the representation theory?®
of R? x SO(2).

An order parameter field is provided by ¢ = €'’ where # measures the angle
the bonds between neighbouring molecules makes with the x-axis. In the high-
temperature isotropic phase, < €% >= 0. In the ordered phase, < ¢ >=£ 0
because the angle of the bonds is on average a multiple of %’T.

The hexatic phase can arise via spontaneous symmetry breaking from the
isotropic phase, but it can also be the outcome of the melting of a two-dimensional
hexagonal crystal. This is what happens in nature: as we increase the temper-
ature of the crystal, at some point the translational symmetry is restored, but
locally the molecules are still arranged hexagonally. Of course, locally there is
some translational symmetry, but the correlations of translations decay expo-
nentially.

Remember that in the crystal there were two massless translational Goldstone
modes, and there were dislocations. The disclinations and roton were massive.
As the translational symmetry is restored, the hexatic phase is reached. The
translational Goldstone modes and dislocations disappear. At the same time,
roton becomes massless, and disclinations are the defects of this phase. We say
that the roton and disclinations are liberated.

The traditional phase diagram of a two-dimensional crystal contains a line sep-
arating the crystal phase and the liquid phase. The phase transition is first
order. However, for the hexagonal crystal the transition to the liquid phase
can occur via two second-order phase transitions: first a phase transition to
the translationally invariant phase with broken rotational symmetry, and then
a transition to the liquid.

The mechanism behind the phase transition from crystal to hexatic is quite re-

166

5If an irrep is trivial when restricted to R?, when restricted to SO(2) it can be any irrep
of SO(2). If, on the other hand, it is trivial on SO(2), then the irrep must act the same on
all vectors of the same length, since we can turn any two unit vectors into each other with a
transformation of SO(2). This leads to the conclusion that the irrep is trivial on R2.
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markable: it is a dislocation condensation. As we’ve seen, defects in a phase
with global symmetry breaking cost an infinite amount of energy. However,
defect-antidefect pairs cost a finite amount energy, and at finite temperatures
they have a finite density, and an average separation between the defects in a
pair, which we call a. At the phase transition, a diverges, so that the single
defects fill the ground state. This restores translational symmetry. In the last
chapter of this work we will discuss why it restores symmetries. For now we
note what happens next: the ground state is now filled with single dislocations.
We’ve seen that these dislocations can decay into a disclination-antidisclination
pair. They also have an average separation, b. At the second phase transition,
the disclinations blow out, thus restoring rotational symmetry.

The hexatic phase has been experimentally verified in numerous three dimen-
sional phases, such as smectics, dense solutions of DNA, flux arrays of High-Tc
superconductors, superfluids[44], etc. All these phases have some kind of lay-
ered order. The hexatic smectic is also called the smectic B phase. The bond-
orientational order is within the layers of the smectic. For references on hexatic
phases, see [46].

3.3.3 Kosterlitz Thouless phase transition

We will now discuss another example of defect-mediated phase transition, which
occurs in the XY model discussed in the previous chapter. It is called the
Kosterlitz Thouless phase transition.

In chapter 2, we saw that the XY model is the effective free energy at low
temperatures of (2.51), where ¢ acquires a nonzero ground state expectation
value: < ¢ >=v. We also proved that fluctuations of 6 diverge logarithmically,
which leads to QLRO, i.e. algebraic decay of < ¢(Z)¢(0) >. Our analysis of the
XY model was actually incomplete, because we didn’t take fluctuations of the
vortices into account. According to (2.56), the energy of a single vortex in the
XY model is logarithmically divergent with the system size, thus it is infinite
in a system of infinite extent. If we have multiple vortices in the system with
charges n;, then according to (2.57) the configuration only has finite energy if
the net vorticity is zero, i.e. if >, n; = 0. Thus, if we consider the system at
finite temperatures, the only configurations of vortices that will be thermally
activated are configurations of zero net vorticity. Since the vortices of high
charge are energetically disfavored, we will only take vortices of charge +1 into
account.

When we wrote down the free energy expression (2.56) for a single vortex,
we neglected the entropy of the configuration. The complete expression for the
free energy is given by F' = E —T'S, where F is the energy of the single vortex
configuration, 7" is the temperature, and S the entropy. We include the energy
E¢ of the core of the defect in E, which we neglected in (2.56). Thus E is given
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by
R
E= wpsln(g) + Ec. (3.51)

For a two dimensional system of linear dimension R, the number of possible
positions for a vortex whose core has linear dimension a is (R/a)? (we notice
this by dividing the space up into squares of linear dimension a). Thus the
entropy is 2in(R/a), and the free energy for a single vortex of charge +1 is

F = (mps — 2T)ln(§) + Ec. (3.52)

Thus this simple analysis, originally due to Kosterlitz and Thouless [35],
predicts a phase transition at the temperature T, = wp/2. If T < T, the free
energy of a single vortex is positive, thus the free energy is minimized when
there are no vortices. If T' > T, the presence of vortices reduces the free energy.

A more detailed analysis involves a Renormalization group calculation [34].
The idea of the calculation is to calculate the contribution to the partition
function of closely bound vortices. The vortices cannot be closer to each other
than the the size a of their cores, so one calculates the contribution to the
partition function from vortices separated by a distance between a and a + da,
with da small. We neglect the possibility of having three vortices close to each
other: we only consider pairs of vortices. If the vortices in a pair have vorticities
of the same sign, then they repel and the energy of the configuration is high,
thus the contribution of these pairs to the partition function is suppressed. Thus
we only consider vortex-antivortex pairs.

By integrating out the contribution of vortex-antivortex pairs separated by
a distance between a and a + da, we obtain a new theory where the vortices
have a minimum separation of a + da. We then rescale the theory with the
scaling parameter b =1 + %. This rescaled theory is described by an effective
free energy of the same form as the free energy of the original, except that
the parameters in the free energy have changed, due to the contribution of
closebound vortex-antivortex pairs. The free energy of the original is determined
by two parameters. We can take these to be K and y, defined by

K= ]f—} Y= e FF . (3.53)

As we renormalize the theory, K and y flow, i.e. their values change. The
Renormalization group flow is schematically shown in fig.3.10.

The dashed line corresponds to points at the critical temperature T, = wp/2.
Indeed, the simple derivation of T given above gives the correct expression for
T..

Ur<T.,y= e 7 gets renormalized to zero. This means that E¢ — oo,
so that the vortices can no longer be excited. Thus the vortices get renormalized
right out of the problem, and the only relevant degrees of freedom are the spin
waves, whose correlation functions decay algebraically.
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Figure 3.10: The renormalization group flow of the Kosterlitz Thouless phase
transition. The dashed line corresponds to points at the critical temperature
T.=np/2. T < T, theny = e~ Fc/kT gets renormalized to zero, which means
that the vortices get renormalized right out of the problem. The only degrees
of freedom are the spin waves. If T' > T, y flows to some fixed value, while K
flows to zero. Thus the vortices are the only relevant degrees of freedom. They
are free mobile charges interacting via a Coulomb potential.

If T > T, K flows to 0, and y flows to a constant. Thus the spin wave
stiffness goes to zero, so that there are no more spin waves. We are left with
free vortices interacting via a Coulomb potential.

In chapter 5, we will analyze a different approach to symmetry breaking,
using Hopf symmetries. We will show that the Hopf symmetry approach repro-
duces the results of the Kosterlitz-Thouless condensate given here.



Chapter 4

Hopf algebra symmetry

We have discussed the different modes in ordinary and liquid crystals, as well as
their topological defects. We will now call the smooth excitations of the ground
state, such as continuity and Goldstone modes, electric or ordinary modes. As
we have seen, electric modes are the excitations of fields ¢ that transform under
irreps of the symmetry group that characterizes the phase. We will consider
defects to be excitations as well, and we call them magnetic or topological modes.
In this chapter, we will show that the electric and magnetic modes can be treated
on equal footing, by introducing a Hopf symmetry. This Hopf symmetry can
also describe dyons, which as we saw are combinations of magnetic and electric
modes. The treatment in this chapter is inherently quantum mechanical, namely
we want to find the quantum numbers of our modes. These are labels we can
assign to our modes that are invariant in time. Examples are the spin of an
electron, and the topological charge of a defect.

First we summarize the properties of electric, magnetic, and dyonic modes
in terms of representation theory. Then we discuss the braiding of the different
types of modes. Once we’ve studied the similarities and differences of the prop-
erties of the different modes, we show how these properties can be algebraically
encoded in a Hopf algebra, called a quantum double. We uncover the appropri-
ate quantum double for liquid crystals and crystals discussed in the previous
chapter. Finally, we discuss effect of braiding, i.e. the transport of different
types of modes around each other. We illustrate this with the uniaxial nematic.

4.1 Representation theory of electric, magnetic
and dyonic modes

4.1.1 Electric modes

If the symmetry group of a phase is H, the fields ¢ in the system transform
under representations of H. The electric modes of ¢ are the smooth excitations

of ¢.

75
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We'’ve seen that it is advantageous to decompose ¢ into irreducible repre-
sentations (irreps). The irreps ¢, transform into each other under the action of
H, and don’t mix with the other irreps. Thus we write

o= @¢a (41)

where ¢, belongs to the irrep II,. This implies that we can consider the modes
of the different irreps separately: excitations of one irrep transform into each
other under the action of H. The different vectors the vector space on which
an irrep acts are called the states of the irrep.

Now the symmetry operators commute with the Hamiltonian. Thus if a
state |[v > has an eigenvalue A, under a symmetry operator g € H, then this
eigenvalue is preserved in time, since the Hamiltonian generates time evolution
(see chapter 2). We then call \; a quantum number of the state |v >.

The different states of one irrep need not have the same eigenvalue under the
action of g. Still, in general one can define operators, called Casimir operators,
that commute with all the symmetry operators and the Hamiltonian. By Schur’s
lemma, they act as a constant times the identity matrix on an irrep. Thus
Casimir operators have one eigenvalue when they act on all the states of one
irrep, and we can label the irrep with this eigenvalue, which is called a quantum
number of the irrep. In general, one can define a set of independent Casimir
operators such that the set eigenvalues of these operators when acting on an irrep
completely specifies the irrep. Once we have determined a complete set Ji, k =
1,...,n of independent Casimir operators , then the irreps are labelled by the
eigenvalues (A1, \a,...,A,) under the action of Ji. Two irreps are equivalent
if and only if they have the same eigenvalues under the Casimir operators. A
prime example of a Casimir operator is the operator J2 that measures the total
spin (internal plus angular) and squares it.

An electric mode is a state of an irrep of the symmetry group. We write it as
|¢7 >, where the & are all the numbers we need to characterize the state: This
includes spatial coordinates and quantum numbers. The spatial coordinates are
actually also quantum numbers. '

Now imagine two modes are present in our system. Their states are |&] >
and |§§ >. The state of the combined system is! |§{,£§ >= |§{ > ®|§§ >, the
tensor product of both states. In general this tensor product is reducible:

& > @l >= P lek >, (4.2)

where €5 > belongs to the irrep II,. (4.2) called the fusion rule of |¢{ > and
|&2 >. Tt implies that as particles 1 and 2 in states [} > and |¢) > are brought

INote that if the particles are indistinguishable, i.e. their quantum numbers are equal, then
we have to be careful, because the state of the combined system must satisfy the spin-statistics
theorem: if the particles are anyons, then we must require that under the adiabatic transport
of the coordinates of W around the coordinates of Wo the state of the combined system is
acted on by the braid operator R. If the action of this adiabatic transport is nontrivial, then
the wavefunction corresponding to the state is multiply valued.
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close together, if we measure the quantum numbers of the combined system we
can get different outcomes, given by the [€¥ > in the decomposition (4.2).

The states live in a vector space. The global symmetry transformations are
linear operators on this vector space. Consider one of the irreps a. Denote a
basis of this vector space by |e? >, where j labels the different basis vectors of
the vector space. Then g € H acts as follows:

a(g) - le§ >=a(g)f - lef >, (4.3)

thus a(g) is matrix acting on the vector space.

We have to specify certain properties of our irreps. Firstly, we demand
that our irreps are unitary, because the state should stay normalized under
the action of G. Secondly, if H is not simply connected, then the states can
transform under projective representations of H. This means that the action of
H on the states is not a group homomorphism: the action of go first and then
g1 is not equal to the action of g1g2. However, the actions only differ a phase
factor:

al(g1)alg2) ¥ = e?9192)a(gyg;) (4.4)

This is allowed because the phase factor disappears when we calculate probabil-
ities |¥|2. For example, electrons transform under a projective representation of
SO(3). To be explicit, a rotation of 27 around any axis 7 is trivial in SO(3), but
it acts nontrivially on an electron: «(R(7,27))¥ = —W¥. This is the definition
of a fermion: a particle that picks up a minus sign under 27 rotation. A boson,
on the other hand, picks up no minus sign.

Mathematicians have exhaustively studied projective representations, and
they have proven that projective representations of H correspond to representa-
tions of the universal covering group H. For example, a spin % particle trans-
forms under the doublet, which is the two dimensional faithful representation
of SU(2), but corresponds to a projective representation of SO(3).

In three dimensions, the spin is either integer or half integer. This follows
from the fact that SU(2) covers SO(3) twice. Now if we are in two spatial
dimensions, the spin analysis changes drastically, because the rotation group is
the abelian group SO(2). The universal covering group of SO(2) is R, which
covers SO(2) an infinite number of times. Representations of SO(2) are labelled
by an integer, while representations of R are labelled by any real number r. The

action of the irrep p,, with r € R on z € R is:
pr() = " (4.5)

If r is integer, then p,.(27) = 1, thus the irrep is bosonic. If r is half-integer,
pr(27) = —1, and the irrep is fermionic. For general r, p,.(27) = ™. It
is called an anyon. Note that this wasn’t possible in the SO(3) case precisely
because SU(2) is only a double cover of SO(3). R covers SO(2) an infinite
number of times, which is why the fields can have any charge 6 € R.
Summarizing, when we discuss electric modes in a phase with H symmetry, we
will look at representations o of H.
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4.1.2 Magnetic modes

Our discussion in the previous chapter on line defects was very similar to the
discussion of electric modes just given. Namely, we saw that the line defects
are arranged in classes, and that global symmetry transformations transform
defects in the same class into each other. Furthermore, the fusion rules are
given by 'multiplying’ the classes with each other. Therefore we can consider
the defects in the same conjugacy class as being part of a multiplet.

Let us assume that H is discrete. We denote the defect g by a ket |g >. In
analogy with the theory of electric modes, we put the defects in a vector space
spanned by the |g > with g € H: V = {225 Ailg; > A €Cg; € H)2.

In our quantum treatment we can add defects. There is no obvious classical
interpretation of |g; > +]|g2 >, for example. It corresponds to a superposition
of the defects g1 and gs.

We've seen that global symmetry transformations conjugate the defect. The
action of a global symmetry transformation g € H on the defect |g; > is

9l >=lggrg™" > (4.6)

Thus the global symmetry transformations are linear operators on this vector,
just as in the electric case.
The representations are labelled by conjugacy classes A: Namely, global sym-
metry transformations transform defects in the same conjugacy class into each
other. We denote the representation corresponding to the conjugacy class A by
o4,
The representation II4 can be reducible?! However, there are other operators in
our theory that make the representation irreducible. Namely, we can measure
the precise flur of a defect, using Aharonov-Bohm scattering experiments[24].
Thus we have projection operators Pp in our theory, that act on the defects
according to

Pylg >=6p4lg > . (4.7)

The projection operators span a vector space F'(H), which is isomorphic to the
vector space of functions from H to C. Namely P, can be associated with the
function on H defined by Py(g) = 4.
The conjugacy classes form irreps under the combined action of H and F(H).
Note that we’ve described the action of F((H) and H separately, and we need to
know what happens when a projection operator and a global symmetry trans-
formation are applied in succession. Thus we want to turn the combination of
H and F(H) into an algebra, i.e. we want to be able to multiply elements of
H and F(H). Physics dictates what the answer is: the multiplication is this
algebra set by

gPh = Pghg—lg. (48)

2Note that we could have taken \; € R, but in the next chapter when we treat our theory
quantum mechanically, the vector space will be C, so we may as well use this now.

3In fact, if H is non-Abelian, then the representation for a conjugacy with more than one
element is always reducible: take the sum over the defects in A: deA lg >. H acts trivially
on the one dimensional subspace spanned by this vector, thus the representation is reducible.
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The reason for this equation is: if we measure a flux h with P, and then
conjugate the defect with g, we have a flux ghg—!. This action is equivalent to
first conjugating the defect with g, and then measuring ghg™' with Pypy—1.
The algebra defined by this multiplication is called the quantum double of H,
and is denoted by D(H). As a vector space, D(H) = F(H) ® CH, i.e. all
elements are a sum of elements of the form Pjg. The multiplication is set by
the action defined above. thus we can say that the defects transform under
irreps of D(H).

The tensor product |g1 > ®|g2 > of two defects is to be interpreted as ”a
configuration with defect g; to the left of defect go”. The order is important:
if we measure the total flux of |g1 > |g2 > we get g1g2, while the total flux of
lg2 > |g1 > is gag1. Thus we define the action of the projection operators on
the tensor product as follows:

Pr(lg1 > ®lg2 >) = 0n,g145 (|91 > ®g2 >). (4.9)

4.1.3 Dyonic modes

For every conjugacy class A we pick a preferred element ga. then all defects
can be written as ggag~! for some A and some g € H. Call N, the centralizer
of ga. The centralizers of elements in the same conjugacy class are isomorphic:
Nggag=t = gNag™".

A dyonic mode is an electric mode with a defect g4 in the background. We
saw that we can only globally implement NN 4, thus the electric mode transforms
under an irrep a of Ny.

We also use the ket notation for dyons. The configuration with electric mode
le§ > and defect h € A in the background is denoted by |h,ef >. The |e§ >
form a basis of the vector space on which « acts, so that the |h, ej > area basis
of the vector space associated to the dyon. We denote the irrep of our dyon by
1.

The action of global symmetry transformations on this vector space is subtle.
If we take a transformation n € N4, then

n-|h,ef >=T(n)|h,ef >= |h,a(n)ef >, (4.10)

i.e. it acts on the electric mode.

Now if the transformation g ¢ N4, it conjugates the defect, and it can also act
on the electric mode! To describe this action, it is convenient to define another
notation for the vectors in IT4.

First note that the elements of the conjugacy class A are in one-to-one correspon-
dence with left Na-cosets in H. Choose representatives x:' of left N4 cosets,
such that 1! = e. Then x* corresponds to h* = (z})ga(z)~1, where h{! is an
element of A. THis association is well defined because it is independent of the
particular choice of representative z* of the left N4 coset, since by definition
the elements of N4 commute with g4. Furthermore, different mf correspond to
different elements h{' of A, and we have A = {h{* = ga,hs', b4, ..., h}} . Now

a basis of the vector space on which T2 acts is given by {|h:, es >}
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i.ef
to calculate the action of g € H on this dyon. In this new notation, conjugating
the defect h* by a transformation g corresponds to multiplying z* by g from

the left. Thus

Alternately, we can denote |h,e% > by 24 ® le$ >. This last notation allows us

g-|hf,e?‘ >= g-xf‘®|e;’-‘ >= gxf‘®|e?‘ >= x‘,?n®|e?‘ >= |h‘,§,a(n)e;’-‘ > (4.11)

where gacg4 = xﬁn, with n € N4. In other words, gacg4 sits in some left N4y

coset. Since the xf form representatives of left N4 cosets, gz{ is equal to z4n
for some k and some n € N4. This n then acts on the electric part of the dyon.
This notation is the most transparent notation we can adopt for the action of g
on the dyon. In sloppy language, we say that g conjugates the defect, and the
part of g that ”shoots through” the defect, i.e. n, acts on the electric mode.
The action of the projection operators Py on the dyon is

Py - |hit e >= 5h7h?|h;4,e? >, (4.12)
thus it projects the defect part.
Summarizing, the 117 are irreps of D(H). It turns out that these are all the
irreps of D(H) (see Appendix B). We denote the vectors on which 112 acts by
VA

Note that the electric and magnetic modes discussed are also irreps of D(H)!

Namely, electric modes are irreps IS¢, with C, the conjugacy class of the iden-
tity e. C. = {e}, and corresponds to having no defect. Thus electric modes
are dyons with the conjugacy class of the identity element. Magnetic modes are
irreps Hf}i, dyons with a trivial representation of N4. Thus the quantum double
offers a unified description of electric, magnetic and dyonic modes.
We haven’t exactly proved that all the properties of the modes are captured by
D(H). For example, we would like D(H) to reproduce the fusion rules of the
modes. This can be done, by introducing a coproduct. The coproduct A defines
the product of the irreps. It does so in the following way: A is a map from
D(H) to D(H) ® D(H), that respects the multiplication (i.e. it’s an algebra
morphism):

A(PhgPug') = A(Prg)A(Pig') (4.13)
Given an element Pj,g, the coproduct can be written out in a basis of D(H) ®
D(H):

APhg) = D MhigihegnPrig1 ® Phygo.
h1,91,h2,9:€H

This is rather cumbersome notation. Instead, we adopt Sweedler’s notation.

For any a € D(H) we write

Afa) =) aM @ad®. (4.14)
(a)

This means we can write A(a) as a sum of elements of the form a") @ a(?), with
aM) and o® € D(H).
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Now if we have two irreps 117 and HBB , their tensor product is a representation
of D(H) whose action on a is given by

(2 @ 1f)a = (I} @ IIF)A(a) = > 13 (a™) @ I1F (). (4.15)
(a)
Now the idea is to choose the coproduct so that it produces the right fusion
rules. The answer turns out to be (see Appendix B)

A(Prg) = Y Pun-19® Pug. (4.16)
h'eH

D(H) is also a Hopf algebra. This means there is more structure on D(H) than
we have defined until now. We discuss this in Appendix B. Here we will only
introduce the structures that are relevant for this chapter and the next.

A Hopf algebra has a counit €, which corresponds to the vacuum representation.

For D(H), € is defined by

e(Phg) = 5h,e (4.17)
¢ is a one-dimensional representation of the D(H ), whose tensor product with
any irrep Hﬁ gives Hﬁ:

M @e=ex 0l =112 (4.18)

We prove this in Appendix B. o
We introduce one more structure: the antipode S, defined for D(H) by

S(Prg) = Py1p-1,9"". (4.19)
It is used to define the antiparticle representation H_é of TIA:
T (Pag) = 112" S (a), (4.20)

where t denote the transpose. The properties of the antipode imply that this
I14 is a representation, and that the vacuum representation e appears in the
decomposition of 114 @ IT4:

Il el =co @y, (4.21)
B,s

This explains our denomination of antiparticle irrep: an irrep and its anti-irreps
can decay into the vacuum representation €. This discussion applies to general
Hopf algebras.
Finally we introduce a different notation for the elements of D(H), which we
used frequently in the next chapter. We want to write elements of F(H) @ CH
as functions from F(H x H) to C. To do this, we associate to h € H the function
Sn € F(H), defined by 6,(g1) = 6n,4,Vg1 € H. Then the element P,g of D(H)
corresponds to the function d;, ® §, defined as follows: for all g1, g2 € H

On ® 04(91,92) = On,4,99, ga- (4.22)

We can rewrite all the structures on D(H ), such as multiplication and coproduct,
in this function notation. This is done in Appendix B.
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4.2 Hopf symmetry of liquid crystals and crys-
tals

The Hopf symmetry of the crystals and liquid crystals with residual symmetry
group H is a quantum double D(H), or a slight variation of it.

4.2.1 Liquid crystals

We take a nematic liquid crystal with discrete symmetry group H (H € SO(3)).
The Goldstone modes, defects and dyons are irreps of D(H).

Classifying all the irreps of D(H) gives us the possible particle spectrum of any
phase with D(H) symmetry?.

The steps towards classifying all the irreps of D(H) are

e Determine the conjugacy classes A of H

e Pick a preferred element g4 for every A, and determine the centralizer N4
of ga

e Determine the irreps a of Ny
e The irreps of D(H) are ITA.

As an example, let us carry out this analysis for a tetrahedral nematic with
H =T. We saw that elements of T" are permutations of the four vertices of the
tetrahedron (see fig. 4.1). We also need a notation for the elements of T. It
is similar to the notation for T: The defects can be noted as a permutation
and a plus of minus sign in front of it. For example, £[(12)(34)], £[123] are
defects (we use square brackets for the defects). We describe the meaning of
this notation in Appendix B. The minus sign is itself a defect: —e is the defect
corresponding to a 27 rotation. The conjugacy classes are given in table 4.1,
and the centralizers and irreps in table 4.3.

We now return to a point alluded to in the previous chapter: what is the
relevance of ”large” global symmetry transformations, i.e. transformations that
are not connected to the identity? In other words, how does the representation
theory change if H = T;? Note that the Hopf symmetry of such a phase isn’t
simply the quantum double D(T},). Namely, there are no defects associated to
the reflections, because it is not connected to e, and defects are characterized
by drawing loops from e.

4Note we haven’t mentioned the continuity modes. The reason is that they transform
under irreps of the external symmetry group, and we are neglecting that part of the symmetry
group. All our modes transform under a representation of the external symmetry group. Take
for example a momentum mode vpet* Tt Tts transformation properties under external
symmetries follow from the fact it is a vector under the action of the external rotation group.
Under an extern_‘al rotation Regzt, v0 and k are rotated by Regt. Under translations T, k is
translated by Tk. When we expand modes into plane waves, all plane waves have the same
transformation properties under the external symmetry group. Thus, in the rest of our story
we neglect the external symmetry group, and the continuity modes.
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Figure 4.1: The tetrahedron, with labelled vertices.

Preferred element g4 | Conjugacy class A
e C. ={e}
—e C_.={—¢}
123 Clizgy = {[123), [134], [142], [243]}
~[123] O 12 = {—[123], —[134], ~[142], —[243]}
124 Criay = {[124], [132],[234], [143]}
—[124] Cp121) = {~[124], —[132], —[234], ~[143]}
[(12)(34)] Clazyan) = {1(12)(34)], [(13)(24)], [(14)(23)],
-[(12)(34))-[(13) (24))-[(14)(23)]}

Table 4.1: The conjugacy classes of T', and the preferred elements g4.

To resolve this issue, let us first discuss how these large global symmetry trans-
formations act on the defects. They act just like any other group elements,
namely they conjugate the loop that characterizes the defect. Under the action
of these reflections on a defect g we may get a defect outside the conjugacy class
of g! Thus the defect classes under the action of Ty are in general larger than the
conjugacy classes. We show the defect classes for the tetrahedral nematic case in
Table 4.2. This result requires a careful interpretation. The defects in the same

Classes of T under the action of Ty
Ce
Cfe
Cl123) U Cli2g
C_123) U C_[124]
Cla2)(34)]

Table 4.2: The defect classes in a theory with Ty symmetry. The classes are
unions of conjugacy of T'. The conjugacy classes of T are defined in table 4.1.

class have the same energy, since the symmetry transformations commute with
the Hamiltonian. They also have isomorphic centralizers. However, the cores of
defects only related by a large symmetry cannot be interchanged. This is due to
the fact that the symmetry isn’t connected to the identity. Thus these defects
are not topologically equivalent: they cannot be deformed into each other with
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a finite amount of energy. So we might conclude that we shouldn’t act with
large symmetries on the defects, and we should work with conjugacy classes.
However, we cannot simply neglect the large global symmetries, since they act
on the electric modes.

This phase with T,; symmetry has defects labelled by T, and the electric
modes transform under representations of T, the double cover of T,; in O(3). We
call the defect group the magnetic group, and the group under which the electric
modes transform the electric group. So this T,; phase has different electric and
magnetic groups. We ask the more general question: How do we deal with
a phase with electric group H;, and magnetic group H,,, with H¢ and H,,
unequal?

We found that it is possible to define a Hopf symmetry that captures the
physics of such phases, given some restrictions on H,, and H¢. In all the
physical systems we’ve discussed these restrictions are met.

We call the Hopf symmetry of such a phase a generalized quantum double.
As a vector space, it is F'(H,,) ® CH,;. This generalized quantum double is a
transformation group algebra (see Appendix B). To define the multiplication
in this algebra, we need an action of the electric group H¢; on the magnetic
group H,,. For the normal quantum double, this action is simply conjugation.
In the T, case, for example, we’ve had to calculate the action of reflections on
the magnetic group separately. The transformations connected to the identity
act as a conjugation. The generalized quantum double of the achiral tetrahedral
nematic, for example, is F'(T)®CT},. Note that we are not considering projective
representation of the electric group Ty, i.e. we are only considering bosonic irreps
of the electric group. If we want to include fermionic irreps, the appropriate
generalized quantum double is F(T) @ CT 4.

go Centralizer No Irreps
te T e,
+[123] {e, (123), (132)} ~ Z5 2 g ez,
+[124] {e, (124), (142)} ~ Z 02 g e 74
[(12)(34)] | {e, (12)(34), (13)(24), (14)(23)} ~ 7, | L") ke 7,

Table 4.3: The irreps of F(T) ® CT,;. The « are irreps of T}.

Denote the action of h € He; on g € H,y, as h - g. Then the multiplication in
the generalized quantum double is set by

hPy = Pp.gh. (4.23)

The Hopf symmetry F(H,,) ® CH; of our phase is well defined, and since it is a
transformation group algebra we can use the theorem in Appendix B to deter-
mine its irreps. The calculation is similar to the quantum double case. Given
an element go € H,,, define the normalizer No of go to be the subgroup of
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H,.; whose elements h € Np satisfy h-go = go. Then the steps for determining
the irreps of F(H,,) ® CH,; are:

e Determine the orbits O of H,, under the action of H

e Pick a preferred element go» for every O, and determine the normalizer
No of go

e Determine the irreps « of No

e The irreps of F(H,,) ® CH,; are 11°.

4.2.2 The hexagonal crystal

We reconsider the planar hexagonal crystal discussed in the previous chapter.
We argued there that the symmetry was Z2 x Zg. If the crystal is achiral, the
symmetry group is actually Z? x Dg. We've just discussed how to deal with
such a phase, so we consider an achiral hexagonal crystal. The defect classes
are larger than the conjugacy classes, but as we have argued above we still con-
sider conjugacy classes.

The first Brillouin zone (rescaled) is shown in Fig.4.3, which is a hexagon.

BREEXE
\VAVAVAVAVAVA

Figure 4.2: A triangular lattice, representing a crystal with hexagonal symmetry.

The dashed vectors are vectors in the reciprocal lattice, and the shaded hexagon
represents the first Brillouin zone.

Points in the Brillouin zone correspond to irreps of the translation group.
Namely, a point in the Brillouin is a momentum vector k = (k, ky), and the
associated irrep of Z?2 is:

(n,m) s etkanthym, (4.24)

The whole of k-space is the whole plane, and is tiled by hexagons (note that
position space is tiled by triangles). Equivalent points of k-space (corresponding
to equivalent irreps of the translation group) are obtained by translations that
leave the tiling invariant.

In the previous chapter, we saw that the magnetic group of a hexagonal
crystal with large symmetry transformations is Z2 x Z. Now we are considering
a hexagonal crystal with large symmetry transformations (reflections), and the
magnetic group is the same: H,, = Z? x Z. This follows from the observation,
made earlier, that large symmetry transformations do not affect the magnetic

group.
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('1 10)

(0,-1) (1,-1)

Figure 4.3: The first Brillouin zone of the planar hexagonal crystal. The gray
area is a set of representatives of orbits under rotations and reflections. The
numbered squares are representatives of the different types of orbits. The x- and
y-axes have been rescaled. The unit distance on these rescaled axes corresponds
to a distance of 7, where a is the lattice spacing in the crystal.

The electric group is He; = Z2 x Dg = (Z? x Dg) x Z. The last Z part cor-
responds to rotations of 27n, n € Z, which we denote by 7%™. These rotations are
in the center of the group®. Thus the Hopf symmetry is® F(Z? x Z) ® C(Z? x Dg) x Z.

In the previous chapter we denoted an element of (Z% x Zg) x Z as (k,1)rP,
with k,1,p € Z. We adopt a similar notation here. For (Z? x Dg) x Z we write
an element as (k,1)s’r*+5" with k,l,n € Z, j € Z5, n € Z. The reflection in
Dg is denoted by s. We take s to be the reflection with respect to the x-axis.
To analyze the particles of our theory, we proceed just as in the case of the
tetrahedral nematic. We need the orbits O of ((Z2 x Zg) x Z) under the action
of (Z? x Dg) x Z, the centralizer N of a chosen preferred element of each orbit,
and the irreps of the centralizer. See table 4.5. The action of (Z2? x Dg) x Z on
72 x Zg is set by:

r(a,b)r~! = (=b,a+b),

There is one class of orbits, O,sx, for which determining the irreps of the
centralizer (Z2 x Dg) x Z is a little complicated. We can determine the irreps

5The center of a group is the subgroup of elements that commutes with all other elements.

6There is a subtlety due to the infinity of the groups. Drawing on the analogy with
generalized quantum doubles with finite groups, as a vector space this Hopf algebra is
F(((Z%2 xZ6) x Z) x (Z? x Dg)). However, to make the representation theory tractable we
only take functions with compact support in the second variable. One can check that this is
an algebra (i.e. the finite sum and product of such elements also has compact support in the
second variable). We don’t take compact support in the first variable because of our analysis
of defect condensates, to come. If we condense the dislocation [(1,0) >, for example, then
we need functions that are constant on left (1,0) cosets, and these left cosets have an infinite
number of elements. The reader is referred to the next chapter for details.
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Orbits
O,6r = Clox
O(a,b)r‘”“ = {C(a,b)r%a C(a—i—b,—b)r%}
O,iter = {Cr1+6k s Cr—l—ﬁk}
O, 2161 = {CT2+6k s CT—2—6k}
0(170)T2+6k = {C(l7o)r2+6k, C(170)T—2—6k}

r3+6k = {Cr3+6k,cr—3—6k}

O(LO)THGIC = {C(LO)THG&, C(I’O)T—s—sk}

Table 4.4: The orbits of Z? x Z under the action of (Z% x Dg) x Z. The conjugacy
classes are defined in table 3.2.

of Z%2 x Dg and those of Z separately, because the irreps of a direct product of
groups is the tensor product if the irreps of the separate groups. Determining
the irreps of Z2 x Dg requires the little group method described in D.1.4. We
must pick a momentum vector k which corresponds to an irrep of the translation
group Z2, and act on it with Dg. The elements that transform k into a vector
that corresponds to the same irrep form a subgroup of Dg, which we denote
by (Dg)j- Thus we are considering orbits in the first Brillouin zone (which has
nothing to do with the orbits described above!). We must find all possible cases
of vectors in the first Brillouin, with different (Dg);. For the hexagonal crystal,
there are seven different types of orbits, and a representative element of each
type is given in fig. 4.3. We then call Z? x (De)j; the little group of k. We must
determine the irreps of the little group, and then induce irreps of the whole
group (see D.1.4). This procedure gives all the irreps.

As an example, We explicitly give the irrep corresponding to orbit 5 in fig. 4.3.
In D.1.4 we illustrate how to derive this. The matrices of the irrep are

ei%aei%b 0 0
(a,b) — 0 iz (atd) iz (—a) 0 ,
0 0 bei%(—a—b)
0 0 eiﬂ'm 0 ei-rrn
T 1 0 0 , S 0 e 0
01 0 ef™ 0

4.3 Braiding

In this section we discusse the braiding of electric, magnetic, and dyonic modes.
In other words, we address the following question: What happens when one
type of mode is adiabatically (i.e. slowly) transported around another mode?
We introduce a braid operator and discuss its properties.

Let us first assume that H is discrete. We’ve actually already discussed the
braiding of defects. Namely, we saw that when a line defect h is transported
halfway around a line defect g in an anticlockwise direction (viewed from above),
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Conjugacy classes N Irreps
Con (2% x D) x Z '
keZ p irrep of Z? x Dg (see table 4.2.2)
C(a’b)rﬁk7C(a+b’,b)r6k (ZQ) X 7 Hg?;b)rﬁk
a,b>0;b>aja,b>0keZ k € R?
Cr1+6k7cr—l—6k (Zﬁ) x Z H:;;\ﬁk
keZ m € Zg
C,,2+6k,CT—2—6k (Zﬁ) X Z H:j::\bk
keZ m € Zg
C(l’o)r2+6k70(1’0),r7276k (Zg) X Z HS”;\))T%—M
keZ n € s
Cr3+6k70,r—3—6k (Zﬁ) X Z H:jJrM
keN m € Zg
C(l7o)r3+6lv7C(l7o)r—3—6k (Zo) x Z Hl(’1>10)1’3+5"
kEeN lez,

Table 4.5: The irreps of F((Z? x Z) @ C(Z? x Dg) x Z. X € U(1) corresponds
to the irreps of the Z part of the centralizers, which represents the rotations by
an angle 27n.

then h gets conjugated by g, and becomes ghg~'. We can encode this behaviour
by defining a braid operator R. If |g > lives in V4 and |h > in VP, then R is
a map from VA @ VP to VB @ V4 whose action is defined by

R-|lg>|h>=|ghg ' > |g > (4.25)

The braid operator encodes the braiding properties of the defects. Note that it
braids the defect to the right halfway around the other defect, and we call this
half-braiding. To achieve a full braiding, we have to apply R2.

From our previous discussions we know that the equation for the braiding of
defects |g > and |h > we have just discussed applies equally well to the cases of

Orbit number | (Dg)z | Number of irreps | Dimension of irreps
1 D 6 1,1,1,1,2,2
2 Z, 2 6, 6
3 Z, 2 6, 6
4 e 1 12
5 ZQ X ZQ 4 3, 3, 3, 3
6 Zy 2 6, 6
7 Ds 3 2,2,4

Table 4.6: The irreps of Z2 x Dg. The number of an orbit corresponds to the
number in Fig. 4.3. (Ds)j; is the Little Group of the orbit.
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global and gauge symmetry breaking.
Electric modes braid trivially with each other”:

R|Ul > |U2 >= |1)2 > |'U1 > . (426)

Now for the braiding of an electric mode with a defect. We will discuss the
gauge theory case first, because the global case is more subtle. We will be brief,
because it is well covered in the literature [19].
Consider a gauge theory with a defect g. This topological charge is equal to the
path-ordered exponential of the gauge field around the defect (see (2.68)):

g= Pezfng
Now imagine we have a particle coupled to the gauge field. Then the calculation
of the change of its wavefunction ¥ as it is adiabatically transported around the
defect is called a Berry’s phase calculation [11]. The outcome is

Ui U = Petf Aoy — g g, (4.27)

U’ solves the equation D; ¥ = 0[68].

Thus as the electric mode is transported around the defect, it is acted on
by the topological charge g of the defect. We can choose a gauge such that the
field ¥ is constant everywhere except along a line going "up” from the origin.
Then half-braiding already gives ¥ +— ¢ - ¥, because underneath the defect ¥ is
constant, i.e. W braids trivially with the defect if it passes below the defect.

Now for the case of global symmetry breaking. What is the braiding of an
electric mode with a line defect? For example, what happens when a Goldstone
mode is transported around the nontrivial defect in the uniaxial nematic?

The modern approach to defects is to consider them to be sources of cur-
vature and torsion in a metric space. In other words, the defects curve the
space around them, so that geodesics are deformed. This idea has been applied
extensively to crystals, and the geometry is called Riemann Cartan geometry®.
For an introduction, see [27] and [29]. To be able to apply a geometry, one must
take the continuum limit of a crystal, which turns the theory into an 1.50(3)
gauge theory (just like gravity is an SO(3, 1) gauge theory). Note that we briefly
encountered the continuum theory of defects when we discussed smectics and
crystals. We introduced continuum fields, and saw that the Burgers vector of a
dislocation is given by integrating the field around the defect.

In this theory, the outcome of braiding is the same as in the local case, but the

7 Actually, if we are braiding two indistinguishable electriccparticles, then the braiding may
give a phase factor. Under half-braiding the wavefunction of the system picks up a phase factor
€27 where s is the spin of the particles.

8The difference with standard Riemann geometry is that one doesn’t assume that the
metric is torsion free, i.e. the Christoffel symbols I'},, are not required to satisfy I'y;, =T'},.
Dropping this requirement makes the theory more complicated. For example, in normal
general relativity geodesics (paths along with the covariant derivative is zero) are the shortest
paths between the endpoints. This is no longer the case if there is torsion! There is a difference

between extremals and geodesics of the metric.
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interpretation is different here. In the gauge theory case, the wavefunctions are
multiply valued, and the phase factor follows from the path dependent formu-
lation of symmetry operators. In the global case, during the parallel transport
the particle is following a curved path in its internal space. It is being ”frame
dragged”, as it is called[40]. To be specific, one defines a local coordinate frame
somewhere at the start of the path in G characterising the defect. Then one
lets the elements of the path act on this initial frame, to obtain a new frame
everywhere on the path. An electric mode is then parallel transported around
the defect if its coordinates are constant with respect to the local frames.

This idea has been applied to many phases, such as superfluid helium, where
the symmetry is also global [28]. It has also been applied to uniaxial nematic
liquid crystals in the one constant approximation[41] (in the absence of diffu-
sion).

The braid operator can be used to study scattering. In the gauge theory
case, the equation for the scattering cross section is [69]:

do 1
0 W[l — Re < ¥in| R?[¢hin, >] (4.28)
where [1;, > is the initial internal wavefunction of the whole system, and p
the momentum. For example, for the case of an electric mode |v > to the left
of a vortex |g >, we have |¢;, >= |v > ®|g >. If the braiding is trivial, i.e.
R2|in, >= |thin, >, then there is no scattering.

Let us look at a specific example of braiding of an electric mode with a
magnetic mode, in a hypothetical uniaxial nematic without diffusion. This
example will show that frame dragging leads to the same formula for braiding
as in the gauge theory case: R - |h > |v >= |a(h)v > |h >.

Place the disclination somewhere in space, and consider the braiding of the
two Goldstone modes with the defect. The defect is characterized by a loop
around it. At every point of the loop there is an element of G, so that the
loop corresponds to a path in G that starts at e and ends in the disconnected
component of SO(2) x Z3. Now to parallel transport a Goldstone mode along
the loop around the defect, let the group elements along the loop act on the
Goldstone mode! The endpoint of the loop is an element H, so we know where
the Goldstone mode will end up: it ends up being g - |[v >, where ¢ is the
endpoint of the loop, and |v > is the Goldstone mode. See fig. 4.3. One of the
Goldstone modes doesn’t transform, the other one picks up a minus sign. Note
that in the figure we have done half the braiding, i.e. we applied R. Once the
Goldstone modes have arrived at the left side of the defect, if we braid them
underneath the defect nothing changes, because the space under the defect is
flat.

Summarizing, the action of braid operator on a defect next to an electric
mode is

R-(lg > & >) = (Jalg)lv >) @ g > (4.29)
R-(Jv>®lg>)=|g>v> (4.30)
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on
¥

Figure 4.4: The braiding of the Goldstone modes with the disclination of the
uniaxial nematic liquid crystal. One Goldstone mode is left unchanged, while
the other one picks up a minus sign. In both cases, the result is the action of
the group element at the end of the path in G characterizing the defect, which
in this case is a rotation of 7 around the x-axis.

To incorporate the braiding into a Hopf algebra A, we introduce a universal
R matrix R. R is an element of A ® A. It encodes the braiding of states the
irreps of A: to braid two states, |¢1 > in II; and |¢2 > in I3, act with R on
|1 > ®|p2 >, and then apply the flip operator 7:

R(lp1 > ®|p2 >) =70 (Il; @ IIz) o Ro |1 > |2 > . (4.31)
7 flips any two vectors |¢1 > and |¢2 > around:
T(|p1 > ®|p2 >) = |2 > @1 > . (4.32)

If |¢1 > is in the vector space Vi, and |¢2 > in Va, then |¢1 > ®|p2 > is a vector
in V1 ® Va. Then R(|¢1 > ®|p2 >) = 70 (II; @ Il2) o R|p1 > ®|d2 > is a vector
in Vo ® V7.

The universal R matrix is an invertible element of A4 ® A, i.e. there is an
R™! € A® A which satisfies

RR'=R'R=1®1. (4.33)

R corresponds to braiding the particle on the right in a counterclockwise fashion
halfway around the particle on the left. Using R~!, we can define the inverse
braiding, which is the clockwise braiding of the particle on the right halfway
around the particle on the left:

R'=R'or. (4.34)
We can write R in Sweedler’s notation:

R=> RW@R®. (4.35)
(R)
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We can let R act on n-particle states. To do this, We define

Rj=» 1@ @RY® - @R e..-@1 (4.36)
(R)

where R is in the i-th, and R® in the j-th position. R;; implements the
half-braiding of particles ¢ and j. i needn’t be smaller than j. For example, on
a two particle state Ry = Z(R) R® @ RM),

In this notation, we have R~! o7 = 7 o Ry, so that we can rewrite R~

R~ =710Ry" (4.37)

We will this equation in the next chapter.
For the D(H) case, the universal R matrix is given by

R=) Pexy. (4.38)
geG

The braid operator R that is derived from this R reproduces the braiding of the
different modes discussed in this section.

The universal R matrix satisfies certain axioms discussed in Appendix B.
From the axioms it follows that R satisfies the Yang-Baxter equation:

Ri2R13Ra3 = Rz Rz Ra. (4.39)

Figure 4.5: The Yang-Baxter equation.

A Hopf algebra with a universal R matrix is called a quasi-triangular Hopf
algebra. Thus the quantum double D(H) is quasitriangular.

We do not believe that scattering in real liquid crystals can be treated with
this equation, because diffusion dominates. For example, we saw that the Gold-
stone modes are diffusive, so the cross sections will be of no use here. However,
since the Landau theory of phase transitions still applies to liquid crystals, and
this theory is independent of diffusion, we do expect that symmetry breaking
in liquid crystals can be studied using Hopf algebra’s. Namely, phase transi-
tions involve universality classes, i.e. phases with the same symmetry breaking
scheme often have the same properties at the phase transition. Diffusion does



4.3. BRAIDING 93

not alter the properties of the phase transition itself, such as the scaling proper-
ties of quantities such as specific heat, and the order of the phase transition. It
only alters the properties of the phase obtained after the phase transition. We
study symmetry breaking in the next chapter.

Even though diffusion may dominate, it is still interesting to consider braid-
ing in a uniaxial nematic when diffusion is neglected. We called this the one-
constant approximation in chapter 3. In that chapter, we analyzed the nontrivial
line defect in a uniaxial nematic, and we saw that given a defect configuration,
there is a continuous family of defect configurations, labelled by 6 € [0, 27),
that are obtained from the original configuration by applying rotations in the
residual symmetry group. We will now show that we can define coherent super-
positions of line defects in this family that carry an integer charge with respect
to the rotations in the residual symmetry group. Furthermore, when a charged
particle is braided around a coherent superposition of defects with charge n,
the sign of the charge of the particle changes, and the coherent superposition of
defects picks up a compensating charge, so that the overal charge is conserved.
Thus charge is transferred to the defect. This phenomenon is the Global ana-
logue of Cheshire Charge. For a reference on this phenomenon see [41], and for
the analogue in Alice Electrodynamics see [13].

4.3.1 Braiding in a uniaxial nematic
The defect classes

We consider the defect configuration shown in fig. 3.4. By rotating by angle
0 around the z-axis, we obtain a new configuration with the same line defect
charge. Using the ket notation for defects introduced in this chapter, we will
denote the defect obtained by a rotation of 8 by | >. Thus |0 > is the original
configuration, and |27 >= |0 >. We have a continuous labelling of defects, by
an angle 6 € [0,27). This case is therefore different from all the cases we have
encountered until now in this chapter, because all defect labels encountered until
now were discrete.
The residual symmetry group is (see 3.15):

H=U()xZs = {€%° i’ 0 € [0, 4n)}.

_to determine the class of the defect [0 >, we must act on |0 > with elements
of H, and see which defects we get. |0 > is characterized by a path in G that
ends in a point in Hg, the part of H that is not connected to the identity:

Hy= {iaxei%"z,ﬁ € [0,4m)}.

We can choose which endpoint corresponds to |0 >. This choice sets the end-
points for the defects | >, as we will now see.

We take the path in G that ends in i0, as the path that characterizes |0 >.
Then the elements of H act on the defect by conjugating the endpoint of the
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loop (see chapter 2). An element €57 acts as follows on |0 >:

€137, (e'37:) 1 = €75, (4.40)

Since we defined |6 > as the defect obtained from |0 > by the action of €i5s,
we see that the endpoint of the path that characterizes |6 > is e"7=io,. We
can use a more convenient terminology: the defect |§ > has a charge in H given
by €?=ic,. Thus the charge of the defects is no longer a left coset in H /Hy,
but is an element of H. The classification of line defects in terms of the first
homotopy group is too coarse in this case.

Now that we have the charge of the defects |§ >, we can answer any question:
for example, how does the residual symmetry transformation io, act on the
defects? The answer is obtained by conjugating the charge in H of the defect.
The outcome is

1oy -0 >=|—60>. (4.41)

The residual symmetry transformation e’z act as follows:
€% ) >=0+a>. (4.42)

Since we can obtain any defect |§ > from any other |6’ > by applying a global
symmetry transformation, all the defects |6 > are in the same class. The defects
|6 > transform under a representation of H with a continuous family of basis
vectors. In the next section we will see that this representation is reducible.

Coherent superposition of defects

We can adopt a difference basis for the representation of U(1) x Z5 spanned by
the |6 >: define a charge n defect |n >, as

27
|n>m=/"cw€mﬂ9> (4.43)
0

We have taken a coherent superposition of defects. This transformation is similar
to a Fourier transform. We can now calculate the action of H on |n >,:

i0g N >pm=|—n>n, (4.44)
ei%az . |7’l >n= eiom,|n > (445)

Thus |n >, transforms under an irreducible representation of the subgroup
U(1) = {€'37: : o € [0,27)} of H, since it picks up a phase factor under the
action of elements of U(1). Furthermore, the 27 rotation in U(1): u(2,2r) =
€5 acts trivially on |n >,,. This implies that |n > transforms under an irrep
on U(1) € SO(3) corresponding to rotations around the z-axis. Namely, U(1)
is the double cover of U(1) = {R(%,0) : 0 € [0,27)}, and irreps of U(1) that are
trivial on the 27 rotation correspond to irreps of U(1) (see appendix A for an

explanation of the notation). Irreps of U(1) are labelled by an integer, which
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is called the charge of the irrep. Thus from (4.45) we conclude that |n >,, has
U(1) charge n.

The coherent superposition of defects is a purely quantum mechanical en-
tity, with no classical analogue. Classically, the |6 > form a degenerate set of
states with the same energy. The quantum theory may paint a different picture,
depending on the Hamiltonian of the system. It may be the case (as it is in the
theory discussed in [41]) that the coherent superpositions of defects, with U(1)
charge n, are eigenvectors of the Hamiltonian, in which case they each carry a
certain energy. The energy levels are then quantized.

Braiding a defect with a charged particle

The question arises how we should interpret the charge n on the defect |n >,,.
To study this, we will analyze the braiding of regular excitations with defects,
using (4.30).

A regular particle in this system is an irrep of H = U(1) x Z,. We will only
consider irreps of H that are also irreps of H = U(1) x Z3, i.e. we consider only
bosonic irreps (just as we did with the tetrahedral nematic, discussed above).
H is precisely the semidirect product of an abelian group U(1) with a finite
group Zy. Thus, we can use the Little Group Method described in appendix D
to determine its irreps. The outcome is as follows: denote an element of H as
RyX7 (j =0,1). Ry corresponds to a rotation of angle # around the z-axis, and
X corresponds to a m rotation around the x-axis. Then the irreps are:

1. One dimensional irreps Iy ¢ and Ilg 1:

Mo o(ReX7) =1 (4.46)
o1 (ReX7) = (—1)7. (4.47)
2. Two dimensional irreps I, k € Z
eikO 0
)= () ) (1.45)

: ) (4.49)

We denote the basis of the irrep Il that corresponds to the matrix rep-
resentation of Il given in (4.49) by {|k >,| — k >}. The vector < Z ) on

which the matrices act corresponds to alk > +b| — k >. This is very sugges-
tive notation: we see from (4.49) that |k > transforms under an irrep of U(1):
Rglk >= €|k >. We say that |k > has U(1) charge k. | — k > then has U(1)
charge —k, since Rg| —k >= ™| —k >. The operator X maps |k > into | —k >
and vice versa. Thus X acts as a flip operator on these irreps: it flips the sign
of the charge.
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Now consider a defect in the state |n >,,, and the particle II; in the state
|k > to the right of it. Using (4.30), we can determine the outcome of counter-
clockwise half-braiding of these two particles. To do so, we first determine the
half-braiding of defect |§ > with |k >. |§ > has H charge ?°=jo,. The outcome
of half-braiding is the action of €???=ic, on |k >. This action is determined by
first using the homomorphism from SU(2) to SO(3), that acts as

€% i0, — Ry X.
Thus the outcome of half-braiding is
R-(180>®k>)=Ip(ReX) - k>®(0 >=e | - k>0 >.  (4.50)

Using the definition of |n >, |n >,= OQW dfe="%]0 >, we can now determine
the outcome of half- braiding |k > around |n >,:

2w
R-(n>nQk>) = / dfe "R - (10 > @k >)
0
2w ) ]
= dfe=m0e= 0| _ | > @0 >
0
= |—k>QIn+k>n,. (4.51)

Thus the regular particle is now in a state with charge —k, and the defect
has charge |n + k >,,. The overal charge is conserved.

This charge is called Cheshire charge.In the gauge theory equivalent of the
uniaxial nematic, Alice Electrodynamics, this charge is rather mysterious, be-
cause it cannot be localized anywhere. There is a sheet attached to the line
defect, and the sheet acts like a charged perfect conductor. However, the po-
sition of the sheet is not gauge-invariant: gauge transformation can move the
sheet around. Thus the Cheshire is non localizable. See [63] for further discus-
sion.

In the case of the uniaxial nematic, the charge is localizable. To prove
this requires a knowledge of the formula for the Noether current associated to
rotations around the z-axis. It is a function of derivatives of the field 7(Z) of
the uniaxial nematic. We will not go into discuss, see [41] for a derivation of
the current.

Braiding of two defects

We can also calculate the outcome of braiding two defects, of charge |n >, and
|k >, using (4.25). First we braid |#; > with |62 >. We introduce a new
notation for the defects: |6; >= |ewaz 10, >, i.e. we can denote a defect by its
H charge. The action of braiding is the conjugation of the H charge. Using
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(4.25), we get

R- (161 > |02 >) R (|97 i0, > |ef27%i0, >)

|(eieloziam)erazio.m(eielazio.m)—l > |61'91<7zi0-1_ >
i(291—92)f7z

= e 10, > ||ei91”ziax >

|291 — 0 > |91 > . (452)

Using this equation, we calculate the outcome of half-braiding |n >,, and |k >,:

27 27
R (In>m |k >m) = / oy [ dose e R (1) > |, >)
0 0

27 27
/ do, / dfre~ 1= k02120, _ 9, > 10, >
0 0
= |—k>pnn+2k>,. (4.53)

Thus the braiding of defects is analogous to the braiding of a defect with a
charged particle.

Hopf symmetry description

The Hopf symmetry description requires a continuouos generalized quantum
double, F(U(1) x Z2) ® C(U(1) x Z3). Quantum doubles of compact groups are
described in [32]. The representation theory is analogous to the representation
theory of generalized quantum doubles with discrete groups: the irreps are
labelled by an orbit in U(1) x Zy under the action of U(1) x Zs, and by an
irrep of the centralizer of a chosen preferred element in the orbit. The orbits,
centralizers and irreps are given in table 4.7.

Preferred element Orbit Centralizer Irreps
e {e} U(l) x 7y 115
0,1
I, ke7
—e {eimo=} U(1l) x 7, g6
g §
I, ke?
€129 0 € [0,2n) {ei77: e~i20:} U(1) nl, kez
0, {7 io, : 0 €[0,21)} | {e, X}~ 7, | 17", j € 7,

Table 4.7: The irreps of F(U(1) x Z3)®QC(U(1)xZ3). For the irreps of U(1)xZ2,
we used the notation given in (4.47) and (4.49).

The irreps II¢, with « an irrep of U(1) x Z5 are the regular irreps. The
H;l;ha irreps are dyons with the 27 rotation in the background, or simply the
—e defect if « is trivial. Since we assumed that o was a bosonic irrep, with —e

in the background we can still implement the full group U(1) x Zs. The Hz
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are intriguing: they correspond to irreps with ’defect’ €29 But €57+ is not a
defect, so these irreps can safely be neglected. In the gauge theory case, they
are to be interpreted as a configuration with a flux €'%9= of the gauge field. This
flux is not topological stable, thus €39 is not a topological quantum number,
and we should neglect these irreps.

The H;‘” irrep corresponds to the irrep spanned by the |6 >, discussed
above. The j label labels an irrep of Z,. If the irrep of Z is nontrivial, we have
a dyonic configuration. However, note that we had already interpreted H}U” as
a dyonic configuration, because we defined states coherent superpositions |n >,
of defects, with U(1) charge n. These states can carry a further nontrivial irrep
of ZQ.



Chapter 5

Hopf symmetry breaking
and confinement

In the previous chapters we thoroughly analyzed the modes in liquid crystals,
and found that their fusion rules and braiding properties are captured by a gen-
eralized quantum double F(H,,) ® CH,;. In this chapter we will show that this
Hopf symmetry description allows for a systematic investigation of phase transi-
tions in these phases. Since electric, magnetic and dyonic modes are treated on
equal footing, we will unify the study of phase transitions induced by all three
types of modes. Such an analysis was carried out for the first time in [61]. In
that work, certain physical and mathematical constraints were imposed on the
residual symmetry after a phase transition. We will encounter situations where
some of these constraints must be relaxed, which will require the development
of a novel criterion for symmetry breaking.

The electric phase transitions we’ve come across are characterized by an
order parameter ¢, that acquires a nonzero ground state expectation value ¢q in
the ordered phase. The residual symmetry in the ordered phase is the stabilizer
of ¢g, i.e. the subgroup H,; of the original symmetry group G whose elements
h € H,; satisfy

h - ¢o = ¢o. (5.1)
The excitations of the ordered phase transform under irreducible representations
of the residual symmetry group H,;.

As we saw in chapter 2, ¢y corresponds to the expectation of some order
parameter qﬁ with respect to a state called the ground state and denoted by
|go >: .

< ¢o|Pldo >= ¢o.

In a quantum treatment, the ordered phase corresponds to a phase in which
|¢po > fills the space, with a certain density. The stabilizer of |¢y > is equal to
¢o, because |pg > transforms has the same transformation properties under Hy;
as ¢g does:

Hy={heG:h-|po>}. (5.2)

99
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In this chapter we will generalize the concept of a stabilizer to the case of
a phase described by a Hopf symmetry A. Given a state |¢p > in an irrep
of A, we will define a Hopf stabilizer T of ¢. Tr is a subalgebra of A, and
excitations from the ordered phase transform under irreps of 7z. We give |¢g >
the suggestive name of condensate, and say that |¢9 > has condensed. By
studying the residual symmetry for all the possible condensates in a system,
we obtain a systematic analysis of all conceivable phases. Determining whether
these phases are actually realized requires a dynamical analysis.

A careful analysis of the irreps of the residual symmetry algebra 7r reveals
that some excitations are not local excitations of the condensate. These ex-
citations braid nontrivially with the condensate |¢o9 >. Thus the state of the
condensate is not singly valued around them. We will see that to create these
excitations we must introduce a half line singularity in the condensate. To the
left and to the right of this half-line the condensate takes on a different value.
This half line goes from the excitation out to infinity, and it costs a finite amount
of energy per unit length. We call such an excitation a confined excitation. In an
infinite system the confined excitations cost an infinite amount of energy. They
cannot be excited, unless the half-line ends on another confined excitation, so
that the singular line only has finite extent. We call a configuration consisting
of confined excitations connected by half-line singularities, such that the overal
configuration is unconfined, a hadronic composite, in analogy with hadrons in
Quantum Chromodynamics, where hadrons are unconfined composites of con-
fined quarks.

The excitations that braid trivially with the condensate are called unconfined
excitations, and they can be created locally.

In the next section we will introduce confinement by taking a new look at
the XY-model. We will reinterpret the phase transition to the ordered state as
a confinement mechanism. After that we will study symmetry breaking for a
phase described by a general Hopf algebra 4. Then we will specialize to the case
of A being a generalized quantum double F(H,,) ® CH.;. We will show that
our symmetry breaking formalism reproduces the standard theory of electric
condensates. After that, we will address the case of defect condensates. We will
find general formulae that describe the residual symmetry, and show that these
formulas reproduce the results of the defect phase transitions that we discussed
in chapter 3: the Kosterlitz-Thouless phase transition, the transition from a
hexagonal crystal to the hexatic phase, and the transition from the hexatic
phase to the isotropic phase. Finally, we briefly discuss dyonic condensates.

5.1 Condensate and confinement

The XY model is described by (2.53):

1 1
Fogy =3 [ @an (V07 =5 [ #ap. (907,



5.1. CONDENSATE AND CONFINEMENT 101

where 6 is a real number with the identification 27n = 0. This free energy is
the low temperature effective free energy of (2.51):

F= %/dzﬂf(u(viqﬁ)*(vm —NT = To)(|¢]* = v*)?),

where ¢ = |¢|e? is a complex order parameter field.

We briefly review the excitations in the ordered phase discussed in chapter
2.

At low temperatures |¢| = v. The symmetry is spontaneously broken from
G = U(1) to H = {e}. This implies the existence of defects labelled by
I1;(R/Z) ~ Z. The electric particles transform under irreps of Z. These ir-
reps are labelled by A € U(1).

The equation that 6(Z) has to satisfy in order to minimize F.ys is Laplace’s
equation in two dimensions (2.54). We found singular solutions 6, () that
corresponded to a defect of charge n centered at z3. There are in fact other
singular solutions to (2.54), in which the singularity is a half-line. They are
labelled by a A € R and a vector £ = (xo,yo). Their field configuration is given
by

Orz0(,y) = A arctan(”; —T0) =, (5.3)

with ¢ the polar angle.

B RN\ e
§§\\/é2 :%IE%
\“Q/'::: =
NN = 2N
N = W

(a) A confined charge A vor-  (b) An unconfined com-
tex in the XY model posite of two confined
charge % vortices

Figure 5.1: Confinement of vortices of non-integer charge A in the ordered phase
of the XY-model. In (a) we see a half-line singularity which starts at 2 and
goes out to infinity. It carries a finite amount of energy per unit length. (b)
shows an unconfined composite of two confined charge % vortices. The charge
% vortices are attached by a singular line. The overall configuration has charge
1.

For A = n € Z, there is no line singularity. For A\ ¢ Z, there is a line starting
at 2 and going out to infinity, along which ¢ = €% is discontinuous. To see
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that there is a discontinuity, we follow a loop around z;, and notice that as
we go full circle # turns by an angle 2x\. If A ¢ Z, 6 does not return to its
original value as we finish travelling along our loop (remember that 6 is defined
modulo 27). Thus there is a half line singularity in 6, which implies a half line
singularity in ¢. This line singularity carries a finite amount of energy per unit
length. To prove this, fill |¢| = v into (2.51), and obtain

F= % / Pzp(Vig)* (Vig). (5.4)

Call ¢, the value of the order parameter field just to the left of the singular
half-line and ¢ its value just to the right of it (see fig. 5.1). At the line
singularity, we have

Vo = (or — d)d(p), (5.5)

since we orient the singular line along ¢ = 0, and integrating V¢ across the
singularity gives ¢ — ¢. If the line L has a length [, its free energy content
is!
Fie = 3 || Pou(9:0)"(Vi6) = Gulom = ef*L (5.6)

Thus, if A\ ¢ Z, the free energy of the configuration 6, z, increases linearly
with the system size?. This is not a topological defect, since it does not carry a
I1; (G/H) charge. We will call it a vortex with non-integer charge A\, and say that
this vortex is confined. It is attached to a half-line singularity which corresponds
to a domain wall, because the line is of one dimension lower than the dimension
of the space (see table 2.1). More generally, confinement is defined as follows:
an excitation is confined if its energy increases linearly with the system size.

Thus the confined vortex configurations carry an energy which increases lin-
early with the system sizes. Now remember that the integer charge vortices
carry an energy that increases logarithmically with the system size (see (2.56) ).
We say that the integer charge vortices are logarithmically confined. The nonin-
teger charge defects also carry energy outside the half-line singularity, and this
energy increases logarithmically with the system size (the calculation is analo-
gous to (2.56)). However, for a large system we can neglect this logarithmically
increasing energy compared to the linearly increasing energy of the half-line
singularity. We say that the noninteger charge vortices are linearly confined, in
contrast to logarithmic confinement. In this thesis when we say confinement, we
mean linear confinement, unless stated otherwise. Also, when we say a particle
is confined, we mean that is not linearly confined. It may still be logarithmically
confined.

The different confinements for the integer and noninteger charge vortices may
have important physical consequences. If the system is at finite temperatures,
then the vortex configurations that are thermally excited are those with neutral

ITo be precise, we are integrating the free energy within a thin stroke containing the
half-line singularity.
2When we talk of system size, we mean the length of one axis of the system.
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overal vorticity, because of the logarithmic confinement of the vortices (see chap-
ter 3). In chapter 3 we stated that we can consider only vortex-antivortex pairs
at low temperatures, because configurations with more than two vortices cost
more energy, and vortices of the same sign also cost more energy. There may
be vortex-antivortex pairs where the constituent vortices have integer charge,
and others where the constituents have noninteger charge. Because the integer
charge vortices are logarithmically confined, and the noninteger charge are lin-
early confined, it is reasonable to assume that there are different length scales
associated to the integer and noninteger vortex-antivortex pairs. The average
separation at a certain temperature between the integer charge vortices may
be much larger than the average separation between the noninteger charge vor-
tices. Thus there may be temperatures where the only degrees of freedom are
the integer charge vortices. In the ordered phase of the XY model, for example,
we can safely neglect the noninteger charge vortices, even though they can be
thermally activated.

In the equivalent of the XY model with local symmetries discussed in chap-
ter 2, the integer charge vortices are not logarithmically confined, and there
is no need to consider different length scales, since there only is one type of
confinement: linear confinement. Later on, we will discuss the implications of
logarithmic confinement, but for now we can neglect, and consider the effect on
linear confinement only.

Using the concept of confinement, the phase transition from the high temper-
ature phase to the ordered phase of the XY model can be interpreted as follows:
before symmetry breaking, vortices of any charge are unconfined. Namely, we
can have |¢| — 0 as we approach the line at which 6 is singular, so that there is
no singularity in the order parameter field ¢ = |¢|e?. After symmetry breaking,
|¢| = v, and the vortices of non-integer charge are confined. It is conceivable
that there are noninteger charges in this phase, connected together by half-line
singularities, such that the overal charge is integer. We call a composite of con-
fined particles that is unconfined as a whole a hadronic composite. See fig. 5.1
for an example of a hadronic composite of two charge % vortices.

The crucial characteristic of confined excitations is that the condensate takes
on a different value to the left and right of the excitation. We had started
by condensing the order parameter field, such that it took on the value ¢q
everywhere. Now we have an excitation such that the order parameter field
takes the value ¢, to the left, and ¢x to the right of the half-line singularity
connected to the excitation. So we ask ourselves: where does the condensate
take on the value ¢g? To answer this, we must make a choice with respect to
the excitations. We must specify whether the excitation comes in from the left,
or from the right. We choose to have all particles coming in from the left, both
confined and unconfined particles. Thus, we set ¢9 = ¢, and as a confined
excitation comes in from the left the condensate to the left of the excitation
takes on the value ¢y # ¢. If an unconfined excitation comes in from the left,
then ¢z = ¢r = ¢o.

We now restate these statements on the value of the condensate in terms of
the state |¢o > of the condensate. We specify that the state of the condensate
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is |¢pr >=|do > to the right of the system. Particles come in from the left, and
they are confined if the state of the condensate to the left of the particle is not
equal to |¢r >, thus |pr ># |pr >.

Imagine a particle |[v > coming in from the left. We want to know how to
tell if |v > is confined of not. Thus we need to know if ¢z >= |[¢pr >, in
which case |v > is unconfined. This is where braiding comes in: |[¢z > is the
outcome of half-braiding |¢pr > counterclockwise around |v >. Thus, to find
out whether |v > is confined, we braid the condensate around the excitation,
using the braid operator R. For |v > to be unconfined, the condensate |¢pr >
has to braid trivially both clockwise and anticlockwise around |v >. We must
check that both braidings are trivial, because the half-line singularity could run
along the positive or the negative x-axis in fig. 5.1. This leads to the following
test of whether an excitation is confined or unconfined:

|v > is unconfined
N

R-(Jv> ®|pr >) = |pr > ®v >
RV (Jv > ®lor >) = |pr > Qv > .

Let us apply this criterion to the vortices in the XY model, to see which ones
are unconfined. Denote a vortex of charge A by |A >. We set |¢pg >= v. Then
|¢pr > gets frame dragged as we braid it counterclockwise around |[A >, and
picks up a phase factor ™. Clockwise braiding is trivial, since we’ve chosen
the convention that the clockwise braiding of an electric mode to the right of a
defect is trivial®. Thus

R (A > Q|or >) = 2™ opr > @A >
R (1A > @lor >) = |pr > @A >,

and a vortex is unconfined <= X € Z. Thus the defects are precisely the
unconfined vortices.

In the high temperature phase, the ”electric” excitations are irreps of the
electric group U(1). If we also consider projective irreps, then the electric exci-
tations are irreps of the universal covering group U(1) = R of U(1). The irreps
are denoted by p,., they are labelled by an r € R. All these irreps braid trivially
with the condensate, because the condensate is in a state |¢pr > in an electric
irrep, and electric irreps braid trivially with each other.

In summary, the phase transition from the high temperature to the ordered
phase in the XY model can be described as a confinement mechanism. In
this chapter, we will stress the importance of confinement in the discussion of
conceivable phase transitions.

3In a gauge theory, this amounts to picking a gauge such that the Dirac string points
‘upwards’ in the drawings. In the global case, we orient the defect such that the frame
dragging happens in the upper half plane.
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GOr|OR

(a) A confined parti- (b) A hadronic composite
cle

Figure 5.2: Confinement of particles in the ordered phase, and hadronic compos-
ites. The dark lines are singularities in the condensate and cost a finite amount
of energy per unit length.

5.2 Hopf Symmetry breaking

In this section we will first study symmetry breaking for a phase described by
a general Hopf algebra A. Then we will specialize to the cases where A is a
generalized quantum double: A = F(H,, x H;). The quantum double D(H) is
a special case of the generalized quantum double, with H,, = H,; = H.

5.2.1 The criterion for symmetry breaking

We consider any physical system whose particles are irreps of a quasitriangular
Hopf algebra A. A state |¢pr > of an irrep II of A condenses, so that our ground
state is a state filled with the particles in the state |¢pr >. We will now define
the residual symmetry algebra T, which is an algebra such that the excitations
from the condensate are irreps of 7x.

The residual symmetry algebra 7 consists of the operator that are 'well
defined with respect to the condensate’. Before we explain what that means, let
us first consider the case of a system whose symmetry is a group G. G is broken
spontaneously to H by the condensation of a state |¢pg > of an irrep of G. H is
the stabilizer of |¢pr >, i.e. the set of symmetry transformations that leave the
condensate invariant. This means that we can implement these transformations
on excitations of the condensate, because they leave the condensate invariant.
Thus they only act on the excitations. Since the symmetry transformations
commute with the Hamiltonian, they transform low energy excitations into low
energy excitations.

Now consider a particle [v > in an irrep of the original symmetry G. If we
fuse |[v > with |¢pr >, and act on the outcome |v > |¢pr > of this fusion with
an h € H, the result is the same as when we act on |v > with A first, and then
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fuse the outcome with |¢gr >. This follows from
h-(lv>®lgr >) = (h-lv>) @ (h-|pr >) = (h-[v>) @ |pr >,  (5.7)

since h - |¢pr >= |¢pr >. Thus we can also define the residual symmetry group
H to be the set of transformations that don’t notice fusion with the condensate.
Whether a particle |[v > in an irrep of G fuses with the condensate or not, the
action of H is the same. Thus we define residual symmetry operators to be
operators that don’t notice fusion with the condensate. When the symmetry
is spontaneously broken from G to H, the residual symmetry operators are the
elements of H.

This definition of residual symmetry operator can be generalized to the case
of a condensate |¢pr > in an irrep of a Hopf symmetry A. The residual symmetry
operators are the operators that don’t notice fusion with the condensate. The
residual symmetry operators form a subalgebra of A, which we call the residual
symmetry algebra Tr. There is a subtlety in the definition of 7x: an operator
a € A is an element of 7 if its action on any particle |[v > in any irrep of A
is the same whether |v > has fused with the condensate |¢r > or not. But we
must specify whether [v > fuses with [¢r > from the left or the right! Namely,
in the systems we are considering |[v > ®|¢r > and |[¢pr > ®|v > are not
(necessarily) the same state, because of the possibility of nontrivial braiding.
Thus we have to fix a convention. This convention is set by our earlier choice
of having all particles come in from the left. Remember that we had to make
this choice because some particles are confined. Thus we define 7 as follows:
a € Tr <= for any particle |v > in any irrep of A, we have

a-(Jv>®or >) =(a-v>)®|pr > . (5.8)

Since |v > and |¢pr > are states of particles of A, their fusion is set by the
coproduct A of A:

a-(jv>®lpr >) = [T 1) o Ala)(jv > ®[dr >), (5.9)

where |v > is in the irrep II of A, and |¢pr > in the irrep II, of A. Since this
equation has to hold for all vectors |v > in all irreps II of A, it is equivalent to*

(1@Iy)A(a)(1® [¢pr >) =a®[pr > . (5.10)

Tr consists of all operators that satisfy this criterion. We will now prove that
Tr is a subalgebra of 4. We also prove two more properties of 7r which will
play a role later on.

Lemma 1. The elements of a finite dimensional Hopf algebra A that satisfy
(1®Is)A@)(1®[¢r >) =a®[pr >

form a subalgebra Tr of A that satisfies:

4We note that Joost Slingerland has independently discovered this mathematical structure,
and some of its properties, and we are grateful for private discussions.
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1. A(Tr) C AR TR
2. The elements of Tr leave tensor products of the vacuum invariant.

Proof. That 7 is an algebra follows from the fact that A is an algebra mor-
phism.

1. Using the definition of 7z and the coassociativity of the coproduct,

121012 A)A(@)1®|pr >) =101, (A®1)A(a)(l® |pr >) =

=(A1)(18I)AW(I®|¢r >) = (A@ ) (a®|¢pr >=Y_ a @ad? @ |pr >
(a)

= Za(l) @ (A(@?)- (1@ |pr >)) = Za(l) ®a? @ |pr >

() (a)

= AW?) (10]pr >)=a?P 0 ¢

=a? eTx

= Ala) e AR Tr

2. We just proved that (1 ® ITy)A(a®)(1 @ |pr >) = a'? @ |¢pr >. Using
this, we get

(1ol ®Ty)(1 @ A)A()(1 @ [pr > Sldr >)

=Y aV e (e )1 )AE®)1® |or >)(ér > ©1))
(a)

= aV e (I ©1)@® @ |z >)(ér > @1))
(a)

= (1@ )AL |ér >)) © |ér >

=a® [pr > B|Ppr >

O

We call T the right residual symmetry algebra.
What if we condense the sum of two vectors in different irreps, |¢p1 > +|d2 >7
According to (5.10), a € A is part of the right residual symmetry algebra T of
|p1 > +|pa > if

(1810, )(A@)(18]¢1 >)+(1811,,) (A@)(18]62 >) = alds > +a@ oz > .

(5.11)
Since we are dealing with irreps, the only way to get an equality is by equating
the first terms on the left-hand side and right-hand side of this equation, and
the last terms, separately. So Tr = (7)1 N (7r )2, the intersection of the right
residual symmetry algebras of |¢1 > and |¢2 >. Therefore, we need only treat
the condensation of vectors in one irrep, since we can then take intersection of
the right residual symmetry algebras of condensates in different irreps to get
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the right residual symmetry algebra for any condensate.

We will now specialize to the case where A is a generalized quantum double:
A= F(H,)® CHg, where H,, and H,; are groups (see Appendix B).

The irreps of A = F(H,,,) @ CH,; are labelled by an orbit A in H,, under the
action of H;, and an irrep of the normalizer N4 of a preferred element g4 € A.

In the previous chapter we showed how to write elements of F'(H,,) ® CHg;
as functions f € F(H,, x He). In this notation the derivations to come are

more elegant. Consider symmetry breaking by a condensate |¢r > in an irrep
4 of A.

Lemma 2. Take f € F(H,, x H.;). Then

fE€Tr = f(a1(z-ga), y1)lor(yi 'x) >= f(z1,y1)|dr(z) > Va1 € Hpy,z,y1 € He
(5.12)

Proof. We use the formulase in Appendix B.

(id @ TH)A(f)(1 @ |pr(2) >) = f @ |pr(z) >

= 1® Z A(f) (@1, y153 - ga, 2)lor (27 2) >= f(21,11) @ |or(z) >
z€EH

= 1® Y fleie-ga),m)dy (2)lor(z"2) >= f(r1,1) @ [dr() >
2€H

= 1@ f(ai(z - ga),y)lor(yy '2) >= f(a1, 1) @ |pr(z) >

O

Tr was obtained by condensing |¢r > to the right of our system. If we choose
to condense |¢pr > to the left, we get another residual symmetry algebra:

Te={ac A: (I, ®id)A(a)(|pr > ®1) = |pr > @a}. (5.13)

We call 7, the left residual symmetry algebra.

It is interesting to compare this criterion to the one in [61]. There, the
residual symmetry algebra is denoted by 7, and is defined as the largest Hopf
subalgebra of 4 whose elements satisfy

a-|or >=e(a)|dor > . (5.14)

The motivation for this criterion is: The residual symmetry operators act on
the condensate like the vacuum irrep € does.

The important difference between 7 and 7% is that we don’t require 7x to
be a Hopf algebra. In particular, we don’t expect the residual symmetry to have
a coproduct. We can give a heuristic reason why 7z needn’t have a coproduct:
we have chosen thr condensate to be |¢pr > on the right. Bring in a confined
excitation from the left. The condensate takes on the value ¢, > to the left of
this excitation. Now consider a second particle coming in from the left. It sees
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the condensate |¢, >, and it is therefore an excitation of the residual symmetry
of |¢r >, which needn’t be equal to the residual symmetry of |¢pg >! Thus,
there is an ordering in the particles, i.e. it is crucial to know in which order
we brought in the particles from the left. We will see that this translates itself
in the absence of a coproduct in 7x, namely we can’t simply fuse irreps of 75.
Before we can discuss this, we need to know more about our residual symmetry
algebras.

5.2.2 Relationship between 7, 7 and 7,

There are very interesting connections between 7, 7 and 7. All the operators
in Tr and 7 satisfy (5.14):

a- |¢R >= E(CL)|¢R > .

Thus the operators of 7z and 7, act on the condensate like the vacuum irrep €
does, just as the operators of 7 do. At the same time, we have the inclusions

TCTR TCTL. (515)

The left and right residual symmetry algebras encompass 7. We prove these
statements in the following lemma.

Lemma 3. 7r,7; and T satisfy the following:
1. All elements of Tr and of Tz satisfy (5.14):

a-|pr >= e(a)|pr >

2.TCTrN1,
Proof. 1. a € T implies:

(id @ p)A(a)l @ |pr >=a® |pr >
(e®1)(1®@1I4)A(a)l ® |pr >=€(a) @ |pr >
(1@ ) (e®1)A(a)l @ [pr >= €(a) ® |pr >
1@ I4(a)|pr >=€(a) ® [pr >

= Ig(a)lpr >=e(a)|pr >,

R

where we used one the axioms of a Hopf algebra: (e ® id)A(a) = 1 ® a.
This proves the claim for 7. The proof for 7, is analogous, and left to
the reader.

2. 7T is a Hopf algebra, so

acT = A)=) aPed® ecTaT=ad?ecT=a?. |¢r >=e(a®)|¢r >
(a)
= (o T)AM) (16 |or >) = (ide A1 S ¢ >) = a® |or >
= acTr.
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This proves 7 C 7r. We leave the proof that 7 C 7, to the reader.
O

Tr and 7, are not necessarily Hopf algebras, while 7 is a Hopf algebra by
its definition. It turns out that 7z is a Hopf algebra <= 7x = 7! Similarly,
Tr is a Hopf algebra <= T, = 7. Also, Tr =7 <= Tr = 7;. Thus
Tr and 7, are very interesting extensions of 7: if they are equal to each other,
then they are equal to 7. Thus, the difference between 7z and 7 is a measure
of the departure of 7z (and 7.) from being a Hopf algebra.

We need one assumption about A to prove these claims: the antipode S of
A must satisfy S2 = id. Generalized quantum doubles satisfy this assumption,
for example.

First we prove a little lemma.

Lemma 4. If the antipode S of A satisfies S* = id, then S(T;) = Tr and
S(Tr) =1¢.

Proof. According to (B.4), and using S? = id:

APo0S=(S®S5)oA
> A?=(5®S5)oAocS

Say a € 7, then using the last equation

(II, ® 1)A(a)|pr > @1 = |pr > ®a

= (1e1li)A%@)]l ® |pr >=a® |pr >

= (1) (S @ S)A(S(a)1 @ [pr >= (a @ 1)(1 @ |[pr >)

Apply S ® S to left the and right, and use S? = id and S(1) = 1 to get

= (1®1l)A(S(a)l @ [¢pr >= S(a) ® [pr >

= (1®1l)A(S(a)l @ [pr >= S(a) @ [pr >

= S(a) € Tr
So S(7z) C Tr. Similarly we can prove that S(7g) C 7. Since S is invertible,
we have dim(S(7Tr)) = dim(Tr) and dim(S(7z)) = dim(7z), where dim is the
dimension as a vector space. Therefore, using S(7;) C Tr and S(7r) C 7z, we
get

dim(S(T2)) < dim(Tx) = dim(S(Tx)) < dim(Tz) = dim(S(Tz)).  (5.16)

Thus dim(7Tr) = dim(S(7z)). Since S(7z) C Tr, we must have S(7z) = Tx.
Applying S to both side of this equations, we get 7, = S(7r). O

This lemma states that the antipode S brings us from 7% to 7., and back.
Remember that S is used to construct the antiparticle or conjugate irrep of a
given irrep. Thus, going from 7% to 7, is tantamount to replacing all particles
by their antiparticles!

Using lemma 4, we can prove all our claims about the relationships between
T, Tr and 7..
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Proposition 1. For A an n-dimensional Hopf algebra whose antipode S satis-
fies S% = id, we have
()T =T < (2) Tr is a Hopf algebra < 3)Tr =T <— (1)1 C Tr
Proof. e (1)=(2)
We assume T = 7. Take a € T7g = 7,. To prove that Tr is a Hopf
subalgebra of A, we need to prove three things:
1leTr, Ala) €eTr®7Tr, S(Tr) C Tx. (5.17)
The first demand is trivial, because A(1) =1 ® 1, so that
(1@I,)AD)(18l6r >) = 18T,(1)ér >= 10|ér >= 1 € Tr. (5.18)
For the second demand: since a € T = 7T, we have Aa) € T @ A =
Tr ® A, and A(a) € A® Tr. Choose a basis {r; }1<i<k of Tr, and a basis
{aj}k+1§j§n, of 7:,%‘ Then
Ala) eTr @ A= Ala) =Y 1, ®a]
Write a) out in terms of the bases {r;} of Tz and {a;} of T3
a;; = Bijrj + Cirag Bij, Cir€C
= Aa) = Zri ® Bijrj + Zn ® Cirag
Ala) e AR Tr = Ciap =0
= A(a) = Zn‘ ® Biﬂ‘j €Tr T

Now for S(7r) C Tg. Using lemma 4, S(7r) = Tz = Tr.
Thus 7 is a Hopf subalgebra of A.

* (2)=(0)
According to lemma 3, we have 7 € Tg, and all a € T satisfy I1y(a)|pr >=
€(a)|pr >. T was defined as the largest Hopf subalgebra of A whose ele-
ments satisfy Iy (a)|¢pr >= €(a)|¢pr >, so if Tr is a Hopf algebra we must
have T = 7.

e 3)=(1)
We already proved that 7 C 7. Thus if we assume 7 = T we have
Tr C 1.
Since Tr = 7, Tr is a Hopf algebra. Thus S(7r) C 7. From lemma 4,
we know that S(7g) = 7z. Thus 7, C Tx.
Done: T = 1.

e (1)=(4)
Obvious.

e (4)=(1)
Lemma 4 taught us that 7x = S(7¢) and S(7z) = 7. Apply S to the

left and right of 7, C 7 to obtain 7x C 7. Done: 7z = 7.
O
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5.2.3 7x and 7;: Hopf or not?

We are interested in finding out which condensates yield a right residual sym-
metry algebra 7x that is a Hopf algebra. From proposition 1 we know that 7
is a Hopf algebra <= 7 is the same Hopf algebra.

As an example, consider a phase with a generalized quantum double as its
Hopf symmetry: A = F(H,,) ® CH,. We write elements of A as functions
f € F(H,, x Hy) (see appendix B). Now condense |¢r > in an irrep I of A.
We saw in lemma 2 that a function f € F(H,, x H;) is an element of T if it
satisfies

f@i(z-ga),y)|dr(yy 'z) >= f(z1,11)|dr(x) > Vo1 € G 2,941 € He

where g4 is the preferred element of A.
Analogously to the derivation of lemma 2, we can prove that the functions
f in 7 are precisely those f that satisfy

f((@- ga)zi, y)lor (v 'e) >= f(@1,41)|dr(z) > Ve, € G,Vx,y1 € He.
(5.19)
Proposition 1(4) tells us that proving that 7x is a Hopf algebra is equivalent
to proving that 7, C 7r. Thus, to prove that 7x is a Hopf algebra, we must
prove that if a function f satisfies (5.19), it automatically satisfies (5.12):

Va:l S Hm,Va:,yl S Hel :

flarz - ga,p)lor(yy '2) >= f(a1,y1)|dr(2) >
= f((=-ga)z,m)lor(yy 'z) >= flz1,11)|or(z) > (5.20)

This implication is automatically satisfied if H,, is an abelian group, because
then x - g4 and 1 commute. Thus, if the magnetic group H,, is abelian, 7 is
necessarily a Hopf algebra.

Also, if g4 is in the center of H,,, and is acted on trivially by all of H,
then (5.20) is satisfied. Electric condensates are an example, since g4 = e for
electric condensates. e is in the center of H,,, and H; acts trivially on e.

If the original phase is a D(H) phase, then we have similar results: 7x is a
Hopf algebra if H is abelian, or if g4 is in the center of H. We needn’t demand
that all of H acts trivially on g4, since this immediately follows from g4 being
in the center of H.

5.2.4 Requirement on the condensate |¢r >

If the condensate is |¢pr >, then our ground state is filled with the particles
in the state |¢pr >. We know that if an excitation of this ground state braids
nontrivially with the condensate, then it is connected to a half-line singularity
which costs a finite amount of energy per unit length. Thus, if |¢pr > were
to braid nontrivially with itself, then the ground would be filled with half-line
singularities, and it wouldn’t make sense to speak of a condensate. Thus we
require of our condensate |¢p > that it braid trivially with itself:

Ro(lor > ®[dr >) = [¢r > B|or > . (5.21)
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Note that we are braiding indistinguishable particles, and as we discussed in
chapter 4, if |¢pr > has spin s, then the braiding picks up an extra phase factor
2™ The spin factor should be taken into account when verifying the trivial
self braiding condition.

Recently fermionic condensates have received considerable theoretical and
experimental attention[22], and we could definitely treat those as well with our
methods. We may then relax the trivial self braiding condition, since identical
fermions don’t braid trivially with each other: they pick up a minus sign under
half-braiding.

5.2.5 Unconfined excitations and U/
The trivial braiding conditions

Now that we’ve learned how to derive 7z, we want to study the unconfined
excitations of 7g. We found a criterion for determining whether an excitation
was confined: If the excitation doesn’t braid trivially with the condensate |pr >,
then it is confined.

The condensate is in a state |¢pr > of an irrep I, of A. Now consider an
excitation of the ground state, sitting in an irrep € of 7. Since the universal R
matrix R = Z(R) RMoR® e A® A, we cannot simply act with R on states in
the tensor product representation Il ®2, because we can only act with elements
of T on states of 2. We need a projection P of A onto 7, so that we can act
with (id ® P)R on states of II; ® Q. If A has an inner product, then we can use
this inner product to define the projection P. Take an orthonormal basis {a;}
of Tr, and an orthonormal basis® {b;} of Tz . Together, the a; and b; form an
orthonormal basis of A, such that the a; span 7z, and for all 7 and j we have®

(@i, b;) =0, (5.22)

where (a,b) denotes the inner product between a and b. Now take any a € A,
and write
a= Z(ai, a)a + Z(bj’ a)b; = Pa+ (1 — P)a. (5.23)
(ai) (b5)

Thus we have our projection: Pa = }_,. (ai,a)a € Tr. It is known that this
projection is in fact independent of our choice of basis: given a vector space
with an inner product, the perpendicular projection onto a vector subspace is
uniquely defined.
Generalized quantum doubles F(H,,) ® CH,; come equipped with an inner
product (B.22):
(Pyh, Pyh') = 84, g/6n, -

We use this inner product to define the projection operator P : A — T, just as
we discussed above. Now we can define the braiding of a state |[v > of Q with

577% is the vector space consisting of all vectors in A perpendicular to all vectors in 7.
6We can find such a basis of A using the Gram-Schmidt orthogonalization procedure.
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|pr >:

Counterclockwise : 70 (Q® II2)(P ®id)R(jv > @|ér >) (5.24)
Clockwise (7o (QRIA) (P @id)Ry (v > @|pr >) (5.25)

where in the second line we used (4.37): R™! = 70 Ry}

We want to find out which irreps 2 of 7 braid trivially with the condensate,
thus the braiding has to be trivial for all [v > in the vector space on which
acts. We still need a definition of ”trivial braiding”. A natural definition is:
braids trivially with the condensate if it braids just like the vacuum irrep € does.
This definition immediately implies that the vacuum irrep € is unconfined, since
obviously € braids like € does. Thus the conditions for trivial braiding of an irrep
Q of Tz with the condensate |¢pr > living in the irrep 2 of F(H,,) ® CHyg
become

QRIHP@ DRI |or >) = (Q1)eIIN)(PR1)RA® |pr >) (5.26)

(QEII)(P@id) Ry (10]¢r >) = (Q1)e@IIL)(P®id) Ry (18R >). (5.27)

Q(1) is an n X n unit matrix, where n is the dimensionality of the irrep .

If these equations are satisfied, then we can replace 1 ® |¢pr > in these
equations by |v > ®|¢r > for any state |v > of Q. Thus if  satisfies the trivial
braiding conditions (5.26) and (5.27), then all the states |v > of  braid trivially
with |¢’R >.

An irrep Q that satisfies these two equations is said to braid trivially with
the condensate. If an irrep doesn’t braid trivially with the condensate, it is a
confined excitation, attached to a string that goes out to infinity and costs a
finite amount of energy per unit length.

The unconfined symmetry algebra U

The trivial braiding equations (5.26) and (5.27) divide the irreps of 7z into
confined and unconfined irreps. We cannot simply take the tensor product of
irreps of 7, since 7 isn’t a Hopf algebra. The reason for the absence of a
coproduct is the presence of confined excitations. The condensate to the right
of a confined excitation takes on the value |¢r >, while it takes on a different
value |¢s > to the left of the excitation. Thus particles coming in from the
left see a different condensate: they are excitations of the residual symmetry
algebra of |p, >.

The situation is actually a little more complicated, because the value |¢, >
of the condensate to the left of a state |[v > of an irrep Q of 7z depends on the
explicit state |v > of . Thus |¢, > is not unique for an irrep €.

We will discuss how to deal with these issues later. For now, we note that
unconfined excitations do not suffer from such complications, since the conden-
sate takes on a constant value around unconfined excitations. Thus we expect
the fusion rules of unconfined excitations to be associative, if we only consider
their composition with other unconfined excitations. There should be a Hopf
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algebra U, called the unconfined symmetry algebra, whose irreps are precisely
the unconfined irreps, and whose fusion rules give the fusion channels of the
unconfined excitations into other unconfined excitations.

To obtain U, we first determine all unconfined irreps of 7z. Then we take
the intersection of the kernels of all unconfined irreps’, and denote it by Z.
Finally, we define the algebra

U=1r/T (5.28)

This is an algebra because Z is an ideal of 7r. Its irreps are precisely the
unconfined irreps.

Our claim is that U is a Hopf algebra. In all the cases we’ve worked out, this
is indeed the case. We have therefore stumbled upon a physically motivated
conjecture, and hopefully mathematicians will take up the challenge of proving
that U is always a Hopf algebra. We note that a proof would have to make use of
the trivial self braiding condition (5.21) that we formulated for the condensate
¢, because if this condition is dropped then we have found cases where U isn’t
a Hopf algebra.

Trivial braiding for F(H,,/B) ® CN

In the next section, we will see that for the electric and defect condensates in a
phase with F'(H,,) ® CH,; symmetry, the residual symmetry algebra 7 takes
on a special form:

Tx = F(H,,/B) ® CN, (5.29)

where B is a subgroup of H,,,, and N is a subgroup of H.; whose elements n € N
satisfy

n-B=D0B. (5.30)
This last equation tells us that the action of n € N on H,,/B is well defined:

F(H,,) ® CH,; is a generalized quantum double, so that the action of h € Hy,
on H,, satisfies (B.24):

V91,92 € Hp : h-(9192) = (h - g1)(h - g2).

Since N C H,, all n € N also satisfy this equation. The action of n on H,,/B
is given by:

n-(9B)=(n-g)(n-B)=(n-g)B. (5.31)
Tr = F(H,;,/B) ® CN is a transformation group algebra, so we can use the
canonical theorem on the irreps of transformation group algebras given in Ap-
pendix B. The irreps are labelled by an orbit T' in H,,/B under the action of
N, and an irrep 7 of the normalizer Np of a preferred element gr of T. We
denote irreps of F(H,,/B) ® CN by Q. The conditions (5.26) and (5.27) for
QT to braid trivially with |¢p% > in TI2 reduce to

Y 19T (h(zy - gr1)z) >= Y [¢r(L(h)z) > (5.32)

heB heB

"The kernel of a map is the set of elements which the irrep maps to zero. These elements
form an ideal I, meaning that if ¢ € I and a € Tr, then ia € I and ai € I.
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|pr(z) >£0,T(x-ga) € N = Tij(xglr(x ) gil)ﬂfc)lNT(xglF(a: ) g;l)xg)
= 735(2, 2 ) Ing (2, ) (5.33)

where the x,, and x¢ are chosen representatives of left N1 cosets of H.
The proof of these equations is rather lengthy. Some intermediate steps are

e Proof of (5.32)

R= Y Pye® PI(g)

Wz
P(PT(9)) = 1n(T(6)) g PusT (o)

D AP G)e(c) > g;w'm( (9)2) >

O (P(Pag))y, = 7 In(T(0) > Pt an)tylegna!)is(o)
S (PRI o o) >

= QZ( )& D (PP (P (9))|6m (x) >

1 _ _ _
— ETz‘,J‘(%lxc)lNT(%lxc) > ler(@(hay - g7t )a) >

heB
1 _ _
= =i (@ Yoy, (v we) > |ér (ha) >
B heB
= Y |or(T(hxy - g7))2) >= Y |¢r(h)
heB heB

e Proof of (5.33)

Z (P(PuL (g~ (Pye)|dr (2) >= L (D(z - ga))ldr (z) >

ZQT (Pal (g™ (Pye)d = QT (1) Y e(P(PL (9™ ))Ia (Pye)lor () >

h,g
= In((z - ga))7i (2, T g3 ) Ing (2, T - g3 )ae)|or () >
= 1In(C(z - ga))Ing (x o) 75 (@, e o)
<~ |pr(x) >=0o0r I'(x- ggl) ¢ N
or 7y (@, T - g3 )ae) vy (2 Tl - g3 ae) = Lng (2 )7 () M)

When the generalized quantum double is a quantum double D(H), the con-
ditions for an irrep QI of 7 to braid trivially with the condensate |¢pr >

become
> lor(haygr'e, ' x) >= " |pr (ha) > (5.34)

heB heB
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|pr(z) ># 0,zga27' € N = 75 (x;lxgglx_lxc)lNT (x;lxgglx_lxg)
= Tij(xglxg)lNT(xglxc). (535)
We will now use these equations to work out 7x and U for various conden-
sates in generalized quantum doubles. We start with electric condensates, and

show that the conventional theory of electric condensates (Landau’s theory) is
reproduced. After that we study a variety of defect condensates.

Original
symumetry
algebra

Cio rudm-.a I / \ C mdmuh

on the Tﬁ'_’ TR on the

left right

Unconfined

symmetry ? {
algebra

Figure 5.3: The symmetry breaking scheme.

5.3 Electric condensates

Consider a phase described by a quantum double D(H), and condense a state
|¢pr > of an electric irrep II¢, of D(H). Then equation (5.12) tells us that the
functionsf in 7r satisfy

flay)alz™ y) = f(@,y)a(@™)
f(z1,y1)a(yr) = f(z1,p1)1
f( 1,Y1) =0Vy1 € Ngp

= = F(H) ® CNyy
(5.36)

where Ny, is the stabilizer of |¢r >, i.e. the set of elements h € H that satisfy
IT¢ (h)|pr >= a(h)|pr >= |¢pr >. 1 is the unit matrix. Since the condensate
is purely electric, the magnetic group is unbroken, thus all of F'(H) is present
in 7. 7r is a Hopf algebra in this case, which implies that the tensor product
of irreps is well defined, and associative.

Some defects are confined. The trivial braiding conditions (5.34) and (5.35)
tell us that only the defects g € Ny, are unconfined. Thus the unconfined
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symmetry algebra is
U = D(Nyy). (5.37)

One of the consequences of electric symmetry breaking is the lifting of de-
generacies. Namely, excitations which used to be in the same irrep are now split
into different irreps, which may have different energies. This splitting of energy
levels is experimentally measurable, in principle.

To treat a phase with inversion symmetry, such as an achiral tetrahedral
nematic with F(7T') ® CT,; symmetry, we need the formulas for electric symmetry
breaking of generalized quantum doubles F(H,,) ® CH,;. The derivation of T
and U after the condensation of a state |¢pr > of an electric irrep of a generalized
quantum double F(H,,) ® CH,; is analogous to the derivation given above for
a quantum double D(H). The result is

Tr = F(G) ® CN,,, (5.38)
U=FT " (Ngp)) ®CNyp (5.39)

For example, for F(T) ® CT,, I "1 (Ngy ) = Ngp, so that U = F(Nyy, ) @ CNopy, .

As an example, we’ve worked out all possible electric phase transitions from
F(T) ® CTy, see table 5.1. Although we haven’t found references that systemat-
ically work out all electric condensates for all irreps as we have done, the theory
behind electric condensates is well known, so there results are not innovative.
Our innovation lies in the derivation of the theory of electric condensates from
the Hopf symmetry description of liquid crystals. A reference that offers a de-
tailed analysis of the theory of electric condensates in nematic liquid crystals is
[39].

Original symmetry | Condensate in this Tr U
irrrep of Ty

F(T)® CTy Ay FT)®CT; | F(T)®CT,
Ay F(T)®CT F(T)®CT
E F(T)®CDy | F(D3)®CDy
E F(T)®CDsq | F(D2) ® CDayq
F F(T)®CSy | F(C2)®CSy
Fy F(T) ® CC1y F(?) ® CC1y
Fy F(T) ® CC1y F(?) ® CC1y
Fy F(T)®CCy, | F(Cy)® CCy,
Fy F(T) ® CCs, F(?) ® CCs,

Table 5.1: Electric condensates in a tetrahedral nematic. We use the notation
for the irreps of T, given in [57], and the standard crystallographic notation for
groups (S4 is not the permutation group of 4 elements, it is a rotary-reflection

group).
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The transition from F(T) ® CTy to F(Ds) ® CDs in table 5.1, induced by
the condensation of a vector in the irrep E of Ty, is an example of spontaneous
symmetry breaking from an achiral to a chiral phase, since Dy does not contain
any inversions or reflections, while Ty does. This may be the explanation of the
experimental discovery of a phase built up of achiral molecules, whose symmetry
is spontancously broken to a chiral phase[48]. For a relevant discussion, see [39)].

5.4 Defect condensates

There are different types of defect condensates which we wish to analyze. Con-
sider a phase described by a quantum double D(H), or a generalized quantum
double F(H,,) ® CH,;, and pick a magnetic representation IT{* (1 is the trivial
representation of the centralizer N4). A basis of the vector space on which this
irrep acts is given by {|g* >}, where the g/ are the different defects in A. We
consider the following types of condensates:

e Single defect condensate

¢ =g > (5.40)
e (Class sum defect condensate
6= lgi>=:1Cy, > (5.41)
gi€A

where Cy, is a conjugacy class in the D(H) case, and an orbit in G under
the action of H in the F(H,,) ® CH case. We denote the condensate by
|Cy, >, where g4 is the preferred element of A.

e Combined defect condensate

6= lgi> (5.42)

g:€E

where F is a subset of the defects in one class. We need only take the
elements to be within one class because, as we mentioned earlier, we need
only study the cases where the condensate is the sum of vectors in the
same irrep.

The single defect and class sum defect condensates are a special case of
combined defect condensate. The derivation of 7z and U for a combined defect
condensate is rather technical, so we will discuss the results for the single defect
and class sum defect condensates first, and then derive the general formulae.

5.4.1 Single defect condensate

Consider a phase with D(H) symmetry, and condense |g4 > in the magnetic
irrep II{.  We're condensing the chosen preferred element in the conjugacy
class A. This is not a restriction on our choice of defect, since g4 was chosen
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arbitrarily. The condensate |ga > satisfies the trivial self braiding condition
(5.21).
The function |¢ >: H — C that corresponds to the vector |ga > is (see
appendix B)
|p(x) >=1n,(x) Vo € H. (5.43)

The criterion (5.12) that defines Tz becomes

feTr
= Vo,z,y €H: o f(mzgar™ yn)ln, (yr '2) = f(@1,31)1n, (2)
Vo & Ny : f(z1,101) =0 Vy ¢ Ny
Vx € Na:  f(riga,y1) = f(z1,91) Vy1 € Na
= Tr =F(H/(ga)) ® CN4 (5.44)

where we define (g4) to be the smallest subgroup of H that contains g4.

This result for 7z has a very natural interpretation: the residual electric
group is N4, the subgroup of H that doesn’t conjugate the defect. The magnetic
part H/(ga) is not necessarily a group. It consists of left cosets of (ga) =
{.. .gzl,e,gA,gi, ...}. The defects are now defined modulo the condensate
defect |ga >. In other words, if a particle in a magnetic irrep of the residual
symmetry 7z fuses with the condensate |ga >, it is left unchanged. Thus its
defect is defined modulo g 4.

Using our previous propositions, we can prove that 7z is a Hopf algebra
<= (ga) is a normal subgroup of H <= H/(ga) is a subgroup of H.

The unconfined symmetry algebra is

U=D(Na/(ga))- (5.45)

If we condense another defect |kgak~1 > in the conjugacy class A, the symmetry

algebras are 8:

Tr = F(H/k(ga)k™") ® CkNsk™! (5.46)
U=D(Na/k(ga)k™"). (5.47)

The results for a single defect condensate |g4 > in a phase with F(H,,) ®
CH,; symmetry are analogous:

Tr = F(G/(9a)) ® CNa (5.48)
U=F(Na/(ga)) ® CNa/T'((ga))- (5.49)
As an example, we work out all single defect condensates in an achiral tetra-

hedral nematic in table 5.2. The single defect condensates in an achiral octahe-
dral, and an achiral icosahedral nematic are given in appendix C.

8To prove this, use < kgak~ ! >=k < ga >k~ ! and ngAk*1 =kNak~1.
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Single defect condensate in
A=F(T)®CTy K Tr U
| —e> C F(T)®CT, F(T)®CT,
[123] > Cy | F(T/C3) ®CCs D(e)
[(12)(34)] > G | F(1/C) 2 CDy | D(C2)
| —[(12)(34)] > Cy | F(T/Cs) ® CDy D(Cy)

Table 5.2: Single defect condensates in a tetrahedral nematic.

5.4.2 Class sum defect condensates

Consider a phase with D(H) symmetry, and condense the sum of the defects in
the conjugacy class A:

¢ = Z |9{A>::|CQA>'

gA€eA

A class sum defect condensate satisfies the trivial self braiding condition (5.21):

R(ICys > ®|Cys >) = R o' >® D okt >
€A

/ gieA
= > ( Zlgzgk gt >) el >
gir€A gleA
= > ( Z g1t >) ® gt >
gir€A gieA

= |CgA > ®|CQA >

In going from the second to the third line, we use the fact that gAg—! = A for
any g € H.

A class sum condensate doesn’t break the electric group at alll Namely,
conjugation acts trivially on a conjugacy class, since for any g € H we have

g-o=g-(Y_ lg'>)= > lggl'g " >= > lg{' >=¢. (5.50)
AeA AeA AeA

Thus this condensate is invariant under all residual symmetry transformations
in H. For this reason, in the case of a gauge theory this condensate is called a
gauge invariant magnetic condensate. Namely, in the D(H) phase of a gauge
theory, with H a discrete group, the only residual gauge transformations are
global, because H is discrete and the gauge transformation must be continuously
defined on the space (see chapter 2). These gauge transformations act trivially
on the class sum defect condensates, thus these condensates are indeed gauge
invariant.
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The residual and unconfined symmetry algebras are

Tr = F(H/K)® CH (5.51)
U= D(H/K), (5.52)

where K is the smallest subgroup of H that contains the class A. From this
definition, it follows that K is a normal subgroup of H. Thus H/K is a group.

If we condense a class sum defect condensate |Cy, > in a generalized quan-
tum double F'(H,,) ® CH,;, the outcome is

Tr = F(H,/K)® CHg (5.53)
U=FH,/K)oCH,/T(K). (5.54)
As an example, we work out all class sum defect condensates in an achiral

tetrahedral nematic in table 5.3. The class sum defect condensates in an achiral
octahedral, and an achiral icosahedral nematic are given in appendix C.

Defect conjugacy classes of
A= F(T) ® CTy K Tr U
Ce > T | F@)e et | D)
|Chi23) >, [C_p123) >, [Cli2a) >, |C_[124) > l F(Z3)®CT D(e)
IC1(12)(34)) > Dy | F(Z3)®CTy | D(Z3)

Table 5.3: Class sum defect condensates in a tetrahedral nematic.

5.4.3 Combined defect condensates
The formal derivation

We will now derive all the formulas for defect condensates we have come across.
Start with a phase with F(H,,) ® CH,; symmetry. Choose an irrep I1, and
consider a condensate of the form > gi€E lgi >, with E a subset of the defects
in one conjugacy class.
The demand of trivial self braiding (5.21) gives

RO Ngi>0 ) le>)=> lgi>® Y lo >

gi€E grEE gi€EE grEE
— Z Z \gigrg; ' > ©lgi >= Z Z l9;i > ®|gr >
gr€E g,€E gi€EE gy€E

< Vg € E:{gigrg; "Yoer = {gr}gicE-

It interesting in itself to study how many different defect condensates satisfy
this criterion. Defect-antidefect condensates |[g > +|g~! > always satisfy this
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criterion”, as do any set of commuting elements in a certain conjugacy class,
and class sum defect condensates. This trivial self braiding condition will play
a crucial role in determining 7.

The derivation of 7z and U is rather formal. We give the results first, and
then we derive them:

Tr = F(Hp/K)® CMg
U= F(Ng/K)®CMg/T(K).

For the derivation, we must introduce various definitions. Define the follow-
ing subset of H (which needn’t be a subgroup):

Ve CHy: Vg = {xiNA}gieE (5.55)

where N4 C Hg; is the normalizer of the chosen preferred element g4 in A, and
x; satisfies x;ga2; 1 — g;. In function notation, the condensate wavefunction is

|pr(x) >= 1y, (x) Ve H. (5.56)
Define the following subgroup of H;:

Mg CHg: Mg = {meH:{m- gi}giEE = {gi}giEE} (5.57)
= {m (S Hel : mVE = VE} (5.58)

Mg is composed of the global symmetry transformations that leave the conden-
sate invariant.

Also define
Ng C Hy o Ng={n€ Hy : {ngin" "}yecr = {9i}gicr}- (5.59)
Using (B.37): T'(g1) - g2 = 919297 * Vg1, 92 € H,,, we can prove that
I'''Y(Mg)=Ng and T(Ng)= Mg. (5.60)
From this equation we can derive that the elements of Mg satisfy
|pr (mz) >=|dpr(x) > VYm € Mg,z € H. (5.61)
Finally, we need one more definition:
K CHp: K=({gi}ger), (5.62)

where ({gi}g,er) is the smallest subgroup of H,, that all the g, € E, i.e. the
defects in the condensate.

The trivial self braiding equation (5.55) implies that K C Ng. Thus, ac-
cording to (5.60) and (5.61)

Vke K: T(k) € Mg and ¢(I'(k)z) = p(x). (5.63)

9Note that g and g—! needn’t be in the same conjugacy class.
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The residual symmetry algebra 7% is given by the set of functions f € F(H,, x
H;) that satisfy (5.12):

fl@i(@-ga), y) vy (v '2) = fa1,y1)1v, (2). (5.64)

We will now prove that
Tr = F(H,,/K) @ CMg. (5.65)

Note that G/K need not be a group.

To prove (5.65), take y; ¢ Mg. Then 3 2 € Vi such that y; 'z ¢ V. Namely,
if such an x doesn’t exist, then yflv =V, thus yfl € Mg according to (5.58),
and y; € Mpg.

Substitute an y; ¢ Mg, and = with y;'a ¢ V| into (5.64). This gives

0= f(z1,y1)Va1 € Hy, if y1 ¢ Mg,

so that 7 C F(H,;,) @ CMp.

Now substitute y; € Mg into (5.64): 1y, (y; 'z) = 1y, (x) so the equation
implies f(z1(x-ga),y1) = f(z1,y1) for all 21 € G,z € Vg. Acting with all the
x € Vg on ga gives us all the g; € E, thus f(x19;,y1) = f(x1,y1) for all g; € E.
Thus, in the first component f must be constant on left K cosets, since K is
generated by the g;. Thus Tg = F(H,,/K)® CMg.

U is a little harder to extract. It is given by

U= F(Ng/K)®CMg/T(K) (5.66)
For the case of a quantum double D(H)
U = D(Ng/K). (5.67)

To prove (5.66) and (5.67), we must find out which irreps QI of F(H,,/K)®
CMpg braid trivially with the condensate ¢ in the irrep TI2 of F(H,,) ® CH,.

Our residual symmetry algebra 7% is of the form (5.29), with B = K and
N = Mpg. Thus we can use the conditions (5.32) and (5.33) to determine the
irreps of 7 that braid trivially with the condensate. The unconfined symmetry
algebra U is then the Hopf algebra whose irreps are precisely the unconfined
irreps.

Equation (5.32) states that for an unconfined irrep Q7 with g7 the preferred
element in the orbit 7"

> o (@ (k(zy - g7 )z) >= Y |¢r(D(k)x) >  Va € He, (5.68)

keK keEK

where the z,, are chosen representatives of left N cosets in Mg.
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Using (5.63), equation (5.68) becomes

Y or(T(zy - gp')e) >= > |ér(z) > Vo € He

keK keK

= |¢r(D(zy - 97")7) >= |pr(x) > Va € Hey

= I'(z, -g;l) € Mg

=T(x, - gr) € Mg

=z, gr € Ng using (5.60).
Choosing z,, = e, we get gr € Ng. (5.32) is actually equivalent to gr € Ng in
this case, because z,, - g7 € N follows from gr € Ng. To prove this, note that
z, € Mg, so {zy - gitg,cr = {9i}gicp. Thus

{(zn - g7)gi(ay - QT)_l}giEE = {(@y - g7)(@y - 9i)(2y - QT)_l}gieE
= {(zy - (979i97) Ygiem = {2y - 9:}gierm = {9i}giem
= Ty g1 € Ng
In proving the third equal sign we used the fact that g € Ng.
Thus (5.32) has taught us that for an irrep QI to be unconfined, we must

have gr € Ng. The magnetic part of the unconfined symmetry algebra U is
therefore F(Ng/K). From the definition of Ng and K, we can prove that

Vn € Ng: nKn™' =K. (5.69)

Thus K is a normal subgroup of Ng. Ng/K is the unconfined magnetic group.
Equation (5.33) further restricts Q7

|or(x) >#0, I(z - ga) € Mg
= 7y, D@ gy o) Ing (@, ' T - gy ae) = 7o (wy  w¢) g (2, 2c)
Choose an x such that |¢r () > 0. This is equivalent to saying that z-g4 = gk
for some g, € E. Now choose z,, = z¢ in (5.33):
7ij (@ T (g ) g (' T (g ) = 7ij(e) = 645

Now x;lF(glzl)xn =T(x;* g ) = L((z;'-gx)™"). Since x,, € Mg and g € K,
we have (z; " - gx) € K, 50 (x;' - gx)~" € K. Thus '((x; *gx)~"!) € T(K). Now
I'(K) acts trivially on the magnetic group Ng/K, due to (B.37). Thus neces-
sarily I'(K) C N, since the elements of I'(K') are normalizers of all elements of
Ng, so they are also normalizers of gr. This means that 1, (m;lf(glzl)xn) =1.
5.70) becomes

7ij (@ T (g D) = 7 (D' g ') = 7 (Tt - gi))™h = 045
= 7i;(D(z, " - gk)) = 05

Observe that the set {x;l - gk }nk = E. Since 7 must send all F(x;l - gk) to the
unit matrix 1, 7 must send all of I'(K') to the unit matrix (since K is generated
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by E). We conlude that I'(K) is in the kernel of 7, and the electric group is
At the start of this last derivation, we filled in x,, = x¢ in (5.33). The case
Ty # x¢ gives nothing new, because
ve (2 D@ - g3 )we) = Ing (2 T (@ - g3 ey ac) = Ing (2 2¢),  (5.70)
where in the last line we used a fact that we proved earlier: x;lf(x-gA)x,, € Nr.
Thus (5.33) becomes
1 -1 —1 0\ -1 —1
Tig (@, Tz - gy )oe)Ing (2, 2¢) = 75 (2, 20) Ing (2, ¢)

= 7y, (@ - gy wy)mij (@, e ) g (2, w¢) = 75 (2, we) Ing (2, )

This is equation is satisfied if 7;;(z; (2 - g;l)xn), which we already proved.

Summarizing, the unconfined magnetic group is Ng/K, and the unconfined
electric irreps are those that have I'(K) in their kernel, which means that the
electric group is Mg /T (K). Thus we have derived (5.66). Had we started with
a quantum double D(H) (H = H.; = H,,), the unconfined symmetry algebra
becomes U = D(Ng/K), because in that case Mg = Ng.

Examples

We will now show some examples of combined defect condensates. We give all
the defect condensates in a tetrahedral nematic, see table 5.4. By looking at
this table, and looking at all the other tables of condensates in this chapter, we
note that two different condensates never give simultaneously the same 7z and
U. Some condensates give the same unconfined symmetry algebra, but 7z is
then different. Thus there are differences in the spectrum, be it the unconfined
spectrum of the hadronic spectrum, of different condensates, so that in principle
they are distinguishable. However, it is not at all obvious that we can set up an
experiment that distinguishes between the different condensates. The problem
with measuring defect condensates, for example, is that the conventional mea-
suring techniques can measure the electric symmetry group (by looking at Bragg
reflections, for example), but as far as we know there are no techniques yet to
measure the magnetic symmetry group. If such techniques were developed, then
we could use our tables to determine which condensates we are dealing with.

In appendix C, we work out all defect condensates from an achiral octahedral,
and an achiral icosahedral nematic.

For example, table 5.4 predicts a defect-mediated phase transition from an
octahedral nematic F(O) ® CO to a biaxial nematic D(Ds). Note that this
biaxial nematic is rather special, namely there is no 27w defect. This is not
because this defect is confined, but because it’s condensed (since it’s an element
of K, or more to the point because |[12][34] > x|[12][34] >= | — e >, thus the
27 defect is the outcome of fusion of the condensed defect with itself).

We see a general phenomenon appear in defect condensates: the electric
group may be broken, or partially broken, or unbroken (if we condense a class
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Combined defect condensate in K Tr u
A=FT)®CIy

[123] > +][132] > C; | F(T/C3) ® CCs, CChy
[(12)(34)] > +[(13)(24)] > D | F(T/D2) ®CCs, Cio
{11(12)(34)] > +[[-(12)(34)] > + Dy | F(T/D3) © CD2a CCu
+I[(13)(24)] > +| = [(13)(24)] >} _
[(12)(34)] > +[[-(12)(34)] > Co | F(T/C2) ®CD3q | F(C2) ® €Oy,
[(12)(34)] > +][(13)(24)] > +[[(14)(23)] > | Dy | F(Z3) © CT D(zs)

Table 5.4: Combined defect condensates in an achiral tetrahedral nematic (that
satisfy trivial self braiding). In this table, A is the original symmetry algebra,
K is the smallest subgroup of H,, that contains all the defects g; that are in
the condensate, T is the residual symmetry algebra, and U is the unconfined
symmetry algebra. No two defect condensates have simultaneously the same 7
and Y. This in principle the different defect condensates are distinguishable.

sum defect condensate for example). More often than not, most electric particles
are confined, which we notice by looking at the unconfined electric groups in Y.

Now that we have set up the mathematical theory behind symmetry break-
ing, and applied it to defect condensates, we must physically interpret our re-
sults. There are several aspects of defect condensates we would like to address.
First of all, when we discussed defect condensates in chapter 3 we noticed that
they restore symmetries. In the next section we will show how symmetry restora-
tion fits into our formalism. Secondly, we mentioned three defect condensates:
the Kosterlitz-Thouless condensate in the X'Y-model, the dislocation condensate
in hexagonal crystals giving the hexatic phase, and the disclination condensate
in the hexatic phase giving the isotropic phase. We will show that these phase
transitions follow naturally from our formalism.

There is one last phenomenon we will address: the Abrikosov lattice in type
IT superconductors, which is a phase where the defects sit on a lattice, thus only
restoring the translation group partially. This phase has an analog in liquid
crystals, called the Twist-Grain Boundary Phase[15]. Tt consists of slabs of
smectic with different orientations, and separated by an array of parallel screw
dislocations.

5.5 Defect-mediated melting

Now that we’ve set up a mathematically and physically sensible theory of Hopf
symmetry breaking, the time has come to take a closer look at defect conden-
sates. The defect condensates discussed in chapter 3 restore electric symmetries.
A careful analysis of the unconfined particles reveals that our theory actually
predicts symmetry restoration! We will illustrate this with two simple but cru-
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cial examples.

Global internal abelian symmetry: Kosterlitz-Thouless condensate

The simplest example of defect condensate we have come across until now is the
Kosterlitz Thouless phase transition in the XY model. In the isotropic phase,
the internal symmetry group is SO(2). Representations of SO(2) are labelled by
an € Z. For reasons that will become clear shortly, we also introduce particles
that transform under projective representations of SO(2), which is equivalent to
saying they transform under representations of the universal covering group R
of SO(2). The representations of R are labelled by a real number A € R, giving
the irrep px:

pa(z) = e Vo € R.

If A € Z, the particle is bosonic, because py(27) = 1. If A € Z + %, the irrep
is fermionic, because py(2w) = —1. For any other value of A, the irrep is an
abelian anyon.

In the low temperature phase, SO(2) symmetry is spontaneously broken to
{e}. In the covering group, R is broken to Z. The residual symmetry transfor-
mation n € Z are multiples of the 27 rotation. The Hopf symmetry of this phase
is D(Z), because the fluxes are labelled by II1(R/Z) = IIy(Z) = Z. The electric
irreps are now labelled by p € U(1), labelling irreps of Z. However, we can
still consider all the electric irreps of the isotropic theory! In other words, we
can restrict the irreps of R to Z, giving representations of Z, some of which are
equivalent. We need to take all the electric irreps along, because we want to see
which irreps of the isotropic phase are unconfined in the various phases. Note
that the Goldstone boson transforms trivially under Z, because 27 rotations
don’t affect it.

In this D(Z) phase, the Kosterlitz-Thouless condensate is a condensate of
the defect |1 >. After |1 > has condensed, the residual phase has no defects,
since according to (5.45):

U= D(Z/Z) = D(e).

What about the electric irreps? The only irreps of R that braid trivially with
the condensate |1 > are those labelled by an integer n € Z:

pn(x) = e Yy e R.

So the residual theory has no defects, and electric irreps are labelled by n € Z.
A theory with no defects and charges labelled by n € Z is an SO(2) theory!
This suggests that the symmetry has been restored to SO(2), i.e. the original R
theory has been compactified, and the electric charge is now quantized. More
generally, condensing the |n > defect gives a theory with Z,, defects (defects
defined modulo n), and the electric irreps are labelled by %, k € Z, signalling
that the symmetry is restored to U(1)/Z,.
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Local internal abelian symmetry: defect condensates in superconduc-
tors

In the case of a system with local U(1) symmetry, such as a superconductor
the analysis is exactly the same as the analysis above. In a superconductor, the
fermion field is denoted by W, its conjugate by W. The unbroken phase has U(1)
as a local symmetry group, and the local symmetry transformations are given
by

U — eia(m)’@ N efia(a:)
A;(Z) = Aj(T) + 0j0(T).
(5.71)

The Cooper pair condensate < YW > breaks the U(1) symmetry to Zy. The
defects in this theory are labelled by II; (U(1)/Z2) = Z, and all charges of the
original theory are present. Condensing |1 > restores U(1)/Zy ~ U(1), thus
partially restoring the gauge group, and destroying superconductivity.

Global external abelian symmetry: dislocation condensate in a hexag-
onal crystal

We neglected external symmetries in the above discussion, and the analysis is
slightly different in the case of external symmetries. To illustrate this, con-
sider the translational group in two dimensions, R%2. The representations prare

labelled by a momentum vector k = (ky, ky) € R%:
pr(,y) = e'kemthuy), (5.72)

Imagine a density wave in the y-direction (0, a) condenses, giving a smectic with
Rx Z symmetry. The defects are labelled by II; (R?/RxZ) = I1o(RxZ) = Z. The
electric irreps are irreps of R x Z, and are labelled by (ks, ky), with k, € R, k, €
U(1). In the discussion of the XY model above, we considered the irreps of the
isotropic phase in our ordered phase. In this case, we cannot, because the irreps
of R that are not irreps of U(1) correspond to momenta k, in the y-direction
that are larger than the ultraviolet cutoff. Namely, in our smectic we have a
lattice spacing a in the y-direction, and we only allow for electric irreps p(x, x,)
with £, < 27”, i.e. we require k; to be in the first Brillouin zone. We have
to introduce the lattice spacing to make the theory physically sensible, namely
we need the cutoff to make correlation functions converge. Note that momenta
outside the first Brillouin zone correspond to irreps of R x Z that are equivalent
to some irrep with momentum inside the first Brillouin zone, so we only need
charges in the first Brillouin zone. But we make the stronger statement that
momenta outside the first Brillouin zone are forbidden. So the electric irreps are
labelled by k € R x SO(2), with SO(2) = [0, 2%). The phonons of the crystal

are electric irreps whose momentum k= (ks ky) satisfies k; = 0.

Now condense the |1 > defect. The residual theory has no defects, and the
unconfined electric irreps satisfy k£, = 0. Thus, all phonons are confined, since
their charge now satisfies k, = k, = 0.
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So the residual theory has no defects, and all the phonons are confined. This
signals a return to the isotropic theory. Note the difference with the analysis
of the XY model. In the XY model, we studied the fields that transformed
under a representation of the isotropic theory. The Goldstone mode was not
confined, but the symmetry was restored to SO(2). This means that the original
electric condensate was destroyed, and even though the Goldstone mode wasn’t
confined the symmetry was restored. In the case of translational symmetry,
the ultraviolet cutoff imposes a restriction on the possible momenta. After
condensation of the |1 >, all the Goldstone modes are confined, signalling a
return to the isotropic theory.

Now that we’ve seen how the symmetry is restored, we can explain what
happens in the Abrikosov lattice, for example. The symmetry is first fully
restored by the defect condensate, and then it is broken to a lattice, by the
condensation of density waves, just as in the formation of the smectic.

Global external nonabelian symmetry: defect condensates in hexag-
onal crystals

We still have to explain the hexatic phase. We start with a hexagonal crystal
whose Hopf symmetry is

A= F(Z* x (Zs x 2)) @ C((Z* x D) x Z). (5.73)

Now consider a class sum defect condensate
[(1,0) > +[(0,1) > +|(—=1,1) > +|(=1,0) > +](0,—1) > +|(1,—1) > . (5.74)
By drawing the condensate, we can ”see” what Tg and U will be (see fig. 5.4)

Tr = F(Z? x (Zg x 7)/7?) @ C((Z* x Dg) x Z) (5.75)

Zg x Z corresponds to disclinations, and Dg X Z corresponds to rotations and
inversions. The Z part of Dg X Z corresponds to multiples of the 27 rotation.

K A RS
T ¥

Figure 5.4: The defect condensate |(1,0) > +|(0,1) > +|(—1,1) > +|(—1,0) >
+](0,—-1) > +|(1,—1) > with hexagonal symmetry.

Note that the translational symmetries have completely disappeared. There
are no more dislocations, and the translational phonons are confined. As we
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discussed earlier, this signals the restoration of translational symmetries, thus
the unconfined and residual symmetry algebras of the hexatic phase are actually

Tr = F(7? x (Z x 7)/7%) @ C((R? x Dg) x Z) (5.77)
U=F(Z¢x7)2C(R*x (Dg x 7)). (5.78)

Thus we’ve understood the phase transition from the hexagonal crystal to
the hexatic phase. We now wish to comment on a phase described in [73]:
the topological nematic. This is a two dimensional phase obtained from an
isotropic crystal, where dislocations have condensed, but rotational symmetry
is completely unbroken. In our defect condensate that led to the hexatic phase,
the residual rotational symmetry group was Zg, but in the topological nematic
the rotational symmetry group is U(1). In our discussion on crystals in chapter
3, we came to the conclusion that an isotropic crystal only makes sense in the
continuum limit, because by definition a crystal is not isotropic. However, in
the continuum limit one can definitely have a Lagrangian of a crystal in terms
of the displacement field @(Z), that is invariant under 1SO(2) = R? x SO(2).
It turns out (see chapter 3) that the two dimensional hexagonal and isotropic
crystals have exactly the same Lagrangians, so we could consider this isotropic
crystal to be the continuum limit of a hexagonal crystal.

Now the topological nematic is a phase obtained by a defect condensation in
the isotropic crystal. To obtain a defect condensate that fully restores the rota-
tional symmetry group SO(2), we must first realize that in the continuum limit
the dislocations carry a continuous label. The Burgers vector of a dislocation
in the continuum limit is characterized by a two-dimensional vector |(a,b) >,
with a,b € R%2. Thus a dislocation condensate that leads to restoration of the
full rotational symmetry group is given by

2
lpr >:/ db|(cosb, sinf) > . (5.79)
0

In a sense, this condensate is the continuum limit of the class sum defect con-
densate we considered in the hexatic phase. It is indeed a class sum defect
condensate of the isotropic crystal. Thus our analysis naturally incorporates
the topological nematic. Furthermore, our analysis allows for partial restora-
tion of the symmetry group, by considering defect condensates that are not class
sum.

We now return to the hexatic phase. We will analyze the phase transition
from the hexatic phase to the isotropic phase. The hexatic phase is a phase
described by the Hopf algebra

A=F(ZsxZ)®C(R* x (Dg x Z)).

The condensate is |r >, the %” rotation. The outcome is
Tr = F(e) @ C(R? x (Zg x 7)) (5.80)

U = CR?. (5.81)
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Our formalism also allows for other phase transitions. Consider, for example,
the defect-antidefect condensate

[(1,0) > +|(—1,0) > .
The residual and unconfined symmetry algebras are

Tr = F((Z*> X\ Zs) x Z)/0 x Z) @ C(Z* x (Z3 x Z5)) (5.82)
U=F(Zx12Z3)x2Z)RCZx (Zy xZs). (5.83)

The dislocations along the (1,0) direction are condensed, and the phonons with
momentum in that direction are confined. Thus the symmetry is restored in
that direction, so that

Tr = F(Z*> X\ Zs) x Z)/0 x Z) @ C(Z* x (Z3 x Z5)) (5.84)
U=F(Zx2Z)xZ)RC((RXZ)x (Zy x2Zs)). (5.85)

This is a 2D smectic. Remember that in the smectics we discussed in chapter
4 the Goldstone modes corresponding to oscillations of the rods within a plane
were massive, because of the analog of the Higgs phenomenon. It was crucial
that the symmetry group of the rods was not internal, but coupled to external
symmetries. In the 2D smectic we have uncovered now, there are no internal
symmetries. However, the defect-antidefect pairs in our condensate behave like
rods in a conventional smectic. Note that they are coupled to external symme-
tries, in fact they arise due to the breaking of external symmetries. Thus we
also expect the Goldstone modes associated with the oscillation of our ”rods”
to be massive, and only the longitudinal oscillation of the planes to be massless.

We note that our analysis has naturally led us to the quantum smectic
discussed in [73].

5.6 Defining a coproduct for 73

Tr is not always a Hopf algebra, because the coproduct of A does not necessarily
satisfy A(Tr) C Tr ® Tr. Tt does satisfy A(7r) C A ® Tr. This means that
we cannot take the tensor product of irreps of 7, in other words we cannot
fuse two particles in 7g. We can only fuse particles in 7z with particles of A
coming in from the left.

The reason we can’t fuse particles of 7 is that some excitations of the
condensate |¢pr > are confined. The condensate takes on the value |¢pr > to
the right, and |¢z ># |¢r > to the left of a confined excitation, in an irrep
Q of 7r. Thus particles coming in from the left see the condensate |p, >.
Thus particles to the left of are excitations of |¢, >, and they transform under
irreducible representations of the right residual symmetry algebra of |¢, >.

Matters are complicated further by the observation that given two states
|vy > and |vy > in a confined irrep €2, the value of the condensate to the left of
|v1 > need not be equal to the value the condensate takes to the left of v >.
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Thus the condensate does not take a well defined value to the left of the irrep
Q.

One possible interpretation of a configuration with a confined excitation €2,
is that the condensate has only condensed to the right of 2. To the left of 2 the
system is in the unbroken phase, with 4 symmetry. Thus particles to the left
of Q) are irreps of A. We can fuse particles in irreps II of A with €, and look
at the fusion rules. The outcome of this fusion tells us what the particle in the
irrep A can become when it enters the ordered phase.

This interpretation of a confined excitation is reasonable, but it is unsatis-
factory. Namely, we still want to be a able to fuse the irreps of the residual
symmetry algebra. There should be a finite set of quantum numbers in the
broken phase, and we should be able to tell which of these quantum numbers
can form hadronic composites. We want to be able to talk about the fusion
of the quantum numbers in the broken phase without bringing in the quantum
numbers of A. We know that if 7 is a Hopf algebra, we can fuse irreps of 7.
We will now discuss how to fuse irreps of 7z when 7x is not a Hopf algebra.

A purely magnetic phase

Let us first study a simple system that only has magnetic degrees of freedom.
Its symmetry algebra is F'(H), with H some finite group. A basis of H is given
by {Py, : h € H}, where P, is a projection operator. It measures the flux of a
configuration : if the flux of a state |v > is h, then Py, - |v >= |v >. If the flux
of v > isn’t A, then Pp|v >=0.

Now consider a single defect condensate |pr >= |g >. Then using (5.48)
(with Ny = {e}) we find for the residual symmetry algebra:

Tr = F(H/(9)), (5.86)

where (g) is the subgroup of H generated by |g >. Let us assume that (g) is
not a normal subgroup of H, so that 7x is not a Hopf algebra. A basis of T
is given by { P, (g) : hi € F}, where F' consists of a set {h;} of representatives
of the left (g) cosets in H. These projection operators measure defects modulo
the condensed defect |g >. This is a consequence of our definition of operators
in 7r: the operators in 7x are the operators that do not notice when a particle
fuses with the condensate |g >.
If we apply the coproduct A on a basis element Py, (4) of Tz, we obtain

A(Phk(g)) = Z Phk(g)h;l ® Ph,(g) = Z Phkhi_l(h,ighi_l) ® Py (g)- (5.87)
h,€F h,€F

This coproduct has a natural interpretation: if a projection operator Py, ()
measures a defect on the right, then the projection operators on the left measure
defects modulo h;(g)h;*. Thus ¢z = |high; ' >: the condensate on the left is
conjugated by h;. Note that the defect of the particle that P, (,) measured is
only defined modulo g, but this doesn’t affect |¢. >, since |h;g"g(hig")™! >=
|high;' > Vn € Z.
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We assume that there is a confined excitation |v > in an Q of 7g, and that
Py, (glv >= v >. We have a condensate [¢, > to the left of the confined
excitation measured by P, that is different from the condensate |¢pr > to
the right. We can, however, redefine our projection operators to the left of the
confined excitation. The projection operators to the left of |v > are defined
modulo |h;gh;! >. A basis of these projection operators is {Ph;(high{l) thy €
J}, where J consists of a set {h}} of representatives of the left (h;gh; ') cosets
in H.

To every projection operator P, (haghi 1ty We associate a projection operator
Phto) i (o) ™ TR

Pri(g)mi(9) = Pty (high Hhe = Partht hite) (5.88)

Using this definition, we can define a coproduct A’ for 7x:

A'(Prye) = D Prigmgie) @ P = D Patninig) © Prut- (5:89)
h,€F h,eF

A’ is a map from Tr to 7r ® Tr. Omne can check that A’ is an algebra
morphism, i.e.
A'(Ph;(9)Phi(9)) = A'(Pry(9)) A" (Pay(g))- (5.90)

We can use A’ to fuse two irreps 25 and € of Tx:
Qs ®Q(a) = (2@ Q1) 0 Al(a). (5.91)
A’ is not coassociative, i.e.
(A" ®id)o A # (id®@ A’) o A. (5.92)

This implies that the tensor product of three irreps Q3, Q9 and Q; of 7% is not
associative:

(3 ®@02) @Y # Q30 (R @ Q). (5.93)

The interpretation of this non coassociativity is as follows: when we take the
tensor product Qs ® Q1, Qs is defined with respect to the condensate to the right
of Q. If a third particle (23 comes in from the left, then it becomes defined with
respect to the condensate between 2o and 1. So we have a natural ordering for
the tensor product, namely we must take (23 ® Q) ® 4, which corresponds to
having €7 in the system, then bringing in 25 from the left, and then bringing in
Q3. Q3 ® (Q2 ® 27) is unphysical, because it isn’t clear how the particles were
put in the system.

The general case

In general, if we bring in 1,5, ..., €, from the left in that order, the resulting
configuration is ((... (2p @ Np_1) @ Np—2) ® ...) ® Q2) ® Q1. We have been
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forced to introduce an ordering in our fusion. This ordering corresponds to an
ordering in the coproduct:

(A ®id®...®id)o...o (A ®id®id)o (A ®id) o A(a). (5.94)

Once we have defined a non coassociative coproduct A’, we can fuse confined
excitations 7, and study the possible hadronic composites. To define a A/, we
need a linear map v with the following properties:

vy ARTr — AR Tr

Va,b, € Tr : y(A(ab)) = v(A(a))v(A(D))

7|A(TR) : A(TR) — Tr @ Tr is injective

Y(A(amodZ)) = A(a)mod(Z & T)
where 7 was a subideal of 7 such that & = Tr /Z. The last demand is equiva-
lent to demanding that we do not alter A at the level of . Then we define

A'(a) = vo Ala). (5.95)

We can be more explicit in the case of a condensate in a phase described by a
generalized quantum double F(H,,) ® CH,;, when the right residual symmetry
algebra T is of the form (5.29) : Tg = F(H,,/B) ® N. We've seen that T
is of this form for electric condensates, and defect condensates. The action of
N on B is well defined, because N acts trivially on B. For every orbit A; in
G/B under the action of N, pick a preferred element g;. Now define a map
o : Hpy,/B+— H,, such that o(¢;B) € g;B. In other words, o sends every left B
coset g; B into a chosen element in g; B. We demand that for all n € N

o(n-g;B)=n-o(g;B). (5.96)
Using o, we define
~v: (F(Hpm)®CHy) @ (F(Hp/B) @ N) — (F(Hp) ® CHe) ® (F(Hy,/B) @ N)
'y(Pgn & Pg/Bn') = P{,(g,B)_lga(ng)n ® Pngn/. (597)

It is straightforward but lengthy to verify that v|a (75 is an algebra morphism!?.
Thus we have a coproduct

A'(Pygn) = v o A(Pygn) = Z Py(g:)-198N @ Py, n. (5.98)
9i

An example: A = D(Ds,)

As an example, we consider a phase described by the quantum double of the
double cover of an even dihedral group: A = D(Da,,). The group structure of
D, is discussed in appendix A:

Dyp = {rks™: k=0,1,...,2n—1;m =0,1} (5.99)

10+ is not an algebra morphism of D(H)®7r, it is only an algebra morphism when restricted
to A(TR).
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with 72" = s2 = —e.
Now condense a single defect!! |s >. The right residual and unconfined
symmetry algebras are

Tr = F(Ds,/(s)) ® CZy x Zs (5.100)
U= D(Z,), (5.101)

where 7 x Z5 = {r*"s™ : k =0,1,2,3;m = 0,1}.

The irreps of 7g are given in table 5.5, and the irreps of Z5 x Zs, which
occurs as a centralizer of two orbits in Da,/(s), are given in table 5.6.

We write the basis of the irrep Qf as |i >,| —4 >, where |i > corresponds to
the defect |r’(s) > (remember that the defects are defined modulo the conden-
sate < s >). The action of T on this basis is set by

PT_7<S> . |Z >= 5j77;
i >=(-1)%i> t=0,1,2,3
sli>=|—1i>.

We can write this compactly in one equation:
Pricosr™sti >=6; o (—1)™*[(1 = 20)i > t € Z4,1 € Zs. (5.102)

The left (s) cosets in Doy, /(s) are ri(s) = {rt, —r ris, —ris:i=0,1,...,2n—
1}. To define the coproduct, we must choose o(ri(s)) € r(s) for every i. If
we choose o(r(s)) = 7%, then the coproduct A’ is coassociative. This can be
traced back to the fact that the r* form a group. Note that in general, it is not
possible to choose representatives of the cosets so that they form a group.

Using A/, we can determine the following fusion rule:

LR =0 e (5.103)

The unconfined irreps are given in table 5.6. This fusion rules implies, for
example, that Q} and Q7" can fuse to Qf, which is unconfined. Thus we have
made a hadronic composite.

If we choose o(r’(s)) = r's, the fusion rules are the same, even though
the coproduct is not coassociative. However, in this case the definition of the
particles is altered. Namely, if an irrep Q}C is present to the right, then |7 > in
the irrep Q{ coming in from the left should be interpreted as | — j >. This can
be checked by applying the projection operators:

Prices - (1§ > ®li >) = 81pil > ®li > (5.104)

We have therefore discovered that our choice of coproduct A’ alters the meaning
of the labels of our irreps, when they are to the right of a confined excitation.

1We take even dihedral groups, because in D(Da,+1), condensing |s > yields U = Ce,
which is slightly less interesting, but note that we can still study hadrons! Only the hadron
must be in the trivial irrep, since that is the only unconfined irrep.
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Preferred e r" r?
element g4 i=0,1,....n—1
Orbit A <s>={e,s,—e,—s} < s > {rr<s>r"<s>}
in Dy, / < s>
Normalizer Ny 7y X Zy= Zy X Zo= Zy=
{rtnsh . {rtnshk . {e,s,—e,—s}
t€Z4,]€€ZQ} t€Z4,]€€ZQ}
Irrep of Ny Ol gl Bm
keZyleZy keZyl ey meE 7y
Irrep of Q 0, QZJ Qi
Unconfined Qg,o Q%o
irreps k=0,2 k=0,2

Table 5.5: The irreps of T = F(Da2,/ < 8 >) ® CZ3 X Z5.

The reason for this is the following: we can determine the irreps of 7, and that
gives us a finite set of labels. When we have one particle in an irrep of 7z in the
system, its meaning is unambiguous. Now if a confined excitation is present,
then we know that the residual symmetry algebra of the condensate ¢, to the
left of the excitation may be different from the right residual symmetry algebra
Tr. However, we still want to use the same labels for particles to the left of
the confined excitations, because they are excitations of a symmetry algebra
isomorphic to 7. Thus we are adding information to the labels of irreps of
Tr, namely we are defining their meaning when they appear to the left of a
confined excitation. They should not be considered as the same particle: for
example, | > |i > should not be interpreted as the fusion of |i > with itself.
The correct interpretation is that we have the confined excitation |i > of 7Tx,
and we brought in a particle from the left, which under our choice of coproduct
is labelled by |i >.

In summary, for the |s > condensate in D(Ds,), the fusion rules are inde-
pendent of the choice of coproduct. We do not expect this to be a general result
(although in the cases we’ve worked out the fusion rules don’t depend on the
choice of coproduct). The physics of the phase, on the other hand, should not
depend on our choice of coproduct, since this choice boils down to a definition
of our labels. An interesting follow up on this research would be to study the
influence of the choice of coproduct on the fusion rules.

5.7 Dyonic condensates

We have applied our symmetry breaking analysis to electric condensates, and
defect condensates, with remarkable success. We will now study an example of a
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Element of e —e ro| T s —s sr™ sr—™
ZQ X ZQ
Irrep ag L (=DF | 4% [ ik | (=D4F | (=D4F | (=D)HF | (=)™
ke Z4, le”Zs

Table 5.6: The irreps of Zo X Z5.

dyonic condensate. In the case of dyonic condensates, 7z and U are considerably
harder to extract. In particular, 7z is in general a complicated algebra, and it
is quite a challenge to determine its irreps. The study of dyonic condensates is a
good test of our claims, such as the claim that there is a Hopf algebra ¢ whose
irreps are the unconfined irreps. We will purposely seek out cases where 75 is
not a Hopf algebra, because we’ve seen that if 7 is a Hopf algebra, then the
right residual symmetry algebra 7z is equal to the residual symmetry algebra
7 studied in [61], where it is proven that if 7 is the residual symmetry algebra,
then the unconfined irreps are indeed irreps of a Hopf algebra U.

We consider a phase described by a generalized quantum double F(H,,) ®
CH,;, and take a vector in a dyonic irrep T2, with A # {e}, and a # id.
ga is a chosen preferred element of A, N4 is the normalizer of g4 in H,
z;:1=0,1,...,n— 1 are representatives of left N4 cosets with z; = e, so that
A ={g; =wigaz; '} with g1 = ga.

We condense a single defect dyon. i.e. a vector of the form |g;,v >. The
condition of trivial self braiding gives the restriction that the irrep I in which
lgj,v > lives must satisfy a(ga) = 1.

Without loss of generality, we can take g; = g4, since g4 was an arbitrarily
chosen element of A. Thus our single defect dyon condensate is |ga,v >. In
function notation,

lpR (z) >= 1n, (z)a(z™ v > . (5.105)

Tr is made up of all the functions f € F(H,, x H;) that satisfy

fxi(z - ga),v)|or (v ') >= f(z1,y1)|ér(2) > Vo, € Gyx,y1 € H. (5.106)

Filling in x = e we get

f@iga, y)lor(yi ') >= f(z1,01)|or(e) >
= flerga, y) v,y Daly)lo >= f(z1,y1)1n, (e)ale)v >
{ if y1 ¢ Ny, then 0= f(x1,y1) = Tr C F(H,, X N4)

. 5.107
if 1 € N, then f(z1g.a,91)a)lv >= flan ) > 007

This last equation leads to the following conclusions: if f(z,y) # 0, then
f(zga,y) #0, and |v > is an eigenvector of a(y), with an eigenvalue we call A,:

A = L@y (5.108)

f(zga,y)
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This equation must hold for all z € H,,, thus f{T(;CAUL) is independent of x.

We filled in © = e into (5.106). One can check that filling in  # 0 leads to the
same equations we just derived. 7x is spanned by the functions f € F(H,, x H¢;)
that satisfy

1. f € F(Hp x N4)

2. If f(x,y) #0, then f(xga,y) # 0, and |v > is an eigenvector of a(y) with
f(z,y)
f(zga,y)°

eigenvalue A, =

A basis of 7 is given by functions f, ,, labelled by a representative z¢ of a left
(ga) coset in G/(ga), and an element y of H such that |[v > is an eigenvector
of a(y) with eigenvalue A,:

n—1
fw(vyzpmggzyA;kv (5109)
k=0

where n is the smallest integer such that ¢ = e.

These right residual symmetry operators are a beautiful manifestation of the
dyonic nature of the condensate. Our attention now turns to whether 75 is a
Hopf algebra. Using our results at the beginning of this chapter, 7 is a Hopf
algebra <= 7 = 7;. Thus if we determine 7, we can compare it with 7z
to find out if 7 is a Hopf algebra.

The derivation of 7, is analogous to that of 7g. A basis of 7 is given
by functions g, 4, labelled by a representative x, of a right < g4 > coset in
< ga > Hp, and an element y of H,; such that |v > is an eigenvector of a(y)
with eigenvalue Ay:

n—1
gmmy = ZPTngf‘Ay)‘y_k (5110)
k=0

As an explicit example, let us study single defect dyons of the form |r*, 3 >
in D(D,,). B is an irrep of the centralizer N,« of r*. If we assume that n is
odd, then Nx = {r™ :m =0,1,...,2n — 1}. The irreps §; of N, are labelled
by an integer | € Zo,_1:

). (5.111)

Now condense |7, 3; > with k # %n,n, 37” Since we require the dyon to

have trivial self braiding, [ and k satisfy [k = 0(mod2n).
The right residual symmetry algebra 7 is

Tr = F(Z gea(r,2n)) @ CyriZon © A (5.112)
where yi; = Ged(oe d‘(g;dézf;c) IR and A is some algebra with complicated

multiplication, whose irreps are all confined. The unconfined symmetry algebra
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is

2n
(@12 gea(h 2m)) © ged(ged(l,2n), ged(k, 2n)) 2
~ F(Z ged(k.2n)ged(l,2n) )® Cchd(k,gcd(l,?n)) (5.113)
where X = W

The proof of (5.112) and (5.113) lengthy, though there are some steps that
simplify matters considerably. The greatest common divisor appears because
ged(k,2n) is the smallest number in the series {tkmod(2n) : t € N}!2. A basis
of Tr is given by functions f, ,, and gpm:

fom =3 Preret™j™ ™ p=0,1,...,ged(k,2n);m =0,1,...,2n — 1
t=0

T,
Ipm = ZPsrp+ktrmj_Mt p=0,1,...,9cd(k,2n);m=0,1,...,2n—1
t=0

where xp = m, j = exp(ZZL). For f,.m (and gp.m) to be non-zero, we

must have j7™% =1 (if j # 1). This means that may = 0(modx;), so that m
ged(k,2n)

ged(ged(l,2n),gcd(k,2n)) "

The fp . therefore span the first part of 7z we wrote down before, and the g, ,,

span A.
Now for the irreps that braid trivially with the vacuum. Some intermediate
steps are

is a multiple of

P(Pynyps™rq) = 6n.0] ged(k,2n) “(0m.0fp mod ged(h,2n).aF0m,19p mod ged(k 2n).)
(5.114)

where zj, is the smallest positive integer such that zpk = ged(k, 2n)(mod2n).

- d ged(k,2
. p—(p mod gcd(k, n))z,C

G(P(Ps"‘rpsmrq)) = 5n,05m,05p,Omodgcd(k,Qn)] ged(k,2n) 1 (5].].5)

Equation (5.26) gives for an irrep Q of Tg:

ged(k,2n)—1 ged(k,2n)—1
QDY feoi )= and QY g0 =0 (5.116)
q=0 q=0

Let us call the irreps of the first part of 7z (the part spanned by the fy..) py,
and the irreps of A will be called p,. The p; are zero on all of A, while the pq
are zero on all f, ,,. The first of the two equations we just wrote down leads to

the fact that all p, are confined, because 1 = Zgido(k’%)il fq,0 + 9q,0, SO that
ged(k,2n)—1
pa( D fa0d) = pg(1) = 0=py(1) = p, =0 (5.117)
q=0

12This follows from a basic lemma in algebra theory, that gcd(k,n) is the smallest positive
integer in the set {zk + yn : z,y € Z}, and from the fact that (2n — 1)k = —k(mod2n), so
that we have {(zk + yn)mod2n : z,y € Z} = {(zk + yn)mod2n : = € N,y € Z}.



5.8. CONCLUSIONS AND OUTLOOK 141

Equation (5.27) tells us that

ged(k,2n)—1

> gkt go-k) = Q1) (5.118)

q=0

We know that the irreps of the first part of 7 are labelled by two integers, so we
call the irreps pgp;a = 0,1, ..., gcd(k,2n)—1;b = 0, z, 22k, . . ., —xR(mod(2n)).
The trivial braiding conditions give

_i2mwbk

jP=1=e "3 (5.119)

which leads to a = 0, x;, 22, ... and b = 0, x, 2z, ... This proves (5.113).

To obtain the case of a pure defect condensate, fill in [ = 2n (which is
equivalent to I = 0, but in the equations it only makes sense to fill in | = 2n):

U =~ D(Z yeq,2n))- (5.120)

5.8 Conclusions and outlook

The Hopf symmetry description of phases with spontaneously broken symme-
tries exposes the duality between electric modes and topological defects in a very
explicit and beautiful way. Furthermore, it encodes the braiding of modes alge-
braically, with a braid operator acting on the vector space of the modes. We have
studied the recent discovery that symmetry breaking can be studied by studying
the representation theory of the Hopf algebra. We’ve seen that dropping the
restriction that the residual symmetry be a Hopf algebra leads to a novel cri-
terion that gives physically sensible answers. It allows for a unified description
of symmetry breaking induced by electric, magnetic and dyonic condensates.
We've shown that our analysis reproduces the conventional theory of electric
phase transitions, and that it gives answers for defect condensates that are con-
sistent with the defect-mediated phase transitions discussed in the literature. As
an example, we’ve analyzed all electric and defect-mediated phase transitions
in achiral tetrahedral, octahedral and icosahedral nematic. The spectrum in
the residual phase consists of two types of excitations: unconfined excitations,
which are well excitations around which the condensate is singly valued, and
hadronic composites, which are combinations of confined excitations that are
unconfined as a whole. In the tetrahedral nematic, we’ve found that different
condensates lead to a different spectrum, either in the unconfined excitations
or the hadronic composites, so that in principle the phases obtained by the
different condensates are distinguishable. For the octahedral and icosahedral
nematics there are defect condensates that given the same spectrum according
to our analysis. Finally we worked out a simple example of a dyonic condensate.

There are many open questions which should be addressed. Firstly, we have
made certain mathematical conjectures plausible, but we haven’t proved them.
We hope that mathematicians will take up the challenge of proving
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Conjecture 1. T is a semisimple algebra'®, and there is a Hopf algebra U
whose irreps are precisely the irreps of Tr that braid trivially with the conden-
sate. U has a natural braiding, which follows from the braiding of the original
Hopf symmetry A.

Conjecture 2. Choosing different coproducts A’ for Tr gives the same physical
answers, such as the possible hadronic composites.

Our criterion for symmetry breaking was defined for a general Hopf algebra.
It didn’t make explicit use of the coassociativity of the Hopf algebra, so it can
also be applied to quasi-Hopf algebras, for example (see [26] for the definition).
The Hopf symmetry approach has been applied to many physical systems, to
which it would be very interesting to apply our symmetry breaking formalism:

e Go back to the gauge theory in (2.59) (the non relativistic version of
the planar Abelian Higgs model). If we add the Chern-Simons term[19]
qJ - A — pA - (V x A) to the Lagrangian (where .J is the current of the
charged particles), and the symmetry is spontaneously broken to a discrete
H, then the electrically charged particles become automatically magneti-
cally charged[19]. There is a Hopf algebra, called a quasi-quantum double
D% (H), that captures the fusion rules and braiding properties of the exci-
tations of this system. D“(H) is very similar in structure to the quantum
double D(H), but the representation theory is more complex. Our sym-
metry breaking formalism is definitely applicable to D“(H), and the study
of Hopf symmetry breaking in D (H) would be a very natural extension
of this work.

It has been proven that condensates of particles in theories with Chern-
Simons terms can become superconducting[72]. The idea that this might
explain High-Tc superconductivity has recently been overthrown, because
it conflicts with experiments.

e There is a quantum group description of the Fractional Quantum Hall
effect[61]. The quantum group is U, (sl2), the quantum deformation of sls.
It is infinite dimensional, but the infinite dimensionality is not a daunting
one. The basic ingredient, sls, is a finite dimensional Lie algebra, and
we can take formal tensor products of elements of the Lie algebra, which
is why Ug(slz) is infinite dimensional. It would be very interesting to
study condensates in such systems, especially since experimentalists have
extensively studied phases where anyons have condensed.

e Finally, 241D gravity, and 3D crystals, can be described as a Chern-
Simons gauge theory. It has been proved[45] that there is a continuous
quantum double that captures the fusion rules and braiding properties of
the excitations of these systems. In the case of 2+1D gravity, it is denoted

13Requiring that 7% is semisimple is equivalent to requiring that all representations are fully
reducible. This means that there are a finite number of irreps out of which all representations
are built. Thus we have a finite set of quantum numbers.
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by D(SU(1,1)). For 3D crystals the quantum double is D(SU(2)). We
strongly believe that our symmetry breaking formalism is applicable to
continuous quantum double.
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Appendix A

SO(3) and SU(2)

A.1 The subgroups of SO(3)

There are only a handful of types of finite subgroups of SO(3). These are
e 7,, denoted by C), in crystallographic notation
e D, the dihedral group of order n
e T the tetrahedral group
e O, the octahedral group
e | the icosahedral group, also denoted by Y or K.

All finite groups are isomorphic to a subgroup of a permutation group S,, from
some n. This follows from the observation that when a group G acts on itself by
left multiplication, it permutes its own elements. This left action establishes a
homomorphism from the group G to the group S,, of permutation of n elements,
for a group with n elements. Therefore, G is isomorphic to a subgroup of S,,.
Note that G could also be isomorphic to a subgroup of Sy from some k < n.
The finite subgroups above are isomorphic to the following:

A, the alternative group of order n, is the group of even permutations of n
elements.
These isomorphisms have a natural interpretation:

T ~ Ay : even permutations of the 4 vertices of a tetrahedron
O ~ S, : all permutations of the 4 diagonals of a cube

I ~ As : even permutations of the 5 cubes inscribed inside an icosahedron.
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The icosahedral group is the symmetry group of the icosahedron, as well as
the dodecahedron, which is the dual’” of the icosahedron. By dual, we mean we
put a point on the center of every face of the icosahedron, connect these points,
and obtain a dodecahedron. The tetrahedron is self dual, and the dual of the
cube is the octahedron.

Figure A.3: The octahedron and the cube are dual.

A.2 Double cover groups
SU(2) is a double cover of SO(3). There is a two-to-one homomorphism
p:SU(2) — SO(3) (A.4)

To specify a rotation in SO(3), one must specify an axis around which the ro-
tation takes place, and a rotation angle 6 € [0,27). Denote by i a unit vector
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N\ 2
L

Figure A.4: The icosahedron, with one of the five inscribed cubes.

along the axis of rotation, and define positive 6 to correspond to counterclock-
wise rotation with respect to 7. Then this rotation is denoted by R(7, ).

We can parametrize matrices in SU(2) in a very similar way: take any unit
vector 2, and any angle 6 € [0,47). Notice how 6 runs over a larger range than
in the SO(3) case. Now associate to 7 and 6 the following matrix in SU(2):

u(n,d) = emp(igﬁ -F) = cos(g)]l + zsm(g)ﬁ ¥ (A.5)

where ¢ = (0, 0y,0,) is a vector containing the three Pauli matrices, and 1 is
the unit matrix.

() (e (1)

The homomorphism is now easily accomplished: just replace u by R.

p:SU(2) — SO(3)
u(f, 0) — R(#, ) (A7)

The kernel of this homomorphism is {+1,—1}. The irreps of SO(3) are
precisely the irreps of SU(2) that factor over p. A irrep of SU(2) that factors
over p is called bosonic, otherwise it is fermionic.

The homomorphism from SU(2) to the quaternions is just as elegant: replace
—iog by I, —ioy, by J, —io, by K.

Armed with these identifications, double cover groups become more trans-
parent. The double cover of a subgroup G of SO(3) is the inverse of this group
under p. It has twice as many elements, but note that it is not simply G x Zs.
The double cover of G is denoted by G.

Let us work out the group structure of D, as an example. The easiest
presentation is as elements of H. Take the z axis as the rotation axis. Then

ko2 T
r —u(z,nk)

s =u(z,m)
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One easily checks that 7* = s> = —1. All elements of D,, are of the form

{£rksm:k=0,1,...,n—1;m =0,1}.

We can also write the following presentation, which is used in this work:
D,={ 7" :k=01,....n—1;i=0,1,2,3: 8% =",

st = e, rkrd = pFH gpkgTl = pr=ky (A.8)

Here 7" is a 27 rotation (just like s2), which commutes with all others elements.



Appendix B

Hopf algebra’s

In this appendix we will develop the mathematical theory behind Hopf algebra’s.
We present all the structures of a Hopf algebra, and explain their physical
interpretation. We give these structures for the quantum double of a finite
group, and finally we discuss generalized quantum doubles in the main text.

B.1 Quasitriangular Hopf algebras

Algebra’s are an ubiquitous mathematical structure. Famous examples are R,
C, matrices, polynomials, functions from a manifold to R, etc. Another math-
ematical structure which is less widespread is a coalgebra, a structure that is
in a precise sense a dual object to an algebra. A Hopf algebra is simultane-
ously an algebra and a coalgebra, with certain compatibility conditions between
the algebra and coalgebra structures. Let us work through the definitions, and
important examples.

B.1.1 Algebra’s

An algebra A is vector space over a field F(which we will take to be R or C), with
a bilinear multiplication. Since it is bilinear, we can think of this multiplication
asamap u: A® A~ A Our algebras will all have a unit element, i.e. an
element 1 which satisfies 1a = al = a Va € A. One can also assign a map to
this unit, which embeds the field F into the center of the algebra. We write
n:F — A We require that n be an algebra morphism (the field is also an
algebra, with itself as ground field). All the algebra’s we will consider will be
associative with respect to multiplication.

A very important example is the group algebra of a finite group. Label the groups
elements by g;. To get an algebra, choose a field F, and put the group elements
in "kets”, writing them like |g; >. The group algebra is then the set of objects
of the form ), Aj|g; >. This structure is very important, as it contains all the
information about the group. For example, irreducible representations of the
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group algebra are in one-to-one correspondence with irreducible representations
of the group.

Electric modes transform under an irrep of a group, which is equivalent to saying
that they transform under an irrep of the corresponding group algebra.

B.1.2 Coalgebra’s

A coalgebra C is a vector space, and it comes equipped with a comultiplication
and counit. The comultiplication is a linear map A : A — A ® A. The counit
is a linear map € : A — F. They must satisfy

Coassociativity : (A®id)o (A)=(id®A)o A
Ve e (e®id) o Ac) =c = (id®¢€) o A(c)
As an example, take all the linear functions from a finite group H to F,

which we denote by F(H). They form a vector space, which is spanned by the
functions {d,, : gi € H}. A coalgebra structure is then given by

6(597’,) = 597’,,6
A((ng) = Z 5g,;g;1 ® 65]70
gLEH )

We need only define these functions on a basis of F/(H) since they are linear.
Given an algebra A, its dual A*' can be given a coalgebra structure, that
depends explicitly on the algebra structure. It is achieved in a rather natural
way. The structures on the coalgebra are:

A(f)(a1,a2) = f(ara2)
e(f)=f(1)

This definition is the reason for the denominations of coproduct and counit.
The coalgebra F'(H) we defined above is obtained from the group algebra CH
by these definitions, and is therefore the dual. It just so happens that F/(H) is
also an algebra with pointwise multiplication: fi; x fa(z) := fi(x)fa(z). As we
will see, it is in fact a Hopf algebra, just as CH is.

Given a finite dimensional coalgebra, its dual can be given an algebra structure,
but this is in a slightly less natural way, and we will not discuss it (it is remi-
niscent of the isomorphism A** ~ A for a finite dimensional vector space).
This is why we say that the coalgebra is a structure dual to the algebra.

B.1.3 Quasitriangular Hopf algebra’s

A Hopf algebra is simultaneously an algebra and a coalgebra, with certain com-
patibility conditions. Namely, we demand that ¢ and A be algebra morphisms.

!The dual of an algebra A is defined as F/(A) = A*, the set of linear functions from A to
C.
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This is equivalent to demanding that n and u be coalgebra morphisms (see [26]).
It also contains an antipode map S, which is the unique map from A to A that
satisfies

w(S ®id)A(a) = p(id ® S)A(a) (B.1)

From this definition, one can derive the following relations:

Va,be A: S(ab) = S(b)S(a) (B.2)
S(1)y=1 (B.3)
(S®S)A = APS (B.4)
e(S(h)) = e(n) (B.5)

Physically, the antipode map is used to construct antiparticles out of particles.
More specifically, given an irrep II, define the antiparticle or conjugate irrep
Tl(a) = I*S(a). It’s an irrep because S is an antimorphism, and so it transpo-
sition. When we fuse particle and antiparticle irreps, we don’t necessarily get
the vacuum, but it is guaranteed that e is present in the fusion rules.

Lemma 5. II®II can decay into the vacuum channel .

Proof. Call V' the representation space of Il (which is also the representation
space of II). Decompose V ® V' into a traceless part, and the trace:

1 1
v,weV:v@wz(v®w—§v-w1)+§v-w1

These two subspaces of V ® V are invariant under the action of IT ® II, because
(using the results above)

1 1
tr(II) (v w— gv.w]l)) = Z al(.,t)S(a(Q))li(vkwl —3v Wk
(a)7i3j7k

(S(a) Y (wrn — 354)
kl
=0

In the penultimate line we used u(S ® id)A°%(a) = €(S(a)). This proves that
the traceless part gets mapped into the traceless part. The trace is also left
invariant: I ® II(a)l = €(a)1. O

The standard example of a Hopf algebra is the group algebra. We have
already discussed the algebra structure. It is turned into a Hopf algebra with
the following definitions:

A(gi) = 9i @ gi

€(gi) =1
S(gi) =g;*
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Given a finite dimensional Hopf algebra A, one can define a Hopf algebra struc-
ture on A*, and A* is then called the dual Hopf algebra. The definitions are
quite natural, and explain the names coproduct and counit:

unit 1* : 1*(a) = €(a)

Counit €* : €*(f) = f(1)

Multiplication : fi - fa(a) :== (f1 ® f2)A(a)
Coproduct A* : A*(f)(a1,a2) = f(araz)

We've seen that F'(H) has an algebra structure, and a coalgebra structure. It
turns out that these are compatible in the sense defined earlier. Defining the
antipode as S(Pp) = Op,e, F'(H) turns into a Hopf algebra. And, as the reader
may have guessed, F(H) = H* as a Hopf algebra, i.e. F/(H) is the Hopf algebra
dual to CH.
And now we are finally ready to explain the statement ” defects are dual particles
to electric modes”. Namely, the physical measurement operators on the defects
are projection operators P, which have the Hopf algebra structure of F(H)
(given that the defects live in H). This is not a trivial statement, it will become
clear when we discuss the fusion rules, and notice that they are exactly the
fusion rules of defects. For now, note that the coproduct has an immediate
interpretation:
A(Py) = Py @ Py, (B.6)
™

It makes sure that when two defects fuse, the total ”flux” (the homotopy class
of a loop surrounding both defects) is equal to the product of the fluxes (the
composition of the loops defining each defect). Therefore, the defects transform
under irreps of F'(H), and are therefore dual particles to irreps of H.

A Hopf algebra A is called quasitriangular when there is an invertible element
R of A® A that satisfies:

(A X id)R = R13Rs3 (id (024 A)R = Ri3R12
Vae A: RA(a)R™!= A(a)

where if we write R =3 5, RM @ RA) | then

Rij:Z]-@"'@R(l)®"'®R(2)®"'®1
(R)

where R is in the i-th, and R in the j-th position.

Given a Hopf algebra A, there is a natural to "double” it, creating a new
Hopf algebra D(A) called Drinfeld’s quantum double of A. As a vector space,
D(A) = A* ® A, so it’s a tensor product of A and its dual. For the discussion
of the Hopf algebra structure on D(A), see [26]. For our purposes, we need only
know what the structure is like for H a discrete group. We also specify a braid
matrix, making it a quasitriangular Hopf algebra.
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As vector space, D(H) is F(H) ® CH, which is the same as F'(H x H) for finite
H. Denote a basis of D(H) as Phg (that’s the notation used in [??]), where
g € H, and P, € F(H) is defined by Py(z) = 0p, (z € H). If we see it as an
element of F(H x H), the function is Prg(z,y) = h,d4,y. We can also define
g=19 =73 1cu Prg, and P, = Pye. We've therefore embedded H and F(H)
into D(H), and their embeddings form an algebra basis of D(H) (meaning that
any element can be written as a sum of products of these basis elements). The
structure is determined by the following formulae:

PrgPhg" = 0n ghrg-1 Prgg’ (B.7)

A(Pyg) = > Puw-19® Pug (B.8)
h'eH

€(Prg) = On,e (B.9)

S(Png) = Py-1p-149~" (B.10)

R= ZPge@)g (B.11)

geH

These relations can also be given in the language of functions in F(H x H), and
this notation is convenient in several cases, so we give it now:

(frf2)(@.y) =Y fi(z, h)fa(h~ zh, h™y) (B.12)
heH
A(f)(z1, 91572, 92) = f(z122, Y1)y, (Y2) (B.13)
e(f) = Z fle,2)dz (B.14)
z€H
S(f)(zy) = fly~ ey, y ) (B.15)
R(x1,y1;22,y2) = 0e(Y1)02, (y2) (B.16)

This notation is also important because it generalizes to the case where H is
compact, or locally compact. For results on such cases, see [32] and [33].

The irreducible representations of D(H) follow from the fact that it’s a trans-
formation group algebra (see [61] for details). Since we will come across other
transformation group algebras in the main text, we give the general definition.
As a vector space, the transformation group algebra is F/(X)® CH, where X is
a finite set and H is a finite group. A basis is given by

{P.h:x e X, heH} (B.17)

Just as in the quantum double case, we can consider it to be the vector space
F(X x H) of functions
f:XxH-—C. (B.18)

The element P,h € F(X)® CH corresponds to the function

fy,2) = 0z,40n-Vy € X,z € H. (B.19)
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Furthermore, there is an action of the group H on X. This means that the
elements h € H act as bijections of X, in a manner that is consistent with the
group structure (i.e. we have a homomorphism from H to bijections of X).
Denote the action of h € H on z € X by h-x. We now turn this vector into an
algebra, by introducing a multiplication.

Definition 1. F(X x H) is a transformation group algebra if the multiplication
of P,h and Py h' is given by:

PyhPyh' = 8y g Pyhh (B.20)
In function notation:
(frf2)(@,y) = fula, ) fol(h™ -z, b7 y) (B.21)
heH

We define an inner product on F(X x H). We give it in both notations: in
terms of elements P,h € F(X)®CH, and in terms of functions f; € F(X x H).

(Pyh, Purh) = 64,00 0p 1
(fi.f)= > filz,h)" fa(a, h). (B.22)

zeX,heH

We can split X up into orbits under the action of H. The orbit of an xy € X
is given by {h-xo : h € H}. Call {A} the collection of orbits. For each orbit A,
choose a preferred element 24!, and define the normalizer N4 to be the subgroup
of h € H that satisfy h-x{' = {'. The O4 and N4 play a central role in the
determination of the irreps.

Theorem 2. Choose an orbit A in X, a preferred element xi' of A, and an
irrep o of Na. The orbit A = {xf,24,... 22 : x2 € X}. Let hi* be any
element in H such that h* - ' = x*. Then the hi* form representatives of
left Na cosets in H. Further call e; the basis vectors of the vector space Vi, on
which the irrep o acts.
An irreducible unitary representation 114 of F(X x H) is given by inducing the
irrep a. A basis of the vector space is {|xf‘,e?‘ >}, and the action of P,g €
F(X x H) is given by

Hé(ng)kC;A, 6? >= 5a:,ghf-x{‘|x3'47 a(n)e? >
where a:j‘ is defined by ght = hfn,n € Na. This is possible because ghi* sits
in a particular coset of H/Na, and the hi* are representatives of the left Na
cosets.
Furthermore, all unitary irreducible representations are equivalent to some 112,
and TI2 is equivalent to Hg iff Oa = Op and « is equivalent to 3.

Thus irreps of a transformation group algebra are labelled by an orbit A
in X under the action of H, and an irrep « of the normalizer N4 of a chosen
preferred element x4 of A.
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The notation in terms of basis elements makes the action of the irreps trans-
parent. An alternate notation for the Hilbert space is hi! ® e >= |z, ef >.
Then the action of a global symmetry transformation g = 1g is simply

¥ >

Hé(g)hf‘®|e? >= ghf‘®|e?‘ >= hfn®|e§y >= h?®|a(n)e?‘ >= |a:;4,oz(n)ej

In words, the part of g that ”shoots through” the defect acts on the electric
part.

The function notation is rather opaque, but extremely useful in calculations
in the main text. The Hilbert space of the irrep 112 is given by:

Fo(H,Vy) = {|¢ >: H — Vy||lp(hn) >= a(n~)|¢(h) >,Vh € H,¥n € N}

To make contact with the notation above, |¢p(h) > corresponds to the vector
attached to the "flux” h - x{'. For example, the function |¢ > associated with
|x;4,e? > is |p(hd) >= 1pan, (R)|ef >. To explain the rest of the definition,
note that Vn € N

Aeq

ief >= hf ® lef >= h;‘nn_l ® lef >= hfn ® |a(n™tes >

B ;

which explains why |¢(zn) >= a(n=1)|¢(z) >.
Then the action of f € F(X x H) on |¢ > under the irrep 12 gives a new
function 2 (f)¢ € F,(H, V), defined by

MA(HG)R) =D f(h-af,2)|p(z""h) >

z€H

One easily checks that this is equivalent to the definition given above.

The quantum double D(H) is a special case of a transformation group al-
gebra, with X = H and h-2 = hzh™!. Thus in D(H) the orbits of X = H
under the action of H are conjugacy class of X = H. N4 is the centralizer of
the preferred element g4 of A.

We proved earlier on that the antipode can be used to create an antiparticle
irrep from any irrep IT2. In the case of D(H), the antiparticle irrep of I is
Hgil, where A~! is the conjugacy class of g, and @(n) = af(n~!). In particle,
for an electric irrep II¢ the antiparticle irrep is IIS. An example of this is the 3
irrep of SU(3), which is the antiparticle irrep of 3. The quarks transform under
the 3 irrep, while the antiquarks transform under the 3 irrep of SU(3).

Two chapters back, we analyzed the classical fusion rules of defects, and
of electric modes. The fusion of two electric modes was tantamount to taking
the tensor product of their representations, and analyzing the decomposition
of this tensor product into irreps. For magnetic modes, the fusion rules of
two defects corresponded to the multiplication of their conjugacy classes. This
multiplication is commutative, and gives a union of conjugacy classes (some of
which may appear more than once in the decomposition):

CAxCP =3 N&PCC. (B.23)
c
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We would like the fusion rules of the Hopf algebra to reproduce these fusion
rules. But in the decomposition II{! ® ¥ = 2D Nﬁg’yﬂg, there will be
dyons! The defect fusion rules are still present in this decomposition, though.
We will now prove that if we ”sum over” the electric part of the irreps (i.e. we

neglect the electric part), then the defect fusion rules are reproduced.

Lemma 6. For two flux irreps of D(H), we have

AB
I TP = > Ny s,
D,y

By summing over the electric irreps v and their dimensions d., we get the
classical fusion rules:

CrxcP=3"(>" d,N{\E"c©
C ol

Proof. The best way to see this is to study the representation space,{|g; > |h; >
,gi € A, h; € B}. The global symmetry transformations g act as g-|g; > |h; >=
l99:97 > |ghjg—1 >. Let all the g € H act on these vectors (which transforms
them into other vectors of the same form), and decompose the vector space
into invariant subspaces V;. These are obviously the conjugacy classes in the
multiplication of C4 and CP. These subspaces are also invariant under the
action of the projection operators, which act as Py - [g; > |hj >= 0n,g,n,|9: >
|hj >. Now write V; = >, .y PnVi. P,V; is invariant under the action of
Np, so it’s a representation of Nj,. Decompose this into irreps fy’,fb’i of Ny,
writing P,V; = >, W%;: Acting by global symmetry transformations g, we
get g - W%’i.i = sthg_lj.
These are exactly the irreps v in the decomposition above. Obviously, for a given
P,V;, the irreps vy, ; satisfy Y, yE = dim(P,V;). We've explicitly constructed
the decomposition into irreps, since if P,V; # 0, acting on P,V; with global
symmetry transformations generates all of V;, and the action is invertible. Thus,
summing over the dyons gives the class multiplication. O

B.2 Generalized quantum doubles

In the main text we came across phases whose Hopf symmetry was a variation on
a quantum double, which we called a generalized quantum double. An example
is F(T)®CTy. We will now give the general definition of a generalized quantum
double?.

As a vector space a generalized quantum double is F(H,,) ® CH;, where
H,, and H,; are two groups. It is also a transformation group algebra, so there

2We came up with this structure to deal with the phases with inversion or reflection
symmetries.
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is an action of H¢; on H,,. We denote the action of h € H,; ong € Hy, by h-g.
We require this action to satisfy the following relation:

Vh € He, V9,9 € Hy, : h-(g9") = (h-g)(h- ¢). (B.24)

A basis of F(H,,) ® CH; is given by {Pyh: g € Hp,,h € Ho}. F(Hy,) @ CH
is a Hopf algebra with the following structure:

V9,9’ € Hp,Yh,h' € Hy o PyhPyh! = 8g 4.9 Pyhh! (B.25)
A(Pyh) = > Pyh@ Py h (B.26)
g’ €Hp,
e(Pyh) = 6, (B.27)
S(Pyh) = P-1.,-1h™" (B.28)

These structures satisfy all the axioms of a Hopf algebra, thus F(H,,) ® CH;
is a Hopf algebra. Just as in the quantum double case, we can write elements
of F(H,,)® CH,; as functions in F'(H,, X He). An element of F(H,, X H) is
a function

f:H, x H; — C. (B.29)
The element Pyh € F(Hp,) @ CH,; corresponds to the function

fy,2) =08g,y0n,- Yy € Hy,z € Hey. (B.30)
The structures of F(H,, X H,;) are

Vf, fi,fo € F(Hy x Hep);x, 21,02 € Hyyy,y1,y2 € Hep

(frx f2)(@,y) = > fi(x,h) fa(h™" 2, ty) (B.31)
heH,,;
A(f1)(z1, 1572, y2) = f(z1272, Y1)y, (y2) (B.32)
«(f)=">Y_ fle,h)dn (B.33)
heH,,
S(f)@y)=fly a7y (B.34)

Making F(H,,) ® CH,; quasitriangular, i.e. introducing a braid matrix, is
not that easy. We have found a way to do it that applies to all cases in the main
text. We need a homomorphism:

I': H,, — Hg, (B.35)
that satisfies the following relations:

Vg,91,92 € Hp,h € Hep (B.36)

L(g1) - 92 = 919297 (B.37)
T(h-g) = hT(g)h~". (B.38)
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F(H,,) ® CH, is then a quasitriangular Hopf algebra with the following braid
matrix:

R= Y Pe®I(g). (B.39)
gEH,
The inverse of R is
R =Y Peal(g™). (B.40)
geG

The quantum double D(H) is a special case of a generalized quantum double,
with H,, = Hy =H, h-g=hgh 'Vh,g € H, and ' = id.

Armed with our knowledge of generalized quantum doubles, we can study
an achiral tetrahedral nematic, for example. The elements of Ty are denoted as
permutations of the four vertices of a tetrahedron, see fig. B.1.

The defects are labelled by

I, (0(3)/Ty) = I (SO(3)/T) = I, (SU(2)/T) = T. (B.41)

Global symmetry transformations conjugate the defects, so these defects are
grouped together in orbits under the action of the residual symmetry group, in
this case T;. This is not the same as the conjugacy classes of T! To see this, we
must first set a notation for the defects. Write an element of T' as

u(n, ) = sign(cosg)u'(ﬁ, ) —7m<@ <71 0 =0(mod2m), (B.42)

where u(n,0) € SU(2) is defined in Appendix A. Every defect corresponds to
a u(n,d). The element of u(n,d) that corresponds to a defect is not uniquely
defined, we have some choice. We denote the defects as cycles of T' with square
brackets with a plus or minus sign, e.g. £[123]. The minus sign corresponds to
the 27 defect, i.e. the nontrivial loop in SO(3). The defect [123] corresponds to
the u’(n,0") with —7 < 6’ < 7 such that

R(7,0') = (123).

We need to know the axis 717 in fig. B.1, such that (123) corresponds to a 2*

3
around 7.

Figure B.1: The tetrahedron, with labelled vertices.

From the figure we see that 1i; = %(1, 1,1). Thus we define [123] = u(ri1, 2F)
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The trivial defect is denoted by 1, and the 27 defect by —1.
To have a notation for all the defects in 7', we first define the following axes:

1 1 1 1
iy =—(1,1,1) 1y =—(1,1,—-1) nig=—=(-1,1,1) nig=—(—1,1,—1).
1 \/g( ) 2 \/g( ) 3 \/g( ) 4 \/g( )
Then the defects are given
+e
2 2
£[123] = +u(riy, ?”) H[124] = Hu(rin, Z)  +[124] = +u(ry, ?”)
2 2
+£[234] = +u(ris, g) +[134] = +u(riy, Z5)  £[132] = £u(ny, —%)
2 2
+£[142] = Fu(ria, —?”) +[243] = +u(riz, —2F)  +[143] = +u(riy, —%)

£[(12)(34)] = £u(z, 1) £[(13)(24)] = Tu(g,7)  £[(14)(23)] = +u(@, 7).

Using our notation, we can determine the defect classes under the action of
Ty. First consider an element R(7, ¢) of T'. Its action on a defect u(1;, 6) gives
u(ﬁa ¢)u(ﬁ“ Q)U(ﬁ, ¢)71'

Now consider transformations in T, that are connected to the identity, such
as (12). We can always write such an element as Inv x R(, ¢), where Inv is
the inversion matrix:

Inv=-1=|( 0 -1 0 |. (B.43)

Inv acts trivially on all the defects, thus the action of Inv x R(n, ¢) on a defect
u(n;, ) gives u(n, @)u(ri;, O)u(h, $) L.

We will now write the large symmetry transformations as Inv x R(7, ¢).
First we define the following axes:

1 1

1
= —(1,=1,0) ms = —=(—=1,0,1) s = —(0,1,1
my \/5( ) M \/5( ) i3 2( )
1 1 1
b= —(0,—1,1) ms = —(1,0,1) g = —(1,1,0).
My \/5( ) M3 2( ) e 2( )

The inversions are given by

(12) = Inv x R(mqy,m) (13) = Inv X R(me,n) (14) = Inv X R(ms, )
(23) = Inv x R(myg,m) (24) = Inv X R(mg,7) (34) = Inv X R(mg, 7).
We can now derive the multiplication table of T using the multiplication in
SU(2). For example,
[123][123] = —[132]
[123)[124] = [(14)(23)
(12)[(12)(34))(12) = —[(12)(34)]

etc.
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F (Z) ® CTy is a generalized quantum double. We just defined the action of
Tq on T. We still need a I': it is given by
'(£[123)) = (123), T(£[(12)(34)]) = (12)(34), etc.

Thus T turns square brackets into round brackets and neglects the eventual
minus sign.



Appendix C

Defect condensates in
achiral nematics

In this appendix, we give all defect condensates from an achiral octahedral and
an achiral icosahedral nematic.

C.1 Achiral octahedral nematic

Using the isomorphism O ~ S, discussed in appendix A, we can write elements
of O as cycles, e.g. (1234), (123), (23), (13)(24), etc. In analogy with the achiral
tetrahedral nematic discussed in appendix B, we can denote elements of the
defect group O as cycles with square brackets, with an eventual minus sign.
Examples are £[123], +[(12)(34)], £[(12)], where the minus sign is the 27 defect.
The notation is explained in appendix B.

The electric group is O;, consisting of the octahedral group and inversions.
Defining

Inv=-1= 0O -1 0

Then O; = {O, Inv x O}. The Hopf symmetry is F(O) ® CO;. The defect
classes in O under the action of O; are given in table C.1. The inversion Inv
acts trivially on the defects, so for the octahedral nematic the defect classes are
in fact the conjugacy classes of O. In general, when a group carries a sublabel
1, it means that the group contains Inv.

The single defect condensates in F(O) ® CO; are given in table C.2. The
class sum defect condensates are given in table C.3. Finally, the combined
defect condensates are given in table C.4. We note that we are giving a very
representative sample. The other defect condensates give the same 7Tr and U
as one the defect condensates shown here (except for a small difference: there

167
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Preferred element g4 | Defect class A of O
+te Cie = {£e}
+[123] Cipag) = {[123],[124], [142], [132], [134],
[234],[142], [143], [243]}
+[1234] Cinzsa = {[1234], [1243], [1324],
[1342], [1423], [1432]}
[(12)(34)] Clazyan) = {1(12)(34)], [(13)(24)], [(14)(23)],
—[(12)(34)], —[(13)(24)], —[(14)(23)]}
12) Cuizy = {[12], [13], [23], (14, [24], 34],
_[12]7 _[13]7 _[23]7 _[14]7 _[24]a — 34]}

Table C.1: The defect classes of O under the action O;, and the preferred
elements g4. When we write + in front of a class, we mean that there are two
classes, one with plus signs in front of all the elements, and one with minus signs
in front of all the elements.

may be condensates where K is actually the double of a K given here. That
slightly changes the magnetic part of 7x, but doesn’t affect i).

Single defect condensate in
A= F(0)® CO; K TR U
|—e> Ci| F(O)®Co; F(0) ® CO;
| + [12] > @ F(O/C3) @ CDy; | F(Cq) @ CCy;
| +[123] > Cs | F(O/C5) ® CCs; CC;
|+ [(12)(34)] > Cy | F(O/Cy) @ CDy; | F(D3) ® CDy;

Table C.2: Single defect condensates in an octahedral nematic. When we write
+ is front of a condensate, we mean that the condensate with or without the
minus sign gives the same symmetry breaking analysis.
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Class sum defect condensates of
A= F(0)®CO; K Tr u
|Cl12)(34)) > Dy | F(D3) ®CO; | F(D3) ® CDs;
|Cf123) > Z F(Cy)®CO; | F(Cy) ® CCy;
|Ct1234) > o CO; CC;
|C[12] > (9] CO; CC;

Table C.3: Class sum defect condensates in an achiral octahedral nematic.
When we write & is front of a condensate, we mean that the condensate with
or without the minus sign gives the same symmetry breaking analysis.

Combined defect condensate in | K Tr u
A= F(0)® CO;
[[123] > +|[132] > C3 | F(O/C3) @ CDs3; CCy;
[[(12)(34)] > +([(13)(24)] > | D2 | F(O/D2) ® CDy; | F(C2) ® CCy;
|[12] > +|[13] > —‘r|[23] > D3 F(O/Dg) ® CD3; CC;

Table C.4: Combined defect condensates in an achiral octahedral nematic. In
this table, A is the original symmetry algebra, K is the smallest subgroup of
H,, that contains all the defects g; that are in the condensate, 75 is the residual
symmetry algebra, and U is the unconfined symmetry algebra.

C.2 Achiral icosahedral nematic

Using the isomorphism O ~ As discussed in appendix A, we can write elements
of I as cycles, e.g. (12345), (123), (145)(23), (13)(24), etc. In analogy with the
achiral tetrahedral nematic discussed in appendix B, we can denote elements
of the defect group I as cycles with square brackets, with an eventual minus
sign. Examples are +[123], £[(12)(345)], £[(15)], where the minus sign is the 27
defect. The notation is explained in appendix B.

The electric group is I;, consisting of the icosahedral group and inversions:
I; = {I,Inv x I}. The Hopf symmetry is F(I) ® CI;. The defect classes in T
under the action of I; are given in table C.5. The inversion Inv acts trivially
on the defects, so the defect classes are the conjugacy classes of 1.

The single defect condensates in F(O) ® CO; are given in table C.6. The
class sum defect condensates are given in table C.7. Finally, the combined defect
condensates are given in table C.8. We give a very representative sample.
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Preferred element g4 | Defect class A of T

[152], [134], [143], [135], [153],

[145], [154], [234], [243], [235],

[253], [245], [254], [345], [354]}
[

[234], [135], [235], [142], [143),
[243], [145], [245], [345], [152],
[153], [253], [154], [254], [354]}

e C. ={e}
—e C_.={—¢}
+[123] Cinog = £{[123], [132], [124], [142], [125],

+£[12345] Clijiozas) = +{[12345), [12453], [12534], [13254],
[13425], [13542], [14235], [14352],
[14523], [15243], [15324], [15432]}
+[12354] Cj1osa) = +{[12354], [12435], [12543], [13245),
[13452], [13524], [14253], [14325],
[14532], [15234], [15342], [15423]}
[(12)(34)] Claz)3e) =
{£[(12)(34)], £[(12)(35)], £[(12)(45)], £[(13)(24)], £[(13)(25)],
£[(13)(45)], £[(23)(45)], £[(14)(23)], [(14)(25)], £[(14)(35)],
£[(24)(35)], £[(15)(23)], £[(15)(24)], £[(15)(34)], £[(25)(34)]}
+[123] Coprag) = £{[123], [124], [125], [132], [134],

Table C.5: The defect classes of T under the action I;, and the preferred elements
ga. When we write £ in front of a class, we mean that there are two classes,
one with plus signs in front of all the elements, and one with minus signs in
front of all the elements. If we write + in front of an element inside a class, we
mean that the element with the plus and the minus sign are both present in the

class.

Single defect condensate in
A=F(I)®CI K Tr U
|—e> G| FI)ecCl F(I)®CI,
|[123] > C3 | F(I/C3)®CCs; CC;
| —[123] > Cs F(T/C3) ® CC3; CC;
| 4 [(12)(34)] > Cy | F(I/C2) ® CDy; | F(C2) ® COy
|[12345] > Cs | F(I/)Cs)®CCs; CC;
| — [12345] > Cs F(T/C5) ® CCs; CC;

Table C.6: Single defect condensates in an icosahedral nematic. When we write
+ is front of a condensate, we mean that the condensate with or without the

minus sign gives the same symmetry breaking analysis.
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Class sum defect condensate in
A=F({)®CI K | Tn U
|C112345) > z CI; | CC;
|C12354] > { CI; | CC;
|Cl(12)(34)) > T |CIL | Cc;

Table C.7: Class sum defect condensates in an achiral icosahedral nematic.
When we write £ is front of a condensate, we mean that the condensate with
or without the minus sign gives the same symmetry breaking analysis.

Combined defect condensate in K Tr u
A=F(I)®CI,
112)(34)] > +[[(13)(24)] > D; | F(I/D2)®CDa; | €C,
1(12)(34)) + [[(13)(24)] > +|[(14)(23)] > | Dz | F(I/D2) ®CT; | €Cs
1(12)(34)] > +][(12)(35)] > +][(12)(45)] > | Ds | F(I/Ds) @ CDs; | €C;
{1[(12)(34)] > +[(13)(25)] > +][(15)(24)] > | D5 | F(I/D5) ® CDs; | CCo
+1[(23)(45)] > +|[(14>( 5) >} B
[[123] > +|[134] > +|[ 42] > +|[243] T | FUI/T)®CT;, | CC;
{1[123] > +][124] > +][132] > +|[134] > T | FUI/T)®CT; | CC;
+|[234] > +][142] > +[[143] > +|[243] >}
{1[123] > +|[152] > +|[135] > +|[253] > 1 CCs; CC;
+|[142] > +[[134] > +|[243] >}
{I[12345] > +|[13524] > Cs | F(I/C5) ®CDs; | CCy;
+/(14253] > +|[15432] >}

Table C.8: Combined defect condensates in an achiral icosahedral nematic. In
this table, A is the original symmetry algebra, K is the smallest subgroup of
H,, that contains all the defects g; that are in the condensate, 75 is the residual
symmetry algebra, and U is the unconfined symmetry algebra.
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Appendix D

Irreducible representations

D.1 Irreducible representations of semidirect prod-
uct groups

D.1.1 Irreps of a finite group

The theory of irreducible representations of finite groups is based on the great
orthogonality theorem for irreps of finite groups: given two irreps I, and I,
then the matrix elements satisfy the following orthogonality relation:

G
> Ma(g)iIu(g)r = u5i,l5j,k5a,b (D.1)

d
geC a

where |G| is the order of the group, and d, the dimension of the irrep Il,. dqp
is one if the irreps are equivalent, and zero if they aren’t.

Define the character x, of an irrep I, as the trace of the irrep: x.(g9) =
Trll,(g). Actually, the trace is just an example of a character function. More
generally, a character function is a function from the group to the complex
numbers that is constant on the conjugacy classes. From the orthogonality
theorem, the following corollaries are easily proven:

1. The number of inequivalent irreps is equal to the number of conjugacy
classes,

2. 3" d? = |G| where the sum runs over all irreps,
3. The characters are orthogonal with respect to the following inner product:
1 *
< Tg,Tp >= @ Z za(9) xp(g)
geG
They form an orthogonal basis of the space of character functions.

These corollaries are precious when working out the character table of a group.
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D.1.2 Subduced and induced representations

Given a group G, a subgroup H, and a representation « of G, we can restrict
this representation to elements of H. This gives a representation of H, which
is called the subduced representation, and denoted «|gy. If o was an irrep of
G, then aly may be reducible. We saw physical examples of this: when the
symmetry is broken from G to H, degeneracies may be lifted.

Inducing a representation goes the other way around. Given a representation
B of H, construct a representation 3¢ of G as follows: first choose a set of
representatives of left H cosets, call then x;. Choose a basis |v; > of the vector
space Vg on which 3 acts. Then define a new vector space, with basis |z;,v; >,
and define the following action of G on this vector space:

B%(g)|wi, v; >= |ax, B(h)v; >

where gx; = xih for some k, and some h € H. All elements of G are of the
form xh, because the z; are a complete list of representatives of left H cosets.
A notation for this new module (or irrep) is

CIG] ®¢(a V-

In words, we stick G onto Vg, and let H shoot through the tensor product and
act on V.

D.1.3 Semi-direct product groups

A semidirect product of groups is an example of a group extension (see [1]). The
name of the game is, given two groups N and G, to find groups F such that N
is a normal subgroup of F and £ = G/N. The question is how many different
E exist satisfying these criteria. For example, SU(2) is an extension of SO(3),
where N = 7.

A famous example is the semi-direct product of N and G. We need a homomor-
phism X : G — Aut(N) (where Aut(N) is the group of automorphisms of N).
The semi-direct product of N and G, denoted N x G, is the set N x GG with the
following multiplication:

(n,9)(n',g") = (nA(g)n’, g9").

Now we turn the question around: given a group G, a normal subgroup N,
and a subgroup H, when do we have G = N x H? Here we make a specific
choice that A(g) must correspond to conjugation with g: A(g)n = gng~!. One
can check that G =N xH < G=NH and NN H =e.

Examples are the Galilean group R* x SO(3), the Poincaré group R* x
SO(3,1), the symmetry group of a hexagonal crystal Z2 x Zg. Note that in all
these cases the normal subgroup is a group of translations, therefore it is abelian.
There is a general prescription for determining the irreducible representations
of N x H with N abelian, called the little group method. We will now quickly
summarize the prescription.
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D.1.4 TIrreps of N x H, with N abelian

Use Mackey’s induction theorem (see [60], 8.2). The steps are:
1. Find the irreps of N. Take one of them, call it J.
2. For g € G, define oy as the automorphism of N given by conjugation by
g: ay(n) =gng='Vn e N. Call H; = {h € H|0 oo, = 6}. Then N x H;

is the subgroup of G whose elements g satisfy § o ag = §. It is called a
little group of the second kind.

3. Find the irreps of Hs. Take one of them, call it A.
4. Now define a representation § @ A of N x Hy as follows:
0@ A(n,h):=4d(n)@Ah).

It is crucial that 6 o ag = ¢ for this to be a representation:

5@ M(nh), (W', H) = 3@ Anay, ('), hl)
= 6(n)3 0 an(n’) ® AMA(K)
= 6(n)3(n') @ AIWAGK)

(
(6(n) @ A(R))(6(n") @ A(h"))

5. Induce a representation of N x H from the representation § @ A of N x Hy.
The vector space of the representation is

I”d%Qi (6 @A) =C[N x H] @c|nnmy) Vsor-

A consequence of Mackey’s theorem is that all the irreps of N x H are
contained in the set {II5 »}. Note that some of the irreps in this set may
be equivalent.

If the groups N and H are infinite (locally compact), the theorem still holds, if
we demand that the irreps are bounded.

For the case of N x H with N a translation group and H a rotation group, this
story can be drawn on a lattice (this is used in the main text). An irrep II; of

N is given by a momentum vector k. Given a translation Z, the irrep is defined
by

Hg(f)eik'i.
Now take a rotation R € H. Then Iz oag = Il ,_,jp, so the action of R on the

vector Il is to turn k by R~!. This follows from the multiplication in N x H.
Write elements of N x H as (t R), witht € N,R € H. Then

(t,R)x (t,R) = (' + R't,R'R)



176 APPENDIX D. IRREDUCIBLE REPRESENTATIONS

To derive this, write Z = Rx + t, and then apply the second transformation:
7 =Rax'+t =RRx+ Rt+1t.
Now we compute:

I o an((t e)) = Tz(Rt,¢) = R = DT 1, o((te)),

because the rotations are orthogonal. This new irrep may be equivalent to the

previous one, if k and R~k differ by a reciprocal lattice vector. We call the set
of vectors R~1k that represent inequivalent irreps the star of E, also known as
the orbit of k.

What is the dimension of such an irrep? The irrep of N is one-dimensional be-
cause N is abelian. The irrep of the little group N x Hg has a certain dimension,
which we call ds. When inducing, we ”stick on” left Hs cosets, so we multiply
the dimension by [H, Hs], where [G : H] is the number of left H cosets in G.
The total dimension is therefore ds x [H, Hs].

An example from the main text

We now illustrate the derivation of an irrep of Z2 x Dg discussed in the main text.
Take orbit 5 in fig. 4.3, with momentum k = (5,%) (e, (55, 5-) with a = 1).
A rotation of 180 degrees () gives an equivalent vector, i.e. a momentum that
represents the same irrep of Z2. As a matter of fact, so do e, sr2, sr~t, so Hp, is
isomorphic to Z? x Z, = (1) x (sr?), where in general (g) is the group generated
by g. It has four one-dimensional irreps. Now [Dg : 72 x 73] = 3, so we get four
three-dimensional irreps. Denote an irrep of Z2 x Z5 by Pmn, With m,n € Z,.
Explicitly, a basis of the irreps is given by a set of representatives of left Z2 x Zy
cosets, which we take to be {|e >,|r >,|r? >} (the order is important when we
write down the matrices explicitly). The matrices of the irrep are

elzaeizb 0
(a,b) — 0 i3 (atb)giz(—a) 0 ,
0 0 ei%bei%(fafb)
0 0 eimm 0 eiﬂ'n
T 1 0 0 , S > 0 €™ 0
0 1 0 eimm 0 0

Let us illustrate the derivation of the second column of the matrix corresponding
to s:
slr >=|sr >= |r(sr?) >=|r > ™.

D.2 Irreducible representations of algebras

Physicists demand that their symmetry algebras be semisimple, meaning that
the radical of the algebra (which is the largest solvable ideal) is trivial. There
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are many equivalent definitions of the radical J(A) of the algebra A:

J(A) ={x € All +zy € A*Vy € A}
= {x € Alzy nilpotent Vy € A}
= the unique maximal ideal consisting of nilpotent elements
= the unique solvable ideal
= the unique maximal nilpotent ideal
= ﬂ{M|M maximal right ideal of A}

= ﬂ{M|M maximal left ideal of A}

This definition is actually also adequate for any finite dimensional algebra, and
in fact Irreps(A) = Irreps(A/J(A)), meaning that the irreps of A are in one-to-
one correspondence with the irreps of A/J(A), and that they factor through the
obvious map from A to A/J(A) to sends a to its equivalence class. Obviously
A/ J(A) is semisimple, since we have modded out the radical.

There are very important theorems that apply to semisimple algebras, which
make them appealing for physicists. First of all, all its representations are
either irreducible or fully reducible, meaning that there are a finite number of
particles (irreps) from which one can build all representations. Actually a finite-
dimensional algebra is semisimple if and only if all its reducible representations
are fully reducible.

A simple algebra is an algebra with no non-trivial ideals. It is therefore also
semisimple. Any semisimple algebra is a direct sum of simple algebras.
Weddenburm’s theorem states that any simple algebra is isomorphic to a matrix
algebra. Therefore all semisimple algebras are direct sums of matrix algebras.
In the chapter on condensation, we assumed that 7z was a semisimple algebra,
and we will not prove this. We then modded out the intersection of the kernel
of a set of irreps (the unconfined irreps) which we called Z, and we can actually
prove that T /7 is semisimple. First we derive an alternate definition of J(A),
for any finite-dimensional algebra A:

J(A) = ﬂ{ker¢|(b irrep of A}

Since A/J(A) is semisimple, we have A/J(A) = @ A;, with A; simple. Note
that when we write A/J(A) = @ A;, we actually mean that if ¢ # j, then
aja; = 0, for any a; € A;,a; € A;. Now the kernel of an irrep is an ideal, so for
an irrep ¢; of a simple algebra A; we have ker¢; = {0}. Here ¢; is an irrep of
A, so kerg; = @;,; Aj, and obviously (), ker¢; = {0}, since A; N A; = {0} for
1# 7. So

Nkerg; = 0in A/J(A) = Nkerd; C J(A) @irreps of A

We also have J(A) C ker¢l due to Irreps(A) = Irreps(A/J(A)). So J(A) =
kerd;.
Now take a set of irreps of A, {1;}. Defining I = N;kert);, is A/I semisimple?
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It is. This follows from the observation that A/I = (4/J(A))/(I/J(A)), since
J(A) C I. A/J(A) is semisimple, and any quotient of a semisimple algebra is
semisimple. Namely, for a semisimple algebra B = €D, B;, all ideals of B are B;
and sums of B;’s. Now mod out an ideal I = @, y, for some indexing set X.
The radical of B/I then satisfies J(B/I) = J(B) I, so if J(B/I) is non trivial,
then so is J(B).

For more details on the theory behind associative algebras, see [51]. For the
standard reference on the representation theory of groups and algebras, see [17].



