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Abstract

This work has two aspects. We discuss topological order for planar systems
and explore a graphical formalism to treat topological symmetry breaking
phase transition. In the discussion of topological order, we focus on the role
of quantum groups and modular tensor categories. Especially the graph-
ical formalism based on category theory is treated extensively. We have
incorporated topological symmetry breaking phase transitions, induced by
a bosonic condensate, in this formalism. This allows us to calculate general
operators for the broken phase using the data for the original phase. As
an application, we show how to treat topological symmetry breaking on the
level of the topological S-matrix and illustrate this in two representative
examples from the su(2); series. This approach can be viewed as an ap-
plication of the theory of commutative algebra objects in modular tensor
categories.
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Sometimes a scream is better than a thesis

Manfred Eigen
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CHAPTER 1

Introduction

The theory of phases and phase transitions plays a central role in our understanding of
many physical systems. Topological phases, or topologically ordered phases, pose an
interesting problem for theorists in this respect, as they fall outside of the conventional
scheme to understand phases that occur in terms of the breaking of symmetries. The
formalism of topological symmetry breaking, based on the breaking of an underlying
quantum group symmetry, can be viewed as an extension of this theory to the context
of topological phases. We will discuss topological symmetry breaking and connect it
to the notion of commutative algebras in modular tensor categories. In particular, we
put topological symmetry breaking in a graphical form, applying notions from tensor
categories, which gives the freedom to calculate general operators for the phases under
consideration.

In condensed matter physics, a fundamental problem is the determination of the
low-temperature phases or orders of a system. Dating back to Lev Landau [52,53], the
theory of symmetry breaking phase transitions forms a corner stone in this respect. Put
simply, there are two aspects to the picture it provides: symmetry breaking and particle
condensation. This mechanism underlies interesting phenomena, such as superconduc-
tivity — where the electric U(1) symmetry is broken by a condensate of Cooper pairs —
but also the formation of ice (figure 1.1). Group theory provides the right language to
discuss many aspects of symmetry breaking. The classification of the different phases is
essentially equivalent to the classification of subgroups of the relevant symmetry group.

In the past few decades, a growing interest has emerged to study topological phases
that are not the product of (group) symmetry breaking. Especially in two dimensions,
topological phases offer access to fundamentally new physics. They can have anyonic
quasi-particle excitations — particles that are neither bosons nor fermions. These offer
a route to the fault-tolerant storage and manipulation of quantum information known
as topological quantum computation (TQC), which may some day be used to realize
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Figure 1.1: The structure of an ice crystal - If water freezes, or any other liquid-
to-solid transition, the molecules order in a regular lattice structure. This breaks the
translational and rotational symmetry of the fluid state. Using group theory, one can see
that there are 230 qualitatively different types of crystals corresponding to the 230 space
groups

the dream of building a quantum computer.

The best known physical realization of topological phases occurs in the fractional
quantum Hall fluids. These exotic states in two-dimensional electron gases submitted
to a strong perpendicular magnetic field have quantum numbers that are conserved
due to topological properties, not because of symmetry. Similar phases might occur in
rotating Bose gases, high T, superconductors, and possibly many more systems. One
can in fact show that there is an infinite number of different topological phases possible,
which suggests a world of possibilities if we ever gain enough control to engineer systems
that realize a phase of choice.

From a mathematical point of view, interesting structures have entered the the-
ory. The description and study of topological phases involve conformal field theory,
topological quantum field theory, quantum groups and tensor categories, and all these
structures are heavily interlinked. They are studied by mathematicians and theoretical
physicists alike and link topics like string theory, low-dimensional topology and knot
theory to condensed matter physics.

In this thesis we discuss topological ordered planar systems, and in particular the
description using quantum groups and how these lead to tensor categories. In fact, we
prefer the tensor category viewpoint from which the theory can be neatly summarized
by a set of F-symbols and R-symbols. We show how to calculate these in examples
related to discrete gauge theories and Chern-Simons theory.

Our main goal is to discuss how the breaking of quantum group symmetry can
be understood from the perspective of tensor categories. In the topological symmetry
breaking scheme, a key role is played by the formation of a bosonic condensate. In
this thesis, we argue that this notion corresponds to a commutative algebra object in
braided tensor categories.

Using the formulation of topological symmetry breaking in terms of tensor cate-
gories, one can write down and calculate diagrammatic expressions for operators in the
broken phase. This allows us to describe phase transition on the level of the topological
S-matrix, an important invariant for the theory. We illustrate this in two representa-
tive examples. This shows the usefulness of the topological S-matrix, related to the



exchange statistics of the particles, as an indicator for topological orders.

Another important indicator for topological order is the topological entanglement
entropy. The quantum dimension of the condensate, or quantum embedding index,
appears as a universal quantity characterizing the phase transitions and relating the
topological entanglement entropy of the different phases.

This thesis is organized as follows.

Chapter 2

In this chapter, we discuss some aspects of topological order in greater detail, namely
anyons and the fractional quantum Hall effect. The larger picture of how conformal field
theory, topological field theory and topological order are related is discussed briefly. We
also point out some other developments in the field.

Chapter 3

The appearance of quantum groups as the underlying symmetry for topological phases
is discussed. Discrete gauge theories are taken as a representative example. The under-
lying symmetry is the so-called quantum double D[H]. It can be understood physically
as an algebra of gauge transformations and flux projections, which gives an intuitive
picture of how interacting electric and magnetic degrees of freedom can lead to mate-
rialized quantum group symmetry. On a more formal level, we discuss the quantum
group U,[su(2)] which is important for the quantization of Chern-Simons theory and
su(2) k) Wess-Zumino-Witten models.

Chapter 4

Here, we introduce in detail the graphical formalism for topological phases. One needs
a finite set of charges, a description of fusion rules, so called F-symbols and R-symbols
to describe the topological properties of anyons completely. An important quantity
is the topological S-matrix. Together with the T-matrix it forms a representation of
the modular group. As an application and illustration of the graphical formalism we
give a proof of the Verlinde formula. Finally, quantum states, density matrices and the
calculation of physical amplitudes is discussed.

Chapter 5

The calculation of topological data for the quantum double D[H] is illustrated and we
present general formulas for the su(2); models.

Chapter 6

In this chapter, we start the discussion of topological symmetry breaking. Topological
symmetry breaking is a way to construct from a theory A describing the unbroken
phase, a theory T and a theory U. The T-theory describes the broken phase, but may
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include excitations that braid non-trivially with the condensate. These excitations
cannot occur in the bulk of the broken phase as the disruption of the condensate
costs energy. They get confined to the boundary or as T-hadrons. Projecting out the
confined excitations one gets the unconfined theory U-that describes the bulk of the
broken phase.

We put this scheme in the context of the graphical formalism of chapter 4. We
discuss how to find a well-defined condensate and how to construct the particle spectrum
upon this. The conditions for confinement are reconsidered and it is shown that there
is an operator that projects out confined excitations.

Chapter 7

The quantum dimension of the condensate — or quantum embedding index — g ap-
pears as a universal ratio between the quantum dimensions of the broken phase and
the unbroken phase. This can physically be understood as a relation in terms of the
topological entanglement entropy. We show how this universality of ¢ follows from the
assumption of topological symmetry breaking.

Finally, we give the main application of the graphical formalism for topological
symmetry breaking. We show that the symmetry breaking phase transition can be de-
scribed directly on the level of the topological S-matrix. The diagrammatic calculation
gives insight in the nature of topological symmetry breaking phase transitions. The
condensate appears explicitly where in the original formulation it could always be left
out.

Chapter 8

The last chapter contains concluding remarks and and indicates possible paths for
future research.



CHAPTER 2

Topological order in the plane

In this chapter, we give a brief discussion of some essential topics concerning topological
phases and topological order in 2+1 dimensions. These are anyons, the FQH effect,
some generalities of the mathematical structures that are involved. This chapter serves
as more elaborate introduction and to sketch a bit of history of the topic. Relevant
references are included.

2.1 Anyons

In the most mundane spacetime, that of 3+1 dimensions, particles fall in precisely two
classes: bosons and fermions. These can either be defined by their exchange properties
or by their spins. The importance of this difference between particles can of course
not be overstated. It is at the root of the Pauli exclusion principle and Bose-Einstein
condensation, and determines whether macroscopic numbers of particles obey Fermi-
Dirac or Bose-Einstein statistics.

According to textbook quantum mechanics, the wave function of a multi-particle
state of fermions is obtained by anti-symmetrising the tensor product of single-particle
wave functions, while for bosons the wave function is symmetrised. This procedure
long stood as a corner stone of quantum mechanics and is still procedure in many
applications. But one may object that in a quantum theory with indistinguishable
particles, the labelling of particle coordinates has no physical significance and brings
unobservable elements into the theory.

The consequences of above observation were first fully appreciated by Leinaas and
Myrheim. In their seminal paper [57], they show that the exchange properties of
particles are tightly connected to the topology of the configuration space of multi-
particle systems. In fact, as was shown in [51], particle types correspond to unitary
representations of the fundamental group of this space.
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Let us discuss this in a spacetime picture. The trajectories of particles can now
conveniently be imagined by their world lines through spacetime. We will consider tra-
jectories that leave the system in a configuration identical to the initial configuration
and that do not have intersecting world lines. These correspond to free propagation
of the system without scattering events. If the particles are distinguishable, the world
lines should start and end at the same spatial coordinates. If the particles are indistin-
guishable, the world lines are allowed to interchange spatial coordinates.

Figure 2.1: Spacetime trajectories - Two spacetime trajectories for a system of three
particles with identical initial and final states. If the particles are of different type, world
lines should start and end at the same coordinates in space (left), while for indistinguishable
particles, permutations of spatial coordinates are allowed (right).

The trajectories fall in distinct topological classes, depending on whether or not they
can be deformed into each other by smooth deformations of the world lines (without
intermediate intersections). If space has three or more dimensions one can see that
there is no topologically different notion of ‘under’ and ‘over’ crossing of world lines,
but any exchange of coordinates is simply that: an exchange. Therefore the exchange
of particles is governed by the permutation group Sy.

However, when the particles live in a plane — so spacetime is three-dimensional —
such a distinction of crossings becomes essential to incorporate the difference between
interchanging the particles clockwise or counter-clockwise. The relevant group is not
SN but By, Artins N-stranded braid group [3].

This group is generated by the two different interchanges or half-braidings

N\ N/
= i/\z‘ﬂ’ R = iXﬁ#l (2.1)

which are inverse to each other. Here, 1 < i < N — 1 labels the strand of the braid.
These generators are subject to defining relations corresponding to topological manip-
ulations of the braid. Pictorially they are given by the following equations.
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NS
N R

i i+l it2 i i+1  i+2

We can also write them algebraically as

RZ‘R]' = RjRi for |Z —j‘ Z 2 (2 2)
RiRi+1Ri = Ri+1RiRi+1 for1<i<N-1 '
The second relation is the famous Yang-Baxter equation [15,86,87].

As remarked before, the important difference between particles in the plane and
particles in three-dimensional space is the difference between over and under crossings
of world lines. The relation to statistics in higher dimensions represented on the level
of groups due the fact that we can pass from the braid group By to the permutation
group Sy by implying the relation R; = R, !, or equivalently (R;)? = 1. This one
extra relation makes a huge difference for the properties of the group. While the
permutation group is finite (|Sy| = N!), the braid group is infinite, even for two
strands. The representation theory of the braid group is therefore much richer than
that of the permutation group. This gives the possibility of highly non-trivial exchange
statistics in 241 dimensions, also referred to as ’braid statistics’. Particles that obey
these exotic braid statistic were dubbed anyons by Wilczek [80]. Bosons and fermions,
in this context, just correspond to two of an infinite number of possibilities. Since
distinguishable anyons can also have nontrivial braiding, it is better to think of braiding
statistics as a kind of topological interaction.

Bosons and fermions correspond to the two one-dimensional representations of Sy,
even and odd respectively. In principle, higher dimensional representations of Sy,
known as ‘parastatistics’ [39], could lead to more particle types, but it has been shown
that these can be reduced to the one-dimensional representations at the cost of intro-
ducing additional quantum numbers [31].

One-dimensional representations of the braid group simply correspond to a choice
of phase exp(if) assigned to an elementary interchange. Since, in this case the order
of the exchange is unimportant because phases commute, anyons corresponding to
one-dimensional representaions are called Abelian. However, it is no longer true that
higher dimensional representations of the braid group can be reduced. This gives rise
to so called non-Abelian anyons, particles that implement higher dimensional braid
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statistics. These non-Abelian anyons are the ones that can be used for topological
quantum computation as suggested by Kitaev in [49]. See [64,66] for a review.

2.2 The fractional quantum Hall effect

Because the most prominent system with anyonic excitations is the fractional Quantum
Hall effect, we include a brief discussion of some relevant aspects. For greater detail,
we refer to the literature. See e.g. [65,88] for a thorough introduction.

In 1879, Edwin Herbert Hall discovered a phenomenon in electrical conductors that
we know today as the Hall effect. Under influence of an applied electric field, the
electrons will start moving in the direction of the field, which leads to a current. But
the application of a perpendicular magnetic field will, due to the Lorentz force, lead
to a component to the current which is orthogonal to both the electric and magnetic
field. This is the Hall effect.

As an idealization, we may consider a two-dimensional electron gas (2DEG) with
coordinates (z,y) = (x!,2?) that we submit to an electric field in the x-direction and
a perpendicular magnetic field B in the z direction. The relation between the current
and the electric field is given by the resistivity tensor p and the conductivity o, through
the relations

EY = puJ”, Jt =0, EY (2.3)

Assuming homogeneity of the system, one can use a relativistic argument to deduce

that [37]
B 0 1 nec (0 —1
P—nec<_1 0)’ "—B<1 0> (24)

with n the electron density and B the strength of the magnetic field. Remarkably, since
pzz = 0 and o, = 0, the system behaves as a perfect insulator and a perfect conductor
in the direction of the electric field simultaneously.
The Hall resistivity is defined as pg = pay. According to the equations above, we
must have
B
PH = — (2.5)
nec
The derivation of this equation leans critically on Lorentz invariance, but not on much
more. Therefore, if there is no preferred reference frame, this result is very robust. It
should in particular hold whether we consider quantum or classical electrodynamics. It
is therefore striking that it does not agree with experimental data. Experiments reveal
that at low temperatures (~ 10mK) and high magnetic field (~ 107") the dependence
of pry on B is not linear, but instead plateaus develop at precisely quantized values
1h

PH = (2.6)

v e2
The number v is called the filling fraction and is usually written as v = N./Ng. Here N,
is the number of electrons, while Ng is the number of flux-quanta piercing the 2DEG.
To get a better understanding of the filling fraction, let us elaborate on its meaning.
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From analysing the single-particle Hamiltonian, one sees that the energy spectrum
forms so called Landau levels

1 eB
En = (n + i)hwc, We = %

(2.7)

In a finite sized system of area A, the available number of states for each Landau level

turns out to be [37]

B
Np = A— 2.
® By (2.8)

Here &g = % is the fundamental flux quantum, so apparently the number of available
states for each energy level is the same as the number of flux-quanta that pierce the
system. Hence, v = N./Ng is the ratio between the number of filled energy states —
the electrons — and the number of available energy states, which is why it is called the
filling fraction.

Plateaus at integer values for the filling fraction were first reported in 1980 by von
Klitzing at al. [50], and are referred to as the integer quantum Hall effect (IQHE).
Plateaus at fractional filling fractions — found two years later by Tsui et al. [74] —
are the hallmark for the fractional quantum Hall effect (FQHE). While the IQHE
can essentially be understood from the single particle physics, neglecting the Coulomb
interaction, the FQHE represents an intriguing interplay of many interacting electrons.
The Coulomb interaction is crucial to explain its features.

Magnetic Field (T)

Figure 2.2: The quantum Hall effect - The Hall resistance R, = Ry =V, /I, and
the longitudinal resistance R,, = V,./I, are plotted against a varying magnetic field. (In
two dimensions, the resistance is the same as the resistivity: R = 0.) An illustration of
the measurement set-up is also given on the top left. Taken from ref. [73]

Figure 2.2 shows a typical graph of the plateaus in the first Landau level, the v = 1/3
being the plateau that was first discovered. Note that the longitudinal resistivity o,



2. TOPOLOGICAL ORDER IN THE PLANE

drops to zero at the plateaus. which means that the conductivity tensor is off-diagonal
as in equation (2.4). Hence, a dissipationless transverse current flows in response to an
applied electric field. In particular, when we thread an extra magnetic flux quantum
through the medium, the system will expel a net charge of re due to the induced
magnetic field. Or, put differently, this will create a quasi-hole of charge —ve and one
flux quantum, illustrating the intimate coupling between charge and flux in the quantum
Hall effect. It is a first indication that these systems harvest elementary quasi-particle
excitations that are charge-flux composites, which, due to the internal Aharonov-Bohm
interaction, can be anyons. The peculiar fact that these quasi-particles have fractional
charge when v is non-integer has been experimentally verified in [38].

With the application of topological quantum computing in mind, most interest lies
in systems exhibiting non-Abelian anyons. In this respect, a series of plateaus that
has been observed in the second Landau level [81] offers the most promising platform.
Especially the v = % plateau has received much attention. See figure 2.3.

vy
0.5 2— — I
arq )
/ 16/T
. 73 vl
wm s !- - |
- .y 25 mi |
2 04 =3 S -B2AY " |
= IZAMZ [ i
a, T pp——
83 i 40 mi
! [ ]!
174 = 9T | !' S——
P 100 mk

a ' 5 o &
MAGMETIC FIELD [T]

Figure 2.3: Plateaus in the second Landau level - The resistivity is plotted against
a varying magnetic field. The graph shows plateaus in the second Landau level. The filling
fraction v = p/q with 2 < v < 4 is indicated. Taken from ref. [81].

We will leave most of the theoretical subtleties concerning the quantum Hall effects
untouched. In the paragraph below, however, we do want to point out the relation of
conformal field theory (CFT) and topological quantum field theory to FQH wave func-
tions, as it relates to our discussion of topological symmetry breaking phase transitions.

10



2.2 The fractional quantum Hall effect

2.2.1 Conformal and topological quantum field theory

Over the years, a series of wave functions has been proposed to capture the physics of
the fractional quantum Hall effect at different plateaus, the Laughlin wave function [55]
being the first. It can account for the plateaus at filling fraction v = 1/M for odd M,

and reads
Ur(z) = 2 — 2)M ex 1 z|? 2.9
)= [T izt 29)
Here, the z; label the complex coordinates for N, electrons.!

The Laughlin state describes an electronic system where the electrons carry mag-
netic vortices. This attachment of vortices to electrons is paradigmatic for the various
quantum Hall states that have been proposed in the literature. Note that to ensure
a fermionic system, i.e. the wave function is anti-symmetric under interchange of the
coordinates, we need M to be odd.

Skipping subsequent developments in the history of the FQHE (e.g. the Haldane-
Halparin hierarchy [43,44,56] and the composite fermion approach by Jain [45]), we
want to turn our attention to an observation first made by Moore and Read. In [63]
they noted that the Laughlin wave function could be obtained as a correlator in a
certain rational conformal field theory (RCFT). In fact, they argue that this relation
should be general and conjecture that every FQHE state should be related to conformal
field theory, which would give a means to classify FQHE states.

Without going into the details of conformal field theory (see e.g. [33,36] for in-
troductory texts and [62,63] for further information), let us reflect for a moment on
the picture they sketch. They motivate their search for a formulation in terms of
RCF'T by pointing to the development of Ginzberg-Landau effective field theories for
the FQHE effect where the action contains a Chern-Simons term. Witten showed [83]
that there is a connection between Chern-Simon theory in a three dimensional bulk and
a Wess-Zumino-Witten theory on the two-dimensional edge. Moore and Read argue
that the long range effective field theory should essentially constitute a pure Chern-
Simons theory and that a related RCFT should come in to play when we consider a
two-dimensional edge of the spacetime. Interestingly, the RCFT can account for wave
functions by means of correlators in a (24+0)d interpretation, but also governs the edge
excitation in a (1+1)d interpretation.

Chern-Simons theory is an example of a topological quantum field theory (TQFT).
This is apparent from the fact that the spacetime metric does not enter the Chern-
Simons action

k 2
Scg = 47r/d3$ Tr e’ (a,0,a, + ga#ayap). (2.10)

A topological quantum field theory is generally a quantum field theory for which all
correlation functions are invariant under arbitrary smooth deformations of the base
manifold [4,84].

!The magnetic length £z = 1/ 2< is set to unity, or, equivalently, the complex coordinates are taken

eB
z=(z+1y)/lB.

11
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The picture Moore and Read proposed for the FQHE is a general picture we have
in mind when we discuss topological order. The long range physics is governed by an
effective field theory that is a TQFT, hence we also speak of a topological phase. Often,
the physics of a time slice and of gapless edge excitations is controlled by CFTs with
the same topological order, although this might not be accurate in all situations.

(2+1)d TQFT

2d CFT

(1+1)d CFT

Figure 2.4: Holography - A schematic view of how TQFT and CFT at least in certain
theories, are related. A TQFT governs the bulk of the cylinder. Time slices are described
by a (240) dimensional CFT. An example of this are the FQHE wave functions constructed
from CF'T correlators. Gapless boundary excitations are described by a CFT with the same
topological order when there is no edge reconstruction. This can be regarded as an instance
of the holographic principle.

Moore and Read proposed the following wave function that could explain an even
denominator FQH plateau

M
Upi(2) = Plaff (Z ! Zj) [T ex [i )3 |z¢|2] (2.11)

i<j

where Pfaff A;; is the square root of the determinant of A. The filling fraction for this
state is v = 1/M. Its particular benefit lies in the fact that, for M = 2, it describes
a fermionic system with v = 1/2. Fermionic systems with even denominators cannot
be described by the Laughlin wave function and states derived from this. This Moore-
Read state is a likely candidate for the plateau at v = 5/2 = 2 + %, which has two
completely filled Landau levels and one level at half filling. As it features quasi-holes
that are non-Abelian anyons and the v = 5/2 plateau is experimentally accessible,
this is a promising candidate for the experimental verification of non-Abelian braid
statistics. This experimental challenge does not seem to have been met decisively yet.

The Moore-Read state is constructed from the so called Ising CFT. Subsequent
generalization of the ideas of Moore and Read was done by Read and Rezayi [69].
They constructed a series of states based on CFT related to su(2), WZW models
(that include the Ising CFT), that could explain plateaus in the second Landau level.

12
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Interestingly, one of these states encompasses so called Fibonacci anyons which are
universal for quantum computation.

2.3 Other approaches to topological order

The FQHE in 2DEGs is not the only place to look for (non-Abelian) anyons. Systems
that might have states very similar to the FQH states discussed above are p, + ip,
superconductors [26,41] and rotating Bose gases [24,25,68], though the latter of course
would display a bosonic version of the FQHE.

We should also note the existence of two lattice models that realize topological
order, at this point. The first is known as the Kitaev model. In its most general
form, this model features interacting spins placed on the edges of an arbitrary lattice
[49]. The spins are labelled by the elements of a group. The Hamiltonian consists of
mutually commuting projectors, and is therefore completely solvable. The projectors
can be recognized as generalizations of either electric or magnetic interactions. The
electric operators act on the edges joining at a vertex and ensure that the ground state
transforms trivially under the action of the group, which can be seen as a sort of gauge
transformation. The magnetic operators act on plaquettes and essentially project out
states of trivial flux through the plaquette. In the simplest case, where the spins are
labelled by Zo and a square lattice is taken, the ground state can be readily identified
as a loop gas.

This lattice model realizes a discrete gauge theory.! For more information we refer
to the literature. Especially [17] and [16] are interesting in the context of this thesis.
They study the Kitaev model with boundary, which can be seen as an explicit sym-
metry breaking mechanism and relates to the phase transitions that we will discuss
in subsequent chapters. These gauge theories might also be realizable in Josephson
junction arrays [29].

The other paradigmatic lattice model for topological order was introduced by Levin
and Wen under the name of string-net condensates [59]. This system lives on a trivalent
lattice, where, again, spins are placed on edges and interact at vertices. The input is
tensor category. We will discuss these structures in detail in chapter 4. The Hamiltonian
has a similar structure as in the Kitaev model and is also completely solvable.

Remarkably, it has been shown that the Kitaev model can be mapped to a Levin-
Wen type model, making the Kitaev model essentially a special case of the more general
string-net models.

In the next chapter we will discuss the role of quantum groups in (24+1)d. In
many concrete situations these can be identified as the underlying symmetry structure.
Regardless of the name, these are actually not groups but should be regarded as a
generalization. Formally, they are certain type of algebras with additional structures
(see chapter 3 and appendix A).

'Discrete gauge theories are discussed in chapter 3.
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CHAPTER 3

Quantum groups in planar physics

In the previous chapter we discussed aspects of topological order, such as anyonic quasi-
particle excitations and the quantum Hall effect. In the present chapter we will discuss
the symmetries underlying topological order. Special to planar physics, especially when
electric and magnetic degrees of freedom start to interact, is the occurrence of so called
quantum group symmetry. Quantum groups generalize group symmetries in many
ways. This full symmetry is often not manifest in the Hamiltonian or Lagrangian of
the theory.

Symmetries of the Hamiltonian are represented on the quantum level as operators
commuting with the Hamiltonian. Since commuting operators can be diagonalized si-
multaneously, the energy eigenstates can be labelled by quantum numbers coming from
the symmetry operators. But it might happen that there is a larger set of commut-
ing operators. This gives an idea of how symmetries not directly apparent from the
Hamiltonian or Lagrangian can materialize. In this chapter we will first illustrate the
occurrence of quantum group symmetry in the context of discrete gauge theories. The
electric and magnetic excitations can be treated on equal footing, in these theories,
when viewed as irreducible representation of the quantum double of the residual gauge
group. Then we give a more formal treatment of the constituents of quantum groups,
or quasi-triangular Hopf algebras as they are also called. Finally, we will discuss the
quantum group Uy [su(2)] that is related to Chern-Simons theory and the Wess-Zumino-
Witten model for conformal field theory.

A more formal treatment of the generalities of quantum groups is put forth the
appendix A.
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3. QUANTUM GROUPS IN PLANAR PHYSICS

3.1 Discrete Gauge Theory

Suppose we start out with a (241)d Yang-Mills-Higgs theory with a gauge group G.
We speak of a discrete gauge theory (DGT) when the continuous gauge group G is
spontaneously broken down to a discrete, usually finite, subgroup H. Hence, this can
be regarded as a gauge theory with residual gauge group H.

The Higgs mechanism causes the gauge field to acquire a mass, making all local
interactions freeze out in the low-energy regime, effectively leaving only topological
interactions. In this limit, the theory becomes a TQFT [11]. Below, we give a quick
overview of the aspects that are important for our present purpose. See [67] for an
elaborate exposition on which this approach is based.

A DGT has electric particles labelled by the irreps {a} of the residual gauge group,
which, before we mod out by gauge transformations to get the physical Hilbert space,
carry the corresponding representation module V,, as an internal Hilbert space. Further-
more, a DGT also has magnetic particles, or fluxes, associated to topological defects.!
We think of the fluxes as defined by their effect on charges in an Aharonov-Bohm type
scattering experiment [1]. An electric charge « taken around a flux will feel the influ-
ence of the flux as a transformation in its internal Hilbert space V,, by the action of
some h € H. We denote the flux as a ket |h) labelled by the transformation h € H it
induces. However, since a flux measurement followed by a gauge transformation should
give the same result as applying a gauge transformation first and do the flux measure-
ment in the transformed system we find gh = h’g, where h,h’ is the flux measured
before or after the gauge g transformation respectively. Hence the gauge transforma-
tions has to act on the flux by conjugation, so the gauge invariant labelling is in fact by
the conjugacy classes of H rather than just elements. Hence, while electric excitations
carry representation modules as an internal Hilbert space, the internal space of fluxes
is given by a conjugacy class.

Revealing the algebraic structure of the theory puts the foregoing on a firmer foot-
ing. Define the flux measurement operators { P, }ncp that satisfy the projector algebra

Since gauge transformations g € H act on fluxes by conjugation, we must have

gPn = -Pghg—1 g (32)

The full algebra of gauge transformations and flux projections is spanned by the com-
binations

{Ph g}v h,gEH (33)
that obey the multiplication rule

Py g Pr g = 04 gng-1Pn 99’ (3.4)

!Note that we use electric and magnetic as general terminology for the two distinct types of particle-
like excitations and it does not imply that the gauge group is U(1).
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3.1 Discrete Gauge Theory

This is in fact the quantum double D(H) of H which can obtained from any finite
group by a general construction due to Drinfel’d [30]. Note that the multiplication rule
says that this algebra has a unit 1 =73, Pj e.

The full particle spectrum of a DGT with residual gauge group H can be recovered
as the set of irreducible representations of D[H].! Indeed, one finds back the irreps
of H corresponding to electric particles, as well as the conjugacy classes, belonging to
fluxes. But there is a third class of irreps corresponding to flux-charge composites or
dyons. Physically, this is very interesting, because due to the Aharonov-Bohm effect,
these composites can have fractional spin and can be true anyons.

The representation theory of D(H) was first worked out in [28], but we again follow
[67]. It turns out that the irreducible representations of D(H) can be labelled uniquely
by a conjugacy class A of H, and an irreducible representation of the centralizer of
some representing element of A. Thus, when the conjugacy class {e} of the identity
element is taken, or that of any other central element, we find the irreps of H. But
apparently, for general non-trivial fluxes, not all transformations can be implemented
straightforwardly on the charge part.

To make the action of D(H) explicit, we will have to make a few choices. Pick some
order for the elements of A and write

A= {1, %o, ..., i} (3.5)

Let C(A) be the centralizer of “4h; and fix a set X (A) = {1, 42a,..., 421} of rep-
resentatives for the equivalence classes H/C(A), such that 4h; = “z; 4y 4o, ' Let us
take 4z = e, the unit element of H, for convenience. These choices will effect some of
the specifics in what follows but a different choice would lead to a unitary equivalent
representation of D(H).

The internal Hilbert space V.2 of a particle with flux A and centralizer charge o is
now spanned by the quantum states

i =1,...,k

Ap .
| ha, ) j =1,...,dima

(3.6)

where we have chosen a basis {| “v;)} for the centralizer representation . The action of
an element Py, g of D(H) on these basis states, i.e. the effect of a gauge transformation
g followed by a flux measurement P}, is given by

0 (Ph g) | "hi, “0j) = Ongan,g—1 |9 hig ™ Tal@)mj “om) (3.7)
(where summation over repeated indices is implied), with

. -1
g="Y g% (3.8)

and “zj the element of X (A) associated to hy = g“h;g~'. Note that the element
§ commutes with “h; as it should. Thus when acting on dyons, § is the part of the

1We will assume representations to be unitary throughout the text
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3. QUANTUM GROUPS IN PLANAR PHYSICS

transformation that slips through the conjugation of the flux, and which is subsequently
implemented on the charge.

This gives an explicit description of the irreps of D(H) including how the action of
elements P, g can be worked out. The single-particle states of the theory correspond
to these irreps. Before we discuss multi-particle states, let us point out a subtlety
concerning unitarity of the theory. In order to preserve the inner product of quantum

states, we should have
I3 (Py g)t = T3 (Py1g 971) (3.9)

Hence it makes sense to define (P, g)* = Py-ipg ¢~ ', and more generally

docngPug| =D g Pying g (3.10)
h,g h.g

where a * on the coefficients cj 4 just means complex conjugation. Formally, this
turns D[H] into a Hopf-x-algebra. Representations obeying (3.9) are said to respect
x-structure. This gives the proper definition of a unitary representation.

3.1.1 Multi-particle states

To let D(H) act on a two-particle state, one needs a prescription of how an element
P, g acts on V(f ® VBB . Corresponding to intuitive expectations, the element Pj ¢
implements the gauge transformation g on both particles and then projects out the
total flux. Thus, we act on a state ‘ Ah;, O‘uj> ’ Bhy, Bvl> with

> (P g) @ TIE (P g) (3.11)
h'h!!=h,

Formally, this is nicely captured by the definition of a coproduct

A: D(H)— D(H)® D(H) (3.12)
by
A(Py g) = Z Pp g @ Py g (3.13)
R h/'=h

The action of Pj, g on a two-particle state is then defined as the application of IT4 ® HﬂB
on A(Prg), which indeed gives (3.11).

The action on three-particle states is produced by first applying A to produce an
element of D[H]| ® D[H] and then apply A again on either the left or the right tensor
leg. Starting out with the element P} g, either choice produces

Z Png® Ppr g® P g (3.14)
R R R =,

as an element of D[H]®3. Then we apply II2 ® HE ® Hg on this element to act on
VA® VBB ® VWC. Note that when we describe the transformation in words, it is again
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3.1 Discrete Gauge Theory

the application of the gauge transformation g on all three particles followed by a total
flux measurement projecting out flux h.

Extending the action of P}, g on states with more than three particles is now straight-
forward. The resulting transformation is again the global gauge transformation g fol-
lowed by the flux measurement. On a formal level, this is achieved by consecutive
application of the coproduct to get an element in D[h]|™ and letting each tensor leg act
on the corresponding particle.

The tensor product representations of D(H) that we obtain using the coproduct
are in general not irreducible, but they can always be decomposed into a direct sum of
irreducible representations. Thus the space VA ® VBB can be written as a direct sum of
subspaces that transform irreducibly, leading to the decomposition rules

AB
I, @ IIf = @ Nomns (3.15)
(©m)

These so-called fusion rules play an important role when we start discussing the general
formalism for anyonic theories in de next chapter. Note that the representation IT{¢},
has trivial fusion (where 0 denotes the trivial representation of H). This corresponds
to the zero-particle state or vacuum of the theory. The map II1{¢}y: D[H] — C can also
be called the counit, and is then often denoted with e. This is a general constituent of
a quantum group, and should satisfy certain compatibility conditions with regard to
the comultiplication.

3.1.2 Topological interactions

As remarked before, in the low-energy limit, the excitations of a DGT interact solely
by Aharonov-Bohm type, topological interactions. A very nice feature of DGT theories
is that the precise form of these interactions can be deduced from intuitive reasoning.

Suppose we have two fluxes with values h; and hs. As is illustrated in figure 3.1,
the requirement that the total flux has to be conserved leads to the conclusion that a
counter-clockwise interchange results in commutation of hy by hj. A charge crossing
the hi Dirac line that is depicted in the figure picks up the action of hy in its internal
Hilbert space. Hence we conclude that the general braiding operator acts as

Ry (5.0 (| s 03) [ Phons Fon)) = | A B 07 T ) P ) [ iy ) (3.16)

This transformation can be accomplished by composing the action of a special element
in D[H] ® D[H], called the universal R-matrix, on VA ® VﬂB, with flipping the tensor
legs. The universal R-matrix for D[H] is

REZPge(X)Phg (3.17)
g,h

Acting on a two-particle state, R indeed measures the flux of the left particle and
implements it on the right particle. We can now define

Riae). (8, = TG © TE)(R) (3.18)
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3. QUANTUM GROUPS IN PLANAR PHYSICS

\/

C12 Clz

Figure 3.1: The transformation of fluxes - We start with two fluxes positioned next
two each other in the plane, as depicted on the left. They carry flux h; and ho respectively.
Fluxes are measured through Aharonov-Bohm interaction with test charges taken around
paths Cy, C5. The total flux hiho as is measured using curve Ci5. The grey lines show
Dirac strings attached to the vortices. On the right hand side, the fluxes are interchanged
counter-clockwise. Since the flux ho crosses the Dirac string attached to hq, its value can
change to h/,. Because the total flux is conserved we must have h,hy = hihg hence we find
that b} = hlhghfl. So the half-braiding of fluxes leads to conjugation.

where 7 is the flip of tensor legs. It is easy to check that this gives (3.16) when applied
on two-particle states.
The universal R-matrix has the following properties.

RA(Py g) = A(Pr )R
(id ®A)R = Ro3Rqo
(A ®id)R = RisRos

Here R15 = R®1 and Ro3 = 1®R. These consistency conditions ensure that the braiding
is implemented consistently. The first relation tells us that the braiding commutes with
the action of the quantum double on two-particle states, hence it acts as multiplication
by a complex number on the irreducible subspaces (Schur’s lemma). The other two
conditions are known as the quasi-triangularity conditions. They imply the Yang-
Baxter equation for the R-matrix,

R12R23R12 = RozR12R23 (3.23)

On the level of representations, this leads to the Yang-Baxter equation for the braiding,
thus implementing a representation of the braid group B, on the n-particle Hilbert
space of n identical particles.

To discuss the spin of general fluxes, charges, and dyons in this context, imagine
an excitation (A, «) as a composite where the flux A and the centralizer charge « are
kept apart by a tiny distance. The world line is now more like a ribbon with the flux
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3.1 Discrete Gauge Theory

and the centralizer charge attached to opposite edges. A 27 rotation corresponds to a
full twist of the ribbon, such that the charge winds around the flux. This implements
the flux on the charge. This is generally accomplished by the letting the element

> Pih (3.24)
h

act, which results in

> T (P h) | Phiy “o5) = | Phiy T (ha) %v5) (3.25)
h

as can be seen from working out the rule (3.7). Since the element h; commutes by
definition with all elements of the centralizer C'(A), we have

My (hy) = e¥iham, (3.26)

as this follows from Schur’s lemma applied on the unitary irrep a. The phase 64 ) =
exp(27ih(4,q)) is the spin of the (A, a)-particle. The element ), Py, h from equation
(3.24) is called the ribbon element of D[H]. Note that only true dyons can have 04 o) #
+1.

3.1.3 Anti-particles

In DGTs every particle-type (4, a) has a unique conjugate particle-type (A4, &) with
the special property that, as a pair, they can fuse to the vacuum, which is formalized
in the fusion rule

I @md =1 + .. (3.27)

As a representation of D[H], we can give the structure of (A, @) explicitly. The repre-

sentation module of (A, @) is just the dual of the representation module of (A, «), i.e.
VA (VAY*. The action of P, g on a state <Ahi, %j‘ is given by

H Phg < hi, % ‘—>< iy ’U]|H ( g lh-1g 9 1) (3.28)

Indeed, we do find a one-dimensional subspace in Voj“ ® VA@ that transforms like the
vacuum under the action of D[H], namely the subspace spanned by

Z ‘ Ahi, O‘vj> <Ahi, O‘Uj‘ (3.29)
1]

We will show that the subspace spanned by this element transforms trivially, below.
Recall that the vacuum representation is given by

1157 (P g) = e(Pr g) = On.e (3.30)
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3. QUANTUM GROUPS IN PLANAR PHYSICS

Now note that, in general, elements of VaA ® V({K can be regarded as linear operators on
VA, In particular we have

D1 hay i) (Phis o] = Liaa) (3.31)

.3

where 1(4 o) denotes the identity operator on VA, In particular it commutes with the
representation matrices. From this, it is easy to deduce that, as a state, it transforms
like the vacuum as claimed. Indeed, working out the action of P, g on 1(4 o) gives

Z 0P 9)1(a,0)a (Py1p-1y g7') = Z Spr pr—1 T (P 971 9) (a0
W h'=h W =h

= 25}" e Ph/ (& ]—(A a) (332)

Note the subtle difference between (P, g)* and S(P, g).

Again, it is a general feature that quantum group symmetry incorporates anti-
particles in a natural way. For this we need a linear map S from the quantum group
to itself, which is called the antipode, satisfying

ZS( a’ = 1e(a ZaS " (3.33)

(a)

for all elements a of the quantum group. Here we have made use of the Sweedler

notation
=> dwad (3.34)

which generalizes
APy g) = Z Py g® Py g (3.35)
h/h//

to arbitrary cases.

3.2 General remarks

The discussion above is included to give a general idea of quantum group symmetry. It is
possible to give rigorous and general definitions of the essential structures that appeared
above, and to define in general what we mean by a quantum group. Let us give the
usual mathematical nomenclature and some relevant references. Suppose we start with
an associative algebra H that has a unit 1 € H. Definition of a comultiplication A and
counit € satisfying certain axioms gives a coalgebra structure, which, if it is compatible
with the algebra structure, makes JH a bialgebra. If there is an antipode, this makes
it a Hopf algebra. It can be shown that the antipode, if it exists, is unique, such that
any bialgebra has at most one Hopf algebra structure. The involution or x-structure
necessary to define unitary representations makes it a Hopf-x-algebra.
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3.2 General remarks

The most important feature in relation to planar physics is the possibility of non-
trivial braiding. This is given by the existence of a universal R-matrix, which is an
element of H ® H. It has to satisfy certain consistency relations which ensure that
the braiding of representations obey the Yang-Baxter equation. The name for a Hopf
algebra with universal R-matrix is quasi-triangular.

It is nice to contemplate what is really new for quantum groups in comparison with
the usual group symmetries abundant in physics. Let us consider two important cases,
symmetries given by a finite group H and symmetries given by a continuous Lie group
G.

instead of the group H, we can alternatively work with the group algebra C[H]
without lossing any information. This is just the complex algebra generated by the
group elements with the multiplication given by the group operation.

C[H] = P Cy, (Z CgQ) A D egd | =D cgey 99’ (3.36)
g g 9.9’

geH

This is in fact a Hopf algebra with comultiplication, counit and antipode
Alg)=g®g, elg)=1 Slg=g" (3.37)
It is quasi-triangular, with universal R-matrix
R=e®e (3.38)

where e is the unit element of H. Since this universal R-matrix is trivial, braiding just
amount to flipping the tensor legs. This gives rise to the usual particle statistics in
higher dimensions. We might call C[H] triangular, instead of quasi-triangular.

For Lie groups G the situation is similar. Instead of the Lie group, one usually
works with the Lie algebra g. We usually allow for normal products xy apart from the
bracket [z, y] and incorporate a unit 1 element, which is very natural if we think of this
Lie algebra as an algebra of symmetry operators. Formally, this leads to the universal
enveloping algebra U|[g|, which is generated by the unit 1 and the elements of g subject
to the relations

zy —yx = [z,y] (3.39)
It becomes a (quasi-)triangular Hopf algebra by defining

Al) = 1®l A = z01+1®«z

e(l) =1 e(z) = 0

S(1) =1 S(x) = —=x (340)
R = 1®1

which can be seen as the infinitesimal version of the definitions given for C[H].
When we use the term quantum group, we have quasi-triangular Hopf algebras
in mind, with a non-trivial R-matrix leading to interesting braiding. Some authors
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3. QUANTUM GROUPS IN PLANAR PHYSICS

seem to prefer to use the term quantum group only for quasi-triangular Hopf algebras
that occur as g-deformations of semi-simple Lie algebras discussed below, or to include
quasi-Hopf algebras, for which the coproduct does not precisely satisfy the axioms for a
coalgebra, but do almost. For more general information on quantum groups and precise
definitions, we refer to the literature, for example [46,60].

3.3 Chern-Simons theory and U,[su(2)]

The quantum doubles that can be obtained via the Drinfel’d construction form an
important class of examples of quantum groups. The other important class comes from
a semi-simple Lie algebra by “g-deformation” of the universal enveloping algebra. We
will discuss an important example, Ug[su(2)], that comes from the Lie algebra su(2). It
plays an important role in the quantization of Chern-Simons theory with gauge group
SU(2) [84] and in the Wess-Zumino-Witten models for CFT [79,82] based on the affine
algebra of su(2) at level k. We follow [72].

One can view U,[su(2)] as the algebra generated by the unit 1 and the three elements
H,L" and L~, which satisfy the relations

[H,L*] = +2L* (3.41)
H/2 _ ,—H/2
L _d"?—q
L5 L= (3.42)

where ¢ is a formal parameter that may be set to any non-zero complex number. The
coproduct A is given on the generators by

A1) =181 (3.43)
AH)=10H+H®1 (3.44)
AL =LF 0"+ ¢ e L* (3.45)

The counit and antipode are

e(1)=1, eH)=0, eL*)=0 (3.46)
S(1)=1, S(H)=-H, S(L*)=—¢V/'L* (3.47)

There is a *-structure given by
(L**=LF, H*=H (3.48)

giving rise to the notion of unitary representations. Without the x-structure, it is
perhaps better to call this algebra Ug[s[(2)] instead of Uy[su(2)], under which name this
quantum group usually appears in the literature.
In the limit ¢ — 1, we recover the definitions for the universal enveloping Ulsu(2)]
algebra of su(2), for instance
[LT,L7]=H (3.49)
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3.3 Chern-Simons theory and U,[su(2)]

Therefore, it is sensible to talk about a g-deformation of U[su(2)].

If ¢ is not a root of unity, the representation theory is very similar to that of U [su(2)].
For every half-integer j € %Z there is an irreducible highest weight representation of
dimension d = 2j + 1 with highest weight A = 2j. The representation modules V* have
an orthonormal basis

‘jvm>7 me{_j?_j+1a-"7j_1aj} (350)
The action of the generators is
I (H) |j,m) = 2m |j,m) (3.51)

L |jom) = \J[j F mllj = met1), |j.m £ 1) (3.52)

Here we have used the notation

m/2 _ . —m/2
q q
[m]q = q1/2 . q,l/Q (353)

for the so called g-numbers that enter the formula to the commutation relation [L1, L™] =
[H]q-
A formal expression for the universal R-matrix of Ug[su(2)] is

o _
R — qH%H Z (1 —q 1)”qn(1—n)/4 (an/4(L+)n> ® (q—nH/4(L—)n> (3‘54)
=0 [n]y!
From this expression, one can work out the action on representations. This produces a
non-trivial braiding in a similar fashion as we saw for DGT and the quantum double.
In relation to Chern-Simons theory and the WZW models, the most interesting case
is, however, when ¢ is not a root of unity. In that case, the representation theory of
U,[su(2)] changes drastically. We will not go in to the details of the mathematical tricks
needed to find the right notion representations that describe charges in these physical
theories. These can be read, for instance, in [46,60] or [72], but the right definition was
first discovered in [42]. In this case, we denote the resulting theory as su(2)x, where k

is related to ¢ as ¢ = exp( ,31’2) We will come back to these theories in chapter 5.
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CHAPTER 4

Anyons and tensor categories

As discussed in the previous chapter, quantum group symmetry can account for fusion
and non-trivial braiding of excitations in (2+1)-dimensional systems. But the physical
states usually correspond to the unitary irreps rather than the internal states of the
representation modules. Also, in the case of U,[su(2)] modules for ¢ a root of unity,
the identification of representations with particle types is not straight forward. One
may ask if a rigorous formalism exists that treats these theories on the level of the
excitations rather than the underlying symmetries. The answer is yes.

Mathematically, the representations of a quantum group (often) form a modular
tensor category, a structure that may be defined independently. In this chapter we
introduce many generalities of these tensor categories as they arise in physical appli-
cations. These capture the topological properties, including the addition of quantum
numbers (fusion), of many theories in a very general way and allow for a graphical
formalism which can be regarded as a kind of topological Feynman diagrams. They
can be constructed from quantum groups, but also arise directly from a (rational) CFT
and can be used describe the excitations in Kitaev and Levin-Wen type lattice models
directly. They are generally related to topological quantum field theories.

In stead of relying heavily on the language of category theory, we have chosen a route
along the lines of [22,66]. This means that we focus on concreteness and calculability,
in favour of formal language. For the mathematically inclined, this basically means
that we assume the category to be strict and construct everything in terms of simple
objects. A paper in the mathematical physics literature that treats tensor categories
in a similar fashion is [34] where symmetries of the F-symbols (to be defined below)
are derived. Proper mathematical textbooks are [14,75].

We have particularly relied on [22] for this chapter. In appendix B we give a more
mathematically formulated description of the kind of categories that we consider, and
point out how this connects to the formulation below.
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4. ANYONS AND TENSOR CATEGORIES

4.1 Fusing and splitting

For a general theory, the particle-like excitations fall in different topological classes or
sectors. For simplicity, we treat these sectors as elementary excitations and assume
there is finite number of them. These are the first ingredients of a modular tensor
category, which in a physical context has to be unitary, or, more generally, a braided
tensor category.

One can vary the assumptions on the kind of tensor category in consideration. Each
set of assumptions gives a slightly different mathematical structure which has its own
name. To avoid getting stuck in nomenclature, we will generally refer to a ‘the theory’
in this chapter. The term anyon models has also appeared in the physical literature
for unitary braided tensor categories.

4.1.1 Fusion multiplicities

We start with a theory A with a finite collection of topological sectors Cy = {a,b,c,...}.
We also refer to these sectors as particle-types, (anyonic) charges, (particle) labels or
sometimes simply particles or anyons. They obey a set of fusion rules that we write as

axb= > Nye (4.1)

ceCy

(The domain of the sum will be left implicit from now on.) Here the N, are non-
negative integers called fusion multiplicities. These determine the possibilities for the
total charge when two anyons are combined (fused). The total charge of two anyons
with respective labels a and b can be any of the ¢ with NJ, # 0. If NS, # 0, we also
speak of the fusion channel ¢ of a and b, and we will sometimes write this as ¢ € a x b.

If the state-space of a pair of particles is multidimensional this gives rise to non-
Abelian anyons.! We say, therefore, that the theory is non-Abelian if there are charges
a and b that have

doNG>1 (4.2)

The particle labels together with the fusion rules (4.1) generate the fusion algebra of
the theory. In this context we sometimes denote the basis states by kets |a),|b) , |c).
The fusion algebra has to obey certain conditions which have a clear physical inter-
pretation. We require that there is a unit, i.e. a unique trivial particle, the vacuum,
0 € A that fuses trivially with all labels: 0 xa = a = a x 0 for all a. Furthermore, fusion
should be an associative operation, (a x b) x ¢ = a x (b x ¢), such that the total anyonic
charge is a well-defined notion. In terms of the fusion multiplicities, these conditions

!There is a subtlety to the term non-Abelian anyons. Even if a pair of identical particles have a a
multidimensional state space, their braiding might still be Abelian. Hence, on could say that this is a
necessary but not sufficient condition, but we will not bothered with the distinction.
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4.1 Fusing and splitting

can translate to
N(l))a :NOIL)O = 5ab (43)

> NGNE = ZNngI;]; (4.4)
e 7

We also require that the fusion rules are commutative, such that a x b = b x a. This
should hold for (241)-dimensional systems, since there is no way to define left and right
unambiguously. We can lift this requirement if we consider charges of a (1+1)d system,
for example when we look at boundary excitations. Finally, each charge a € C4 should
have a unique conjugate charge a € Cy or anti-particle such that ¢ and a can annihilate

axa=0+Y N (4.5)
c#0
This does not mean that a and @ can only fuse to the vacuum, as there might be ¢ # 0
with NS, # 0. Note that a = a.

The following relations for the fusion multiplicities also follow from these conditions
on fusion

NS, = b (4.6)
N¢ = Nf, = N = N&. (4.7)

a ac

The first line is just the anti-particle property. The second line can be derived using
commutativity and associativity.
It is useful to define the fusion matrices N, with

(Na)be = Ngy, (4.8)
The fusion rules give

NaNy =) NN, (4.9)
C

which shows that the fusion matrices provide a representation of the fusion algebra.
This is just the representation of the fusion algebra that is obtained by letting it act
on itself via the fusion product. Associativity of the fusion rules translates to commu-
tativity of the fusion matrices, such that

NN, = NyN, (4.10)

The explicit diagonalization of the fusion matrices is a very interesting result, that we
come back to in section 4.4.

4.1.2 Diagrams and F-symbols

Special about the formalism based on category theory in comparison with the quantum
group approach is that internal states are totally left out of the picture. This makes
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4. ANYONS AND TENSOR CATEGORIES

sense because, in physical settings, to obtain the gauge invariant states, we still have
to mod out by the quantum group. Operators on anyons are best described in a dia-
grammatic formalism.!. They form states in certain vector spaces. The formalism gives
rules to manipulate the diagrams, and perform diagrammatic calculations. Manipulat-
ing diagrams according is a way to rewrite the same state, for example, by changing to
another basis. One alters the representation, but not the state (operator) itself.

Each anyonic charge label is associated with a directed line. This is the identity
operator for the anyon, or in the language of category theory, the identity morphism.
It is often useful to think of it as the world line of the anyon propagating in time,
which we will take as flowing upward. Reversing the orientation of a line segment is
equivalent to conjugating the charge labelling it, so that

+a = L (4.11)

The second most elementary operators are directly related to fusion and the dual
process, splitting of anyons. To every triple of charge labels (a,b, c), assign a complex
vector space V3 of dimension NJ,. This is called a fusion space. States of the fusion
space V3 are denoted by fusion vertices with labels corresponding to the charges on

the outer legs
C
K? :U’Zla"'aNgb (4.12)
a b

The dual of the fusion space is denoted Vcab and is called a splitting space. The states
of the splitting space V.2 are denoted by splitting vertices like

a b c
\ﬁ, pw=1,...,N5 (4.13)
(&

When NJ; =1 we can leave the index p implicit.?

The 0-line can be inserted and removed from diagrams at will, reflecting the prop-
erties of the vacuum, and is therefore often left out or ‘invisible’. When made explicit,
we draw vacuum lines dotted. Hence, we have

0. a a =0
- } - ™ @i

and similar for the corresponding fusion vertices.
In terms of quantum group representations, splitting vertices correspond to the em-
bedding of an irrep into a tensor product representation, while fusion vertices should

In the mathematical literature this is known as graphical calculus, which was introduced by
Reshetikhin and Turaev [70].

2In subsequent chapters, we will assume that all N&, = 0, 1. Therefore, diagrams will have no labels
at the vertices, but only at the charge lines. For completeness, however, we have left the p’s in tact in
this chapter.
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4.1 Fusing and splitting

be thought of as the projection onto an irreducible subspace of a tensor product repre-
sentation.

General anyon operators can be made by stacking fusion and splitting vertices and

taking linear combinations. The intermediate charges of connected charge lines have
to agree and the vertices should be allowed by the fusion rules, otherwise the whole
diagram evaluates to zero. This gives a diagrammatic encoding of charge conservation.
As a general notation we write Vaa,ll’.’::;f%m for the vector space of operators that take
n anyons with charges af,...,a], as input and which produce m anyons of charges
ALy ey Q.
An important example is Vd‘lbc. Operators of this space can be made by stacking
two splitting vertices on top of each other. The choice we have of connecting the top
vertex either on the right or on the left of the bottom vertex leads to two different
bases of Vdabc. The change of basis in these spaces is given by so called F-symbols'
[ngc] (e;,8)(f.uv)> Which are an important piece of data for these models. They are
defined by the diagrammatic equation

a b c

= Z [F;bc](e,a,ﬁ)(f,u,y) 4 f'u (415)
Jrpv

d

Like all other diagrammatic equations in the formalism, this ‘F-move’ can be used
locally, within bigger diagrams to perform calculations. If a diagram on the right is not
permitted by the fusion rules, we put the corresponding F-symbol to zero.

The F-symbols have to satisfy certain consistency conditions, called the pentagon
relations, that we will come back to later. There is a certain gauge freedom in the
F-symbols, reflecting the fact that we can perform a unitary change of basis in the
elementary splitting space V.2 without changing the theory, which will also be discussed
later.

We could just as well have introduced the F-symbols in terms of fusion states in Vacé -
The F-move for fusion states is governed by the adjoint of the F-move as introduced
above. Unitarity of the model amounts to

[(FE) ety = Fa Vs fuw) = (FL) ) ean) (4.16)

This can be seen by taking the adjoint of the diagrammatic equation for the F-symbols.
In general, the adjoint of a diagram in a unitary theory is taken by reflecting it in
the horizontal plane, such that top and bottom interchange, and then reversing the
orientation of all arrows.

If one of the upper outer legs of the tree occurring in the F-move equation is labelled
by the vacuum, it is essentially just a splitting vertex and the F-move should leave it
unchanged. Thus, for example [F gbc]ef = 0epdfc, and similarly if the middle or right
upper index equals 0. Note that when d = 0 there is only one non zero F-symbol for
fixed a, b, ¢, namely [ngc]éé, but this can be non-trivial.

!The F-symbols are sometimes called recoupling coefficients or quantum 6;-symbols.The F-symbols
are the analogue of the 6j-symbols from the theory of angular momentum, hence the latter name.
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4. ANYONS AND TENSOR CATEGORIES

The pairing of V.2 and V¢ or the inner product of fusion/splitting states, is again
denoted by stacking the appropriate diagrams. We think of the elements of V.%° as kets
and of the elements of V5 as bras. Composition of operators is written from bottom
to top, in accordance with the flow of time. The conservation of anyonic charge is also
taken into account in the diagrams, which gives

A dod
%}b = GOy | 2 + (4.17)
, ﬂ/ dc ¢

Here, the quantum dimension d, is defined for each particle label a as
da = | [F3*Joo| ™ (4.18)

This is a very important quantity in all that follows. From the properties of the F-
symbol immediately find that dyp = 1. The normalization factor 1/‘%—?” is inserted in
this ‘diagrammatic bracket’ to make the diagrams invariant under isotopy, i.e. under
bending of the charge lines (end points should be left fixed).

For horizontal bending, keeping in tact the flow of charge in time, isotopy invari-
ance is trivial. Vertical bending however, introduces events of particle creation and
annihilation. Invariance under this kind of bending is almost realized by introducing
the normalization of the vertex bracket, but a subtle issue remains.

Consider the calculation

(4.19)

which uses the F-move and (4.17). By the definition of d,, the coefficient on the right
has unit norm. However, [F%%]y, might have a non-trivial phase

fby = du[F2")0o (4.20)

As we will see later, for a # a the phase fb, = fb: can be set to unity by a gauge
transformation. But when a is self dual, fb, = £1 is a gauge invariant quantity known
as the Frobenius-Schur indicator. Hence, in the appropriate gauge, isotopy invariance
is realized up to a sign.

To account for this sign, we introduce cup and cap diagrams with a direction given
by a flag. These are defined as

aW& _ fbaawd _ a\/& (4.21)
0

and
0

o e = PN T o 422
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4.1 Fusing and splitting

Bending a line vertically is now taken to include the introduction of a cap/cup pair
with oppositely directed flags. Then we have the following equality

= = (4.23)

a a a

With these conventions in place, isotopy invariance of the diagrams is realized. If the
cups and caps are paired up with opposite flags in diagrams, we leave them implicit.
This, shows that loops evaluate as the corresponding quantum dimension

a© =d, (4.24)

when we combine this with relation (4.17).
In accordance with the normalization for the inner product, the identity operator
on a pair of anyons can now be written as

a b
dc H
- Z N c (4.25)
a @
% +b Gl dadb a b

It is very convenient to define F-symbols for diagrams with two-anyon input and
two-anyon output. This is done by the diagrammatic equations

a b
(1
5 - Z (ec8)(7.0) % (4.26)
d (f wv ) c d

[F5o

Equation (4.25) gives

0 4.2
C, i,V ) dadb 6.“: ( 7)

And more generally we have

dedy
[F ](eaﬁ)(f#: )~ dody

ceb*
[ f ](a,a,u)(d,ﬂ,u) (4.28)

These alternative F-moves can be used to change a splitting vertex with one leg bend
down into a fusion vertex, etcetera. This gives equalities like

0 c c
N = D Fab) @, M (4.29)
a b w
and .
— a b
“\fz\ _Z Napen) Yo (4.30)
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4. ANYONS AND TENSOR CATEGORIES

By looking at the adjoint versions, more equalities may be derived.
For the general spaces of operators Vacfl""’acfm one usually agrees on a standard ba-
1o Un
sis. The choice generally made is the basis made by stacking vertices on the left, i.e.

consisting of operators
ay az - am

(4.31)

Any operator in the theory can in principle be expressed in terms of the standard
basis elements. This is a very important remark. It implies, for example, that any
operator we write down that acts on an anyon of charge a is, effectively, nothing but
multiplication by a complex number since the space V,* is one-dimensional. Further-
more, many equalities can be deduced by comparing coefficients of the corresponding
equations expressed in terms of the standard basis. But for other applications, it is
sometimes tedious to write everything in terms of the standard basis, and it is much
more convenient to leave the diagrams intact.

4.1.3 Gauge freedom

As remarked before, there is a certain freedom present in any anyon model. This
corresponds to the choice of bases in the V%*. We can apply a unitary transformations
in the spaces V%’ without changing the theory. Denote such a unitary transformations
by u2’. This gives new basis states

aYb = [ug’] Wa\pfb (4.32)
c I c

The effect of this transormation on the F-symbols is

[E5"] e 8) (ot )

= > 1) Naral(ws) ML) e.0)(Fpi) (W5 T (4.33)
o, B,u,v

When there are no multiplicities, the transformations u2® are just complex phases.

In this case, which is of most practical interest, we have the freedom to redefine the

F-symbols following

be, af
U U
d
[Fgb), = L [Fgve). (4.34)

ab,,ec
uoy

We can use this freedom to switch to a more convenient set of F-symbols. Note that
we do not allow u% and u® to differ from unity due to (4.14).
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4.1 Fusing and splitting

From (4.34) it is straight forward that we can remove the phase fb, of [F%%%]y, for
all @ # a, by taking ul® = fb, and ul® = 1. So there is a choice of gauge for which
all Frobenius-Schur indicators are equal to unity, except for self-conjugate particles as
claimed before.

The gauge freedom discussed here should not be mistaken for gauge freedom in the
sense of gauge theories. We only wish to express that there is a redundancy in the
theory.

4.1.4 Tensor product and quantum trace

The tensor product of two operators acting on well separated groups of anyons is made
by juxtaposition of the corresponding diagrams. For a general operator we introduce
the notation

A1 Am
L

X | o=xevir= Do (4.35)
jll Ij\gb Z}l‘.....c:lr/:

where we used capital labels to denote sums over all anyonic charges such that X is
defined to act on any input of n anyons, giving some m anyon output. The tensor
product of two operators X and Y is then given by the diagram

[ VA S e R

X®Y = X Y (4.36)

I S W

While it is of course possible to rewrite this in terms of the standard basis, it is usually
much more convenient to keep the separation explicit.

In the mathematical literature, one often sees equation (4.24) as the definition of the
quantum dimension. It is a special case of the quantum trace applied to the identity
operator. The quantum trace of a general operator X, denoted as Tr X, is formed
diagrammatically by closing the diagram with loops that match the outgoing lines with
the incoming lines at the same position

TTX=Tr|| x || = (4.37)

The fact that the quantum dimension is the quantum trace of the identity operator is
analogues to the fact that the trace of the identity matrix gives the dimension of the
vector space it acts on. In cases where we can speak of an internal Hilbert space of the
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4. ANYONS AND TENSOR CATEGORIES

anyon, as in DGT, the quantum trace is indeed the same as the trace over this internal
space.
From the diagrams it is clear that this definition of trace and tensor product behave
in the appropriate way. For two operators X and Y, we have r/I‘\r(XGZ)Y) = i‘\r(X) T\r(Y)
We can also define the partial trace, and ‘trace out’ a subsystem. In this case only
a part of the outer lines is closed with loops, either on the outer left or on the outer
right side.

4.1.5 Topological Hilbert space

The topological Hilbert space of a collection of anyons with charges ai,...,a, with
total charge c is the space V,""“"_ It is interesting to study the asymptotic behaviour
of the topological Hilbert space of n anyons of charge a. This is effectively given by the
quantum dimension d,, as discussed below. This discussion is based on [66].

An important relation for the quantum dimension is

de
dody = a =>4/ T dba = NGd, (4.38)
[N7) c

This shows that the d, form a one-dimensional representation of the fusion algebra.
Now consider the vector |w) = ) dq |a) in the fusion algebra. Then relation (4.38)
shows that |w) is a common eigenvector of the fusion matrices, and we have

No |w) = da |w) (4.39)

Since the matrices N, have non-negative integer entries and |w) has only positive coeffi-
cients, d, must be the largest eigenvalue. Note that this in particular means that we do
not need the F-symbols to deduce d,, but that the fusion rules are sufficient. We can
rephrase the above observation as the statement that |w) is a common Perron-Frobenius
eigenvector of the IV,.

The significance for the topological Hilbert space is the following. Suppose we have
a collection of n anyons of charge a which have total charge b. Denote the dimension
of the topological Hilbert space V2, , by N’ .. We have

aa...a
b
Ny o= NAUNZ ... ijb(n_z) (4.40)
{bi}
The matrix N, can be diagonalized as
d
N, = D—‘; |w) {w] + . .. (4.41)

where

D=(wlw)= > & (4.42)
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4.2 Braiding

and we have left out sub-leading terms. So for large n, we obtain

Nb o~ ddy,)D? (4.43)

aa...a

Therefore we see that d, controls the rate of growth for the n particle topological
Hilbert space.

Corresponding to |w), we have the charge line labelled by w. Since d, = dg, the
labels a and a appear with identical weights. Therefore we can leave out the orientation

of the charge line, and write
L = Z d, L (4.44)
a

w© = D2 (4.45)

We would like to point out the significance of the label w when we consider a
DGT. In the representation theory of groups, one often considers the group algebra
C[H] of, say, a finite group H as a representation. We can just let H act on it via
the group operation. It is a well known fact that C[H] can be written as a sum of
irreducible representation which occur with multiplicity given by the dimension of the
irrep, C[h] ~ ", daVa. In fact, the same holds for quantum double representations,
D[H] 23" 4,0) d(A@)VOf‘. Hence, for these theories w = D[H].

This gives

4.2 Braiding

The defining properties of anyonic excitations are their non-trivial spin and braiding
properties. These are also incorporated in the formalism by means of diagrammatic
relations.

The effect of two anyons switching places in the system is governed by the braiding
operators, which are written as

Rap = a\/<b, R, =R}l = a>\/b (4.46)

They are defined by a set of R-symbols which give the effect on basis states of V..
The diagrammatic relation, or R-moves, are

b\( G=Z[sz1uf\{“ (4.47)
'LL 1% C
c (4.48)

The full braiding operator can thus be represented as

y Z de b T
= (R © (4.49)
a/ \b & dadp P
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4. ANYONS AND TENSOR CATEGORIES

The similar equations hold for the inverse R-move. Unitarity of the R-moves amounts
to

[(RE) Y = [(R) ) = [RE, (4.50)

For braiding and fusion to be consistent, the R-moves have to obey the hexagon equa-
tions, discussed below. These relations imply that braiding commutes with fusion,
which means that in diagrams lines may be passed over and under vertices. They im-
ply the usual Yang-Baxter relation for braids. Together with triviality of fusion with
the vacuum they also imply

R = R%® =1 (4.51)

so that the vacuum braids trivial, as it should.
The topological spin 6,, also called twist factor, is associated with a 27 rotation of
an anyon of charge a and defined by

00 = 03 = d; ' Tr Raq = fbg[RI]* (4.52)

Diagrammatically, it can be used to remove twists from a diagram:

“p Wl - O o

a

and

a(b = 92‘2a = @ (4.54)

Because the 6, are not necessarily trivial, it is better to think of the lines in diagrams
as ribbons for which a twist is really a non-trivial operation, as illustrated below.

When applicable, the twist factor is related to the (ordinary angular momentum) spin
or CFT conformal scaling dimension h, of a, as

9, = ¢i2ha (4.55)

The effect of a double braiding — or monodromy — of two anyons is governed by the
monodromy equation

a a Oc
Z[Rcb]p)\[Rg ])\1/ = 0.0 6u,u (456)
)\ aYb
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4.3 Pentagon and Hexagon relations

which diagrammatically gives

a \(/ b
0, o b
= Y (4.57)

It is a matter of topological manipulation to see that this equation holds. This is more
readily seen when we draw the ribbon version

= . U
:

We can also write down the full monodromy operator

a b
0, | d. ><
Y c (4.58)
o
" 0a0p \| dady ,

b
which corresponds to one particle encircling the other, or equivalently a 27 rotation
of a pair of particles. The monodromy equation, in any form, is used frequently in
diagrammatic calculations.

20

a

4.3 Pentagon and Hexagon relations

With the definition of fusion rules, F-symbols, and R-symbols, the topological data of
a theory is completely specified and all diagrams can be calculated. In order to ensure
that different ways of manipulating a diagram always lead to the same answer, some
consistency conditions on the F-symbols and R-symbols have to be satisfied. These are
the pentagon and hexagon relations or equations. The MacLane’s coherence theorem
from category theory guarantees that no other consistency checks are necessary [54].

The pentagon equations are a condition on the F-symbols. They can be understood
as the equivalence of two sequences of moves, as shown in figure 4.1, which can be neatly
organized in a pentagon. The resulting equation is

cd abl
> EL Y8000 FE(008) (i)
)

= Y F N as o) [ (g0 (e R hopap) Ay (4:59)
h’p’o-7w
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N

A
N

Figure 4.1: The pentagon relations - The pentagon relation say that the two possible
sequences of manipulating the basis states of V.2%°? using F-moves give the same result.

ey

The hexagon relations are similarly understood as the equality of two sequences of
manipulation. They guarantee consistence of fusion and braiding. The diagrammatic
relations are illustrated in figure 4.2. The resulting equations are

D BNl FS ™) en ) gy0) [ B T (4.60)

A

= Z [ES™ (008 .0:8) [RG 150 LFS%) (£.00) (i) (4.61)
f70-767¢

and

D RS MaalFE N e sy gy (RS (4.62)

Ay

= ) [F5ea8)(f00) (R ™50 [FS 0 i) (4.63)
f70-767¢

The pentagon and hexagon equations first appeared in this form in the physics
literature in [62].

4.4 Modularity

The consistent definition fusion rules and unitary F-symbols and R-symbols gives a
unitary braided tensor category. But in relation to topological quantum field theories,
models obeying an additional condition are of particular interest. These are known as
modular tensor categories. The characteristic property is that the topological S-matrix
is non-degenerate.

The topological S-matrix, which is defined by

Sy = % Q@b (4.64)
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o Y o Y
B \7 EP )4
\? \ﬁ/ @?\V

Figure 4.2: The hexagon relations - The hexagon relations relate fusion to braiding.
They imply the Yang-Baxter equation.

encodes a wealth of information about the theory. By applying the monodromy equa-
tion, we find

Sap = — Z bee (4.65)

From this expression, we derive that S, = Sy, = S5, and Sp, = % dg. A very useful
equality is

“QT) = :S;”ZZ (4.66)
b
b

This holds, because both left and right side are elements of the one-dimensional vector
space Vbb, hence must be proportional. The constant of proportionality is checked
by taking the quantum trace. This is a convenient trick to prove equalities of single-
anyon operators. Often, these immediately imply a corresponding result for multi-anyon
operators by decomposing these using (4.25).

Modular tensor categories are defined by the non-degeneracy of the S-matrix. When
the theory is unitary, as is the case for physical theories, the S-matrix is in fact a unitary
matrix. Together with the matrix T" with coefficients

Top = €2/ 0,64 (4.67)

it forms a representation of the modular group SL(2,Z) with defining relations (ST)3 =
S2 and S* = 1. Here c is the topological central charge, which is equal to the CFT
central charge mod 24 when applicable. It can be determined mod 8 from the twist
factors and quantum dimensions by the relation

exp <27” C> Z 20, (4.68)
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This is all well known, but since it is an interesting application of the diagrammatic
formalism we include a derivation based on [14] of the relations between S and T below.
Let

p= = dof! (4.69)

The following equations hold

“NT) =pro,! . \T) =p 6, (4.70)

b

1 )

To show these equalities, note that the left and right hand side of these equations
must be proportional, since they are both single-anyon operators. Hence we take the
quantum trace on either side to check the proportionality constant. For the equation
involving p*, the quantum trace of the right hand side is evidently p*dy/6), while the
left hand side gives

> dabaDSap =Y NGydadee/0 (4.71)
= d20cdy/0 (4.72)
= pTdy/0, (4.73)

Here we used that >, N4 d, = >, Nid, = dpd. by (4.38), the symmetries of the fusion
coefficients, and the fact that d, = dz. As a consequence we get

“(/KH) =pro, 10, g (4.74)
ol Vb

To see this, apply the ribbon property on the double clockwise braid on the right hand
side, i.e. on the operator (R:;b)2, and compare with (4.70).
Define

! = 0a0ap, Cap = 0,5 (4.75)

Thus T” is just T with the phase in front left out, and C' is the charge conjugation
matrix. Clearly, C' commutes with S and with 77, and C? = 1. But more interestingly

1. (ST")3 = ptS2C/D
2. (ST 1)3 =p=52/D

3. 82 =ptp=C/D?
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To prove the first relation, start with the identity

”@ =pto; 10! (1) (4.76)

a‘ c a‘

which follows from (4.74). The right hand side is equal to

Séa
pto; 10t S (4.77)

a

while the left hand side can be computed as

b i) B Spe b T B Sha
;dbab ‘ U Eb:dbeb o (Do Eb:ebsbc S (4.78)
a (& a
Equating the coefficients gives D>, 0,SpcSpe = pT 0, 19,)_ 16z, which can be seen to
be equivalent to the matrix equation DST'S = pTT'~1.SCT'~! written in components.
Multiplying from left by ST’ and from the right by 7" and dividing out D produces
the first statement. The second statement is derived similarly.

The third statement follows from the first two. We first show that S27" = T"S2.
Since S, T' are symmetric, by taking the transpose of the equality (S7"~1)3 = p*52/D,
we find that (ST")3 = (T'9)3, or ST'~1ST'~1S = T'-1ST'~1ST'~1ST’'. Plugging this
into the following version of the second equality, p’%ST’ “187'-1S = T"5?, we find

D

T'S% = FT”lsT”lsT”lST’ (4.79)
=51 <]33ST"1ST"1ST"1) ST (4.80)
= S71(SH ST’ (4.81)
= S*71’ (4.82)

so 52 and 7" indeed commute. Now multiply the identities
7187 1ST "' =p=S/D and T'ST'ST =p*SC/D (4.83)
Pulling factors of S? through T"’s and cancelling 7"T'"~! pairs, this leaves
St = ptp=S2C/D? (4.84)

which proves the third statement.
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This third statement has an important consequence. It implies that loops labelled
by w have the killing property. This somewhat hostile name comes from the fact that
all non-trivial charge lines going through a loop labelled by w = )" dqa get killed in
the following way.

* QTD =pTp™ Soa (4.85)

a
a

This is again proved by comparing the quantum trace of the left and right hand side.
The trace of the left hand side gives

DY dySpa =D* Y SoSba = PP~ Coa = P 00a (4.86)
b b

which is clearly the same as the trace of the right hand side. Thus loops labelled by w
give a natural projector in the theory.! Taking a = 0 we get the following result

ptp~ = D? (4.87)

If we now define .
T=¢'T,  (=@"/p)8 (4.88)
we find that S and T obey the relations of the modular group, as was alluded to before.

This also gives the implicit definition of the topological central charge c¢ in terms of the
quantum dimensions and twist factors of the theory.

4.4.1 Verlinde formula

The famous Verlinde formula, which first appeared in the context of CFT in [76],
expresses the fusion coefficients in terms of the S-matrix as

Sasza:SEz
o =) Deoheoer 4.
ab SO:E ( 89)

T

Because the fusion matrices by associativity of fusion, a basis of common eigenvectors is
expected. The Verlinde formula says that this basis is essentially given by the columns
of the S-matrix.
We will now prove the Verlinde formula using the graphical formalism. Define
Sab

A =26, A = Sun (4.90)

Recall that the fusion matrices are given by (Ng)p. = N. We will show that

N,S = SA@ (4.91)

!This projector has recently been used to provide a spacetime picture for the Levin-Wen models in
an interesting work [23]
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4.5 States and amplitudes

by manipulating the following diagram:

(4.92)
D
o
On the one hand, we can apply equality (4.66) twice to get
Saz S
Pax Pbx N (4.93)
S()m S()m

On the other hand, we can first fuse the encircling anyons with charge ¢ and b and then
apply (4.66), to get

Saw
Zm%& (4.94)

This gives the equality
sz

—— 4.
S0, (4.95)

Z Nngda: = Saz
d

which is precisely (4.91) in components. When we multiply both sides by Sz,, sum over
z, and use that S? = C or 3" S4zSer = 64c, we find (4.89).

4.5 States and amplitudes

To incorporate quantum states of anyons in the formalism, we have to keep track of
the creation history. General states for a system with anyons of charge ai,...,a, can
be written down as

an_a as a4

wal a2,a3,a4,c
U = Aahhet i bt 4.96
D D R AT (4.96)

a1,a2,a3,a4,c

where we have suppressed the Greek indices labelling the vertices. The normalization
factor is included such that (U | ¥) =1 iff

Z |¢a1,a2,a3,a4,c|2 =1 (4.97)

a1,a2,a3,a4,C
where (¥| is of course defined by conjugating the diagram
*

Ol — a1,a2,a3,a4,c c 4.98
< ‘ Z (dalda2da3da4d0)1/4a ( )

a1,a2,a3,a4,c az a aq

and the bracket is formed by stacking the diagrams on top of each other. Amplitudes
for anyon operators can now be calculated in the usual way. We sandwich the operator
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4. ANYONS AND TENSOR CATEGORIES

between the ket and bra of the state and calculate the value of the diagram. As an
example, let us consider the monodromy operator. Suppose we create two anyon pairs
aa and bb. This gives the tensor product state

|¥) = \/dla—db“\/“ NS (4.99)

The amplitudes for the monodromy of the inner ab-pair gives rise to the monodromy

1 0. d.
Ma = = N¢
’ dadb@ ; ab eagb dadb

which, as the diagram shows, is closely related to the S-matrix. Interferometry ex-
periments are possibly able to measure matrix elements of the monodromy matrix in
the near future for interesting systems, such as in the quantum Hall effect. Since the
matrix is highly constrained by the various S-matrix relations, measuring only a few
matrix elements might make it possible to construct the full matrix and discover the
topological order. See [18-21] for a theoretical treatment of interferometry experiments
in a language similar to the presentation here.

One can also adopt a density matrix formalism which can handle systems of non-
trivial total charge. By writing p = |¥) (V| diagrammatically, we find that the density
matrix corresponding to a pure state is of the form

matrix

(4.100)

an\ a as a4

P(aiazazasc)(a)alalalc’)
= 4.101
P e (o) .

a1,a2,a3,a4,c
/ / ! ! /
a,as,a3,0,,C

General density matrices, corresponding to mixed states or states with non-trivial any-
onic charge, can be constructed from these by tracing out anyons of the system using
the quantum trace. For example, a general two-anyon density matrix is of the form

a b
Pa,b,a’ b ¢
ba’ b, ¢ (4.102)
> s o

which can be obtained from the pure state density matrix

b
Z P(ab,c,)(a’ b ') \</ (4.103)
(dodpdedyrdyder)t/? .
a,b,c ! " ¢

by tracing out the right anyon.
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4.5 States and amplitudes

Let us end this chapter by discussing the full braid operator B or B-move. It is

defined b
1 Y a b)# a b c
\{ =B8]y \f</ (4.104)
d / d

Reinstalling the Greek indices, we find that

[Beas)tun) = D Fd N ers) 070 Byl (FE*) ™ (gin) i) (4.105)
9,7,6,m

This operator captures the effect of braiding on general anyonic states. The monodromy
matrix is for example recovered as the (0,0) of the appropriate square of this operator,

Mab = ) [B5" 0,50 (B8] (100 (4.106)
Sy
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CHAPTER b

Examples of anyon models

In principle, the unitary braided tensor categories discussed in chapter 4 can be con-
structed in a three step procedure: First, fix a set of particle labels and fusion rules.
Next, solve the pentagon relation to find a consistent set of F-symbols. Finally, solve
the hexagon relations to find R-symbols.

If no solution to the pentagon relations exists, the declared fusion rules are inconsis-
tent with local quantum mechanics and no model with these fusion rules exists. When
we do find a solution to the pentagon relations, but not to the hexagon relations, there
is no way to define a consistent braiding for the anyons which excludes the model with
these fusion rules as an effective theory for bulk anyons but, as we will see, might de-
scribe boundary effects of a medium carrying anyons. If there are multiple solutions
for the pentagon/hexagon relations that are not related by a gauge transformation,
there are apparently non-equivalent anyon models that obey the same fusion rules. A
theorem know as Ocneanu rigidity ensures that, for a given set of fusion rules, there
can only be a finite number of non-equivalent anyon models.

Although the procedure outlined above can in principle be used to find all anyon
models, in practice it is not feasible to find many interesting models this way. The
reason is that the number of equations in the pentagon relations, as well as the number
of variables, grows very rapidly with the number of charges in the theory. For small
numbers of charges, some classification results have been obtained by direct attack of
the pentagon/hexagon relations. For example, all models with up to four charges were
classified in [71]. Also, in [22], solutions to the pentagon and hexagon relations were
found explicitly for a number of interesting fusion rules by solving them directly.

Most known models, however, were constructed via a completely different route,
namely as representation categories of quantum group that we discussed before. In
this chapter we will show how to obtain the fusion rules, F-symbols and R-symbols
for the quantum double. We will also give this data for the su(2); theories related to

49



5. EXAMPLES OF ANYON MODELS

Uq[su(2)], Chern-Simons theory and the WZW-models and we flesh out the details for
some representative examples that will be used later. But we will start by discussing
the well know Fibonacci anyons, for which the pentagon and hexagon equations can be
solved by hand.

5.1 Fibonacci

Suppose we have only one non-trivial charge besides the vacuum, which we label by 1.
The two possibilities for the one non-trivial fusion rule are 1 x 1 =0and 1 x 1 =0+1.
The first gives an Abelian theory that is not very interesting, so we take the second
rule. This fixes the theory completely, as we will see, and gives rise to the so-called
Fibonacci anyons. The discussion below is based on [66].

The F-symbols we need to find are [Fj'!].; and [F}'].s. The matrix [Fj!].f, has
only one non-zero component, which we can set to unity. This gives

[Folll]ef = 5el(sfl (5.1)

This leaves us with the task to find the 2 x 2 matrix F with F.y = [Fg!!].;. Since we
are looking for a unitary theory, we search an F' of the form

F= <uf "‘;’) (5.2)

with |z|? + |w|?> = 1. Without multiplicities in the theory, the pentagon relations
simplify to
[FL N FE e = I [ F g [FR (5.3)
h
Now take a=b=c=d=e=f=k=1 and g=1=0. The pentagon equation for this
combination of labels is
[F1 oo = [F1or [F1 1o (5.4)

which gives z = |w|?. This leads us to the general solution

-1 e
Fe (ef — €_V¢¢1 > (5.5)
where ¢ = 1+2‘/5, i.e the golden ratio. The phase € can be set to unity with a gauge
transformation. All pentagon relations are now indeed satisfied.

Next we will solve the hexagon relations. Without multiplicities, these take the
following form.

REIFG) g R = Y " [F5) e RY[F™] 1, (5.6)
f

(RE) M FG)eg(RE) ™ = S [R5 )ep (RS T FG) 1 (5.7)
f
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5.2 Quantum double

Since the vacuum braids trivially, we only need to find the R-symbols with the two
upper indices equal to 1, so only Ry = R(l)1 and Ry = Ri! corresponding to a pair of
Fibonacci anyons having trivial or non-trivial total charge respectively. We find

RO — 6_47Ti/5, Rl _ e3ﬂ'i/5 (58)

We can read off the quantum dimension d; = % from F', and find that then non-
2

trivial particle has spin 8; = fby (R}!)* = ™5,
1><n

Now let N’ = Ny be the dimension of the topological Hilbert space of n Fibonacci
anyons with trivial total charge. It is easy to see that

Ny =0, Ni=1, N8=1, Nj=2, Nj=3 (5.9)

when looking at the number of fusion states explicitly. In general, the Ng obey a simple
recursion relation. If the first two particles have trivial total charge, the n — 2 other
particles can fuse in NS*Z different ways. When the charge of the first two particles
is 1, the other n — 2 charges can combine with this charge in Nél_l ways. So the
mulitplicities obey the recursion relation

Ny = Nyt 4+ Np—2 (5.10)

which is well known to produce the Fibonacci numbers. Indeed, one recognises the first
of these in the list 5.9 This is why these anyons are given their specific name.

5.2 Quantum double

Using the facts about the quantum double D[H] and its representations from chapter
3, it is possible to deduce fusion rules, F-symbols and R-symbols, and thus to obtain a
description of the fusion braiding properties of the excitations in discrete gauge theories
in the language of the previous chapter.

The connection with the graphical formalism and the representations of the quan-
tum double is as follows. Diagrams correspond to operators that commute with the
action of D[H] in the internal space, i.e. operators that are gauge invariant operators
and commute with flux projections. By Schurs lemma, these must be proportional to
the identity for irreps.

The identity operator of the carrier space Vof‘ is represented by a charge line labelled
by a = (A, «) directed upwards. The splitting vertex labelled by a = (A, «), b = (B, )
on top and ¢ = (C, ) on the bottom is identified with the inclusion of VVC in VA® VﬁB,
up to a scale factor. The dual fusion vertex, on the other hand, is associated with
the projection onto VVC as irreducible subspace of VaA ® VﬂB . If there are multiple
copies of VWC present in Vo’fl ® VﬁB , we can label them with indices p. Note that a

unitary transformation on the p’s in @M(VWC) . leaves the representations in tact. The

quantum dimension and quantum trace correspond to the usual dimension and trace
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5. EXAMPLES OF ANYON MODELS

of the modules V..

a b ¢
+a identity, \ﬁ inclusion, Kb projection (5.11)
a
c

Throughout this section, it will be very convenient to condense the notation, as the
discussion above already shows. We agree to write a,b,c,... for the particle-labels
(A, ), (B, B),(C,7),.... Toavoid confusing the internal space V! with the fusion/splitting
spaces, we will also refer to it as a, and similar for the other particle labels. The rep-
resentation maps are denoted II% = IT4, etcetera. We can label the basis states of a by
indices t = 1,...,d,. We denote the basis states of a therefore as

{la,)},  i=1,...,dq (5.12)

leaving the particle label explicit, in stead of |h;, “vi) as we did before. The coordinate
functions of the representation matrices are denoted 7. The fusion product a x b means
the tensor product representation.

5.2.1 Fusion rules

The fusion coefficients NG,

axb=T"@I" =N Nye (5.13)
C (&

corresponding to the decomposition

can be obtained by using certain orthogonality relations for the characters of represen-
tation. These are well known in the case of groups, but generalize to representations
of the quantum double. It means that for unitary representations, we have

’H| ZTr (P, g)) Tr (Hb(Ph 9)* ) = b (5.14)
In fact, more general orthogonahty relations for the coordinate functions 9i;- They
obey
Z H Ph g HZZ(Ph g) = 5a,b 52‘,]@ 5]',1 (515)
h,geH
This follows from Woronowiczes theory of pseudogroups [85] and generalize the well
known Schur orthogonality relations for groups. We will use them heavily in the cal-
culation of F-symbols.
From the orthogonality of characters, we see that the fusion multiplicities may be
obtained from the representations matrices as

5, = |13\ S (I © (A (P 9)) T (1P o)) (5.16)
h,g

X S (Smeate ) (Sone) 6

h,g R'h/=h \ i

Next, we show how to calculate F-symbols.
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5.2 Quantum double

5.2.2 Computing the F-symbols

Consider the diagrammatic equation for the F-moves:
aN\_ b c a b\ C

N =YE NS (5.18)

d f d

We see now that the F-symbols, relate two different ways to embed the irrep d in the
triple tensor product a x b x ¢. We can either first embed d in e X ¢ and then embed
e in a X b, or we can start with embedding d in a x f and then embedding f in b x c.
The two different paths are related by a transformation inside the subspace of charge
din a X b x c¢. This transformation is what the F-moves describe.

The F-symbols are conveniently calculated using Clebsch-Gordan coefficients, which
describe how the irreps are precisely embedded in tensor product representations. When
there are no fusion multiplicities, N7, = 0,1, we can calculate the Clebsch-Gordan
symbols using a generalization of the projection operator technique (a technique well
known from the theory of group representations). We will therefore assume that the
theory is multiplicity free. This is the case, for example, when H = Ds, the group of
unit quaternions described in [27], which we took as an example to test our calculations.

When there are no fusion multiplicities, there is a unique basis

{le, )}, c =1, k=1,...,d, (5.19)

in a X b corresponding to the decomposition in irreps. Of course, there is also the
standard inner product basis

la,i) b,7),  i=1,....de;j=1,...,ds (5.20)

The Clebsch-Gordan coefficients, sometimes also called 3j-symbols, precisely give the
relation between these two. They are defined by

c,k):Z(? ; z) 10,7} 16, 5) (5.21)

ihj

The inverse of this relation is written as

i) i) =% (;

c,k

“ b) I, k) (5.22)

vt
To calculate the actual coefficients, we will use projectors P}; defined by
dg .
P =1 2o WP g) (P g) (5.23)
h,geH

where the last II( P, g) stands for the appropriate representation of the P, g element of
the quantum double, depending on what it is acting on. These projectors, which can
be applied in any representation, act as

Pij by k) = Sapdjk |a, i) (5.24)
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5. EXAMPLES OF ANYON MODELS

as a consequence of the orthogonality relation (5.15). Applying the projector to a direct
product of two states and using equation (5.22), gives

a b
¢ e

C

c b\ [a b
:Z<k j) <Z ’ );a Y 6,7 (5.25)
7 7‘7
By using the definition (5.23), this is seen to be equal to
Plila i) [0,4) = 777 D T" (Ph o) TPy 9) [TI3, ) |11, 5)
h.geH
= 1 H‘ IR (Pug) > 18Py o)1 (P g)|a,i') |b,5"), (5.26)
h,geH h'h/"=h

where we have inserted the definition of the comultiplication to act on the product
state.
Equating expressions (5.25) and (5.26), we obtain

cla b\ (fa b
kli j7)\i 7

Unitarity amounts to

C a B .
l> ‘H, S TN (Pug) D T(Pw 9)T55(Par g) (5.27)

h,geH h'h''=h

cla b a blc\”
<l<: i j>_<i j k;) ' (5.28)
Now pick some triple (i, j, k) such that
|H| N IR (Phg) Y TE(Pw )T (Par g) (5.29)

h,geH h'h''=h

is non-zero. From equation (5.27) with i« =4, j = j/ and k = k’ and from the unitarity
condition (5.28) it follows that this number is real and positive. This fixes one of the
Clebsch-Gordan symbols, by

1/2
a blc
(¢ 00) = X meanire (2 o (5.30)
h.g€H h'h''=h
We can use equation (5.27) to calculate all others, which results in
a blcy _ de Zh,geH Zh'h”:h Hi'k*(Ph Q)Hg/z‘(Ph’ Q)H?/j(Ph” q)
i j/ |7 1/2

H *
1] (Zh,gEH S wrnr—n Wi (P 9) 115 (Prr g)TL; (P g))
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5.2 Quantum double

From the Clebsch-Gordan symbols it is straightforward to calculate the F-symbols.
The definitions imply the relation

e e c¢

m) \m k

abc b Cf a fd . a b
Z[deL,f<j k n) <m k £>_<z’ j

fin
c) fa b
k) \i j
Together, these give the following expression for the F-symbols in terms of the Clebsch-

Gordan coefficients
f a f|ld\[fa ble e cld\”
n)\m k|l)\i j|m m k|l (5.33)
(Note that ¢ can be chosen freely.)

b ¢

Fabc:| _ _

{ “ler Z ik
17.]7k7m7n

In principle, one can now run a computer program to calculate the Clebsch-Gordan

coefficients and subsequently the F-symbols from the above description.

d
£> (5.31)
It follows from (5.28) that

>S5

i?j

Cl

k’) = Ocer O (5.32)

5.2.3 Braiding

Recall that the braiding for the quantum double is defined through the action of the
universal R-matrix
R= > Pje@Pyyg (5.34)
h,geH

and subsequent flipping of the tensor legs. Because A(P, g)R = RA(P}, g), the effect of
braiding on irreducible subspaces ¢ of a x b ~ b X @ is in principle just multiplication by
a complex number R% by Schur’s lemma. But if some ¢ occurs in a x b with multiplicity
greater than one, it can in fact act as a unitary transformation [R%],,, in the subspace
of total charge c.

We can derive the R-symbols by composing the braiding braiding with the inclusion
of c. Denote the representation matrix of the action of R on a state |a,i) |b,j) as

a,b .
Riig.irgry» 1-©-

,b — b
Reig,irgry = Wiy ® LW (R) (5.35)
For the simple case where there are no multiplicities of ¢, we get
doo & fa ble\ (b ale\
ab _ a,b
= S (0000 0] ®hen 6w
171/: jvj/:

where again £ can be chosen freely.
If multiplicities of ¢ do occur, we can still obtain the [R2"] wv by first including the
ut™ copy of ¢ and next project onto the vt copy. This can be done by introducing more
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5. EXAMPLES OF ANYON MODELS

general Clebsch-Gordan coefficients that also carry an index p that keeps track of the
copy of c. The formula then becomes

e\ (e, v

l l

da

dp
ab o a b
[Rc ]HV - Z <Z ]

i,0'=1j,5'=1

b a a
j/ﬂ)%%ww (5.37)

5.3 The su(2); theories

The data for su(2); theories, which were given this name because they appear in the
WZW-models based on the affine algebra of su(2) at level k, can be derived from
the representation theory of U,[su(2)] where ¢ is a root of unity and related to k

by as ¢ = 'tz As for general values of ¢, a similar structure for the representations
appears as in the representation theory of su(2), with integers replaced by the g-numbers
]y = %. But, when considering the appropriate category of representations,
the highest values for the highest weights get truncated. There are only a finite number
of irreducible representations corresponding to the finite set of charge labels. We will
state the general formulas as they appeared in [72], where the authors refer to [47] for
the calculation.

The charges of su(2); are labelled by integers a = 0,1,...,k that are related to
the highest weights j as a = 2j (a notation also frequently used). The fusion rules are
given by a truncated version of the usual addition rules for SU(2)-spin

axb=>Y Nge (5.38)
=la—0b|+ (la—b+2)+ -+ minf{a + b, 2k — a — b} (5.39)

ie. NG =1 when |a —b| <c<min{a+b,2k—a—>b} and a + b+ c=0 (mod 2), and
zero otherwise.
For the F-symbols, one has the general formula

aoc a C b
[de ]ef _ (_1)( +b+c+d)/2 [e—|— 1]q[f + Z]q{ CCL d

;} (5.40)

where

a b
c d

e

f

}:AM@@A@q@A@qﬁA@ﬁﬁ

» Z (—1)%[z + 1] !
| [z — )z — gt )z — B [y — bS]

1
x [a+b42rc+d _ Z]q![a—&-e—gc-f—f _ Z]

. (5.41)
q![% _ z]q!}
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5.3 The su(2); theories

with

MM@ZVW?%W?%W?%’%dMM:ﬁWM (5.42)

bt
[a 2 € + 1](] m=1

The sum over z should run over all integers for which the g-factorials are well defined,
i.e. such that no of the arguments become less than zero. This depends on the level
k. The expression for A is only well defined for admissible triples (a, b, ¢), by which we
mean that a + b+ c =0 (mod 2) and |a — b| < ¢ < a+ b (we will take it to be zero for
other triples, implementing consistency with the fusion rules). Note that A is invariant
under permutations of the input.

The R-symbols are given by the general equation

sz _ (_1)cfa7bq%(c(c+2)fa(a+2)fb(b+2)) (543)
This gives topological spins
0, — i) (5.44)

The quantum dimensions are

. sin ((akilg”>

3 s
Sin (m)

For later reference, we will work out the values of these functions for some representative
values of k.

(5.45)

k=2 The simplest non-trivial case occurs for k = 2 which is closely related to the
Ising model. The charges are denoted 0, 1,2, with non-trivial fusion rules

1x1=0+2, 1x2=1 ,2x2=0 (5.46)

The relevant g-numbers and factorials are

n |01 2 3

], |0 1 V2 1 (5.47)

)1 1 V2 V2
This gives quantum dimensions and spins

5u(2)2

0ldpo=1 hp=0

d =2 ny= % (5.48)

2|dy=1 hy=3

Using the general formula, we can calculate the F-symbols. Let us calculate [Fi!1]op.
The relevant A’s are

A1,1,0) = A(1,0,1) = A0, 1,1) = | el
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5. EXAMPLES OF ANYON MODELS

This gives

B —[2]4! (5.50)
— 2([0]g))*[1]q![0]q!
=-1/V2
which produces
[F{ oo = —1/V2 (5.51)
By similar calculations we find
[Fllll]ef _ <_11/\\/; %g) 7 e, f=0,2 (5.52)

k=4 For su(2), has been a very important example while working on this thesis.
Since the primary goal has been to study Bose condensation, it is of particular interest
because it is one of the most simple models with a non-trivial boson.

The charges of su(2)4 are labelled by 0,1,2,4 with the fusion rules given by the
general formula, for example

2x2=0+2+4, 1x3=2+14 (5.53)

The relevant g-numbers and g-factorials are

n |0 1 2 3 4 5
n], |0 1 V3 2 V3 1 (5.54)
{1 1 V3 23 6 6
This gives spins and quantum dimensions

su(2)4
0| dy= ho =20
1ldi=vV3 h=1%
o | dy = hy — z (5.55)
3|d3s=+3 hs= %
4\d 1 hy=1

In chapter 6 we need some specific values for the F-symbols, hence we calculate
these here. These are [F4%]y9, [F3*%)a2, [F3*?]a2, or actually [F2s)sw, [Fislsz and
[F32)44. The relevant A’s are

A(2,2,2) =1/vV6 A(2,2,0) =1/V2, A(2,2,4)=1/V2 (5.56)
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We get
[F7*%)22 = 2A(2,4,2)A(2,2,4)A(4,2,2)A(2,2,4) (5.57)
(—1)%[z + ]
DN (P 3 e e e (5:58)
1),
=2x e ([[2]](1‘)2 (5.59)
=1 (5.60)
Similarly,
[F242]55 = 2A(2,4,2)A(2,2,0)A(4, 2,2)A(2,2,0) (5.61)
(—1)*[z + 1]
* 2 AP 0 (5.62)
o L[5l
=2x - X 2,2 (5.63)
=1 (5.64)
and finally,
24250 = —2A(2,4,2)A(2,2,2)A(4,2,2)A(2,2,2) (5.65)
(=1)%[z +1],!
D N P vy P 2 (R WL R B (5.66)
_ o b [5],!
R PR (ML (5:67)
— (5.68)
By
ldody
[F ](6 aB)(fouv) = dydy [F;Eb]?a,a,u)(d,ﬂ,u) (5'69)
this gives
FRlo =7, FBle= - [Flu=; (5.70)
22 140 23 29 142 \/5’ 22 44 9 .

k=10 Also su(2); was of particular interest to us. While having a reasonably small

number of charges — eleven — it is a much more intricate example than su(2),. There
is a non-trivial bosonic charge, labelled 6 and the result of condensation was known.
Hence it presented a fine test case for the theory of subsequent chapters.

59
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We list the quantum dimensions and spins here.

511(2)10

0 |[do=1 ho=0

1 |di=vVs+V3 h = 1=

2 d2:1+\/§ hQZ%

3 |ds=vZ+V2+VB hy=1

4 |dy=2++3 hy =3 (5.71)
5 |ds=2v2+V3 hs = 35 '
6 d6:2+\/§ he =1

T | dr=v2+V2+V3 hr=2

8 |ds=1+V3 hs = 3

9 |dy=+v2+V3 hgz%g

10 | dyo = 1 hio = 2

The fusion rules and F-symbols can be calculated using the general formulae. Calcu-
lating the F-symbols by hand becomes very cumbersome, hence we implemented the
formulae in Mathematica to do calculations on su(2);o and general su(2); models .
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CHAPTER O

Bose condensation in topologically ordered phases

In this chapter, we start the study of phase transitions between topologically ordered
phases, which is the main goal of this thesis. The theory developed in the previous
chapters is used to extend the formalism for topological symmetry breaking phase
transitions. This should allow one to construct a full diagrammatic formalism for
topological symmetry breaking, such that arbitrary diagrams for the symmetry-broken
phase can be calculated, using data from the original theory only.

We start with a short review of the topological symmetry breaking approach, which
is based on quantum group symmetry breaking by a bosonic condensate. The main
idea is that a mechanism of symmetry breaking, very similar to spontaneous symmetry
breaking known from the ordinary theory of phase transitions, can account for many
transitions between topological phases, only the symmetry is given by a quantum group.
This was first explored in the context of discrete gauge theories in [5,8]. Later, the
formalism was refined and applied to nematic phases in liquid crystals in [7,12,61].
These earlier approaches had the drawback that they were not applicable to treat cases
most interesting for the FQHE, where non-integer quantum dimensions occur. In [9],
a general scheme was laid out that can also handle these cases.

An important feature of this general scheme is that the explicit description of the
quantum group disappears and everything is done on the level of the representations,
or particle labels. In mathematical terminology, on might say that the representation
category of the quantum group is put centerstage while the quantum group itself is put
to the background. It could therefore be expected that there is a connection with the
mathematical literature on (modular) tensor categories.

The generalization of the notion of a subgroup to the appropriate category theoret-
ical context is a commutative algebra, as argued in [48]. The results of [9] and [48] are
in perfect agreement, although the language is very different in many respects. This
motivated the study of the mathematical literature to see what physically meaningful
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results could be extracted.

6.1 Topological symmetry breaking

We outline the formalism of topological symmetry breaking below. This is described
in detail in [9)].

The topological symmetry breaking scheme has two steps, or three stages. We start
with a (2+1) dimensional system exhibiting topological order with underlying quantum
group symmetry labelling the topological sectors. This is the unbroken phase described
by the quantum group or theory A (we use the notation A for both the quantum group
and its category of representations, if no confusion is likely to arise).

’ Quantum group A lrreps <=2 excitations

in n ph
Breaki '
cundenl.lsgt:y Injective map
Y

[lnmm algebra ﬂ_mpi;ﬁk?nciwﬂms
_Kemel K p—

[ Unconfined algebra q_lneps <= unconfined

excitations

Irreps label
strings / walls |

Figure 6.1: Topological symmetry breaking scheme - Topological symmetry break-
ing has two steps, or three stages. The first step is the restriction of the quantum group
A to the intermediate algebra T C A. The second step is the projection onto the Hopf
quotient U of T. Figure from [9].

The first step of the topological symmetry breaking scheme is the formation of a
bosonic condensate. For this to happen, the particle spectrum of the A-theory should
of course include a bosonic excitation. The formation of a condensate reduces the
symmetry A to some subalgebra T of A which can be thought of as the stabilizer of
the condensate. This T-algebra represents the second stage of the symmetry breaking
scheme. The precise definition of T has been discussed for quantum double theories
and generalizations thereof [5,7,8,12,61]. Since quantum groups are not groups, some
subtle issues occur. Which of the structures of A must be inherited by T7 It is a priori
unclear if T has the full structure of a quantum group. In fact, allowing the freedom
that T does not give consistent braiding gives rise to one of the main benefits of the
quantum group approach, the description of excitations on the boundary of the broken
phase or interface between two phases.

When T does not allow for the definition of a universal R-matrix there is no con-
sistent braiding of the excitations of the T-theory. This is caused by excitations that
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6.1 Topological symmetry breaking

do not braid trivially with the condensate and thereby locally destroy it. These excita-
tions pull strings in the condensate with energy proportional to their length. In order
to minimize the energy, the excitations that pull strings will be confined, either like
T-hadrons or on the boundary of the system. The intermediate T-algebra thus provides
a natural description of the boundary excitations. If we think of a geometry where a
droplet of the system in the broken phase is surrounded by a region in the unbroken
phase, as in figure 6.2, the T-theory gives a description of the interface between the two
phases.

In the second step of the scheme, we project out the confined excitations to obtain
a description of the bulk theory. On the level of the quantum group this corresponds
to the surjective Hopf map from T to some Hopf quotient U. To describe bulk anyons,
U should give rise to consistent braiding and all other features of the tensor categories
we described in chapter 4.

Interface I/I|

Figure 6.2: Two-phase system - The figure a system in the unbroken phase I described
by A that contains a droplet in the symmetry broken phase II described by U. The
excitations on I/II interface are naturally described by the intermediate algebra 7.

6.1.1 Particle spectrum and fusion rules of T

Let us describe the formalism in some more detail. To look for a boson b in the spectrum
of A, which we label by a Greek index for future convenience, we must first know what
we mean by a bosonic excitation in this context. An obvious requirement is trivial spin,
expressed by

0, = e2mihe =1 hy € Z (6.1)

But in order to form a stable condensate, there must be a multi-particle state of b’s that
is invariant under braiding. Unlike the higher dimensional case, this is not guaranteed
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by the trivial spin condition. Suppose a bb-pair has total charge ¢. The monodromy of
the two b’s leads to a phase exp(27ih,) as follows from

PsS
_ 627ri(hc2hb)be _ e27rihchb (62)
c c

[

Therefore, a second condition is necessary, namely that there is a fusion channel ¢ € bxb
with h. € Z.

One might argue that a full definition should guarantee that there is a fusion channel
that is completely invariant under monodromies or even braidings for b*™ for any n.
This condition is much more involved to check when only the spins and quantum
dimensions of the theory are known/used, as is the case in [9]. In the approach that
we will develop later, this is in fact guaranteed by the conditions that we impose. This
has the draw back that we need the F-symbols and R-symbols, which might be harder
to obtain.

But for now, a working definition of a boson is

If a charge b € A has
1. Trivial spin, hy € Z,

2. A fusion channel ¢ € b x b with h. € Z.

then b is a boson.

We will illustrate the theory for su(2)4, with fields 0, 1,2, 3,4 and non-trivial fusion
rules

1x1=0+2
1x2=143 2x2=04+2+14 (6.3)
1x3=24+4 2x3=1+4+3 3x3=0+2 '
1x4=3 2x4=2 3x4=1 4x4=0
For convenience, we list the spins and quantum dimensions again.
5u(2)4
0|do=1 ho =20
- =1
Lldi=v3 =g (6.4)
2 d2:2 hQ—g
3|ds=+3 h3=%
41dy=1 hy=1

From this we see that 4 is non-trivial boson, according to the conditions formulated
above. It has trivial spin and, because 4 x 4 = 0, also the second condition is satisfied.

The next step is to work out what happens after condensation. Restricting the
symmetry to T C A can be noticed on the level of representations by two effects.
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6.1 Topological symmetry breaking

Different representations of A might be isomorphic when we restrict to the subalgebra
T, which gives identifications. And, representations that were irreducible under the
action of A might have invariant subspaces under the transformations of 7, which leads
to decomposition into a direct sum of irreducible T-modules. This, we call splitting.
These effects are fully captured by a set of branching rules, or restriction map,

a— Z nht (restriction) (6.5)
t

that can be regarded as a linear map of the fusion algebras. Here the t’s are labels for
the T-particle spectrum and the n!’s are multiplicities denoting the number of times ¢
occurs in the restriction of a.

There are three important, physically motivated, conditions on these branching
rules.

1. The condensed boson should restrict to the new vacuum (which we also denote
by 0), so
b—0+> npt (6.6)
t#£0

2. The restriction should respect the fusion rules
(Z nZt) X (Z nis) = ZN;anT (6.7)
t t T

3. The restriction of particles and antiparticle should be consistent

a— >y nht (6.8)
t

As a consequence of these assumptions and the uniqueness of the vacuum, 0 must
restrict to the new vacuum
0—0 (6.9)

and the quantum dimensions are preserved
do =Y nhdy (6.10)
¢

Using these conditions one can in general derive the particle spectrum and fusion rules
of the T theory.

Returning to the su(2), example, we see that 4 — 0, since dgy = 1 and therefore no
more labels are allowed to occur in the restriction. Because 4 x 1 =3 and 4x3 =1, we
immediately conclude that 3 and 1 become indistinguishable after symmetry breaking.
We will denote the corresponding JT-label by 1. Finally, let us look at the fusion of 2
with itself

2x2=0+2+4-0+) nbt+0 (6.11)
t
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Since the vacuum appears twice on the right, the restriction of 2 must have more than
one particle. Otherwise, this particle would be able to annihilate with itself in two
different ways which is inconsistent with well defined fusion. Since do = 2, this is
possible and in fact leads us to conclude that 2 — 21 + 29, with,ds;, = 1. Hence, the
broken phase has four sectors: 0,1,2; and 2s.

The fusion rules of 1 can be straightforwardly induced. Because in the unbroken
phase we had 1 x 1 = 0+ 2, in the broken phase we have 1 x 1 = 0+ 2y 4+ 25. This also
shows that neither 2; nor 25 will be identical to the vacuum 0 in the broken phase, since
this would imply the splitting of 1, which is impossible because d; < 2. Now, turning to
the fusion rules for 21 and 29, we find that they are either self-dual, 21 Xx2; = 29 %29 = 0,
or are dual to each other, 21 X 29 = 29 x 21 = 0. Using the fusion rule 2x2=0+2+4
and our current knowledge, we see that

0421 +22+0= (21 4+ 22) x (21 +29)
=21 X214+ 21 X294+ 29 X214+ 29 X 29 (612)

So if we assume that 2; and 25 are self-dual, we find that 21 X 29 = 27 and 29 X 21 = 29
or 27 X 29 = 29 and 29 x 27 = 2;. Either way, one easily concludes that associativity is
violated by evaluating 2; X (22 x 21) and (2; X 22) x 21. Thus, the fusion rules of the
broken phase are symmetric and given by

1x1 =0+21 429
1X21:1 21X21:22 (613)
1X22:1 21X22:O 22X22:21

Note that the symmetry of the fusion rules is not a requirement in this formalism. Since
T does not have a consistent braiding, the fusion rules can be non-commutative.

6.1.2 Confinement

We now turn to the confinement projection, the second step of the formalism. In
order to implement this step, a characterization of the sectors of T that get confined is
necessary.

In order to get a theory U with well defined braiding, we must be able to assign
twist factors to the charges of the U theory. It is therefore logical to assume that, for
an unconfined excitation u of the U-theory, all charges of A that restrict to u have the
same twist factors.

Define the lift as the adjoint of the restriction.

t—> nba,  (lift) (6.14)
a

This lifts the charge ¢t of T into the theory A as the sum of charges that have ¢ in
there restriction (including multiplicities) . The confinement condition can now be
formulated as follows
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6.1 Topological symmetry breaking

A charge t € T is not confined when 6, is the same for all a
with n!, # 0. In that case, it belongs to U.

It is sometimes useful to denote lifts of ¢ as ¢'. The condition above can then be
reformulated as the statement that, for unconfined sectors u € U, one must have
identical twist factors 6,,; for all lifts u’ of wu.

Some physical requirements could be made separately on the set of unconfined
particles. They should form a closed set under fusion, for instance, and they should
of course contain the vacuum. The second requirement rules out condensates that do
not have trivial-spin, which was to be expected. These extra requirements seem to
be implied by the earlier condition, or are at least true in all worked out examples.
We will come back to this when we discuss these kind of phase transitions again in
relation to commutative algebra objects in braided tensor categories, exploiting the
whole machinery that we have developed in previous chapters.

With the above definition of confinement in place, one may infer an interesting
fact about the monodromy of the lifts of non-confined particles with the condensed
excitations. Let u,v,w be three unconfined particles of the broken phase, and pick
lifts that we denote as u’,v7,w® with w* € u’ x vJ. The monodromy of v’ and v’
in fusion channel w¥ is by the ribbon equation governed by the combination of spin
factors 0, /(0,i0,;). But since the twist factors of the lifts are the same as the twist
factors of the lifted particle, we can write this as 60,,/(6,60,). When we apply this to
u =0, v = w, we find that the monodromy of unconfined particles with the lift of the
vacuum is trivial. We could also take this latter statement as the definition. In that
case, one can derive that the lifts of unconfined particles have identical spins, hence the
two definitions are equivalent.

Now let us return to the su(2)4 example. Applying the confinement condition, we
see that the restriction 1 of 1 and 3 gets confined. The bulk excitations are therefore the
vacuum 0 and the ones we labelled 2; and 25. These particle labels give the U-theory
in this case. It can be shown that the fusion rules for these particles admit precisely
one solution to the pentagon and hexagon equations with these spin factors giving a
theory known as su(3);. Usually, the labels are denoted as 1,3,3 instead of 0,21, 2.

su(2)4 broken

dy=1 ho =0
1 | dy =3 confined
21 dgl =1 hgl =
29 | dyy =1  hg, =

ol —aol—

Figure 6.3: su(2)4 broken - The quantum dimensions and spins for the broken phase of
su(2)4. The unconfined theory is also known as su(3);.

This concludes our recap of the topological symmetry breaking formalism. As a
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last remark, let us point out interesting observations that were done regarding the
total quantum dimension and the central charge of the theories involved. For the total
quantum dimensions, the relation

D D
AT (6.15)
Dy Dy

was found. (This can actually be understood as a relation concerning the entropy of
the different phases, as we will discuss in the next chapter). It was also found that the
central charge is conserved under these kind of phase transition,

Ca = Cy (616)

This is also nicely understood by the fact that in a CF'T setting, topological symmetry
breaking is dual to conformal extensions, as is discussed in [9].

The latter equation seems to limit the applicability of topological symmetry break-
ing to a restricted range of phase transitions. Phase transitions that change the value
of ¢ seem to lie outside the formalism. In [10], however, the formalism was applied in
the context of the quantum Hall effect to multilayer systems. This way, a c-changing
phase transition could be accounted for by incorporating an auxiliary layer, and the
results were in agreement with the CFT approach in [40]. The multi-layer approach
extends the applicability considerably.

6.2 Commutative algebra objects as Bose condensates

The study of the mathematical literature on commutative algebras in braided tensor
categories, in relation to topological symmetry breaking was suggested becausethe for-
mulas for the total quantum dimension central charge also appear in this context. In
the next section, we will use this mathematics to extend the formulation of the topo-
logical symmetry breaking scheme and augment it with the diagrammatics developed
in chapter 4. A pivotal aspect in this formulation is that that we identify the sectors
t of T with the lift ), n?. Hence diagrams for T and U can be interpreted as certain
superpositions of diagrams of A, allowing calculation using the F- and R-symbols from
the A-theory.

For this tensor category approach to topological symmetry breaking, we take a
commutative algebra object in a modular tensor category [35,48] as the definition of a
bosonic condensate. Algebras in modular tensor categories have appeared in relation to
physics, for example as boundary conditions in boundary CET [35], but they have not
really been related to symmetry breaking phase transitions and particle condensation.

We believe this is interesting for a couple of reasons. Tensor categories provide the
appropriate language to discuss topological order in many cases. It is more concise
and accurate than the explicit use of quantum groups and describes to the physical
excitations. This becomes apparent, for example, in the formulation of the Levin-Wen
models in terms of categories and the fact that it is not straight forward to treat the
su(2), models as Uy [su(2)] representations. Also, the treatment of topological symmetry
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6.2 Commutative algebra objects as Bose condensates

breaking on the level of general quantum groups is likely to become cumbersome. The
topological data captured by the F- and R-symbols, on the other hand, is physically
intuitive.

Commutative algebra objects in modular tensor categories provide a rigorous way
to construct the tensor category of the symmetry broken phase. Because all diagrams
live in the A theory, an extra benefit is that a sort of intermediate viewpoint can be
attained. One can, so to say, look in between the transition from A to T. Related work
(in progress) by Jesper Romers shows that this might be necessary when phase tran-
sitions in studying a lattice formulation of DGT numerically. Because diagrammatic
calculations can be done, it is also possible to answer different questions. In the next
chapter, we apply the formalism below to study the faith of the topological S-matrix
under topologically symmetry breaking phase transitions.

We would like to point out that in a completely different context, there appeared
evidence that condensates in the kind of systems under consideration carry an algebra
structure (in the appropriate sense). In [16] the authors study the Kitaev model with
boundary and show explicitly that introduction of the boundary leads to condensation
of excitations that, collectively, are endowed with the structure of an algebra object in
the category of representations of the underlying quantum double symmetry group.

For the discussion below, we made heavy use of [48].

6.2.1 The condensate

The intuition we should bear in mind for the tensor category approach to topological
symmetry breaking is that charges of the intermediate theory T are identified with
their lift in A. In particular, the new vacuum will be formed out of all particles that
condense. This gives rise to a condensate

=0+ + -+ (6.17)

We will use Greek indices for the condensed excitations from now on.! But for a
satisfactory alternative description of the symmetry breaking scheme, we actually have
to turn this logic around, since we do not want to rely an analysis along the lines of
the previous section, or prior knowledge of the broken phase. In stead, we will have to
guess the condensate (as we chose a boson to condense) and check that it obeys the
right consistency conditions.

Therefore, fix some ¢ =0+ 61 + - - - + §,,. Which consistency conditions should be
required. We want to consider ¢ as the new vacuum and the conditions on ¢ can all
be related back to this requirement.

As a first condition, in line with (A.13), if § € ¢ we should also have § € ¢. In other
words, we require ¢ = ¢.

To keep the discussion transparent, we will often assume that there is only one non-
trivial particle that condenses, so ¢ = 0+ 6. Note that in this situation, ¢ = ¢ means

!These should of course not be mistaken with the indices labelling vertices in chapter 4. The theory
A is assumed to be multiplicity free.
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§ = 0. As a short hand for the charge line labelled by the condensate we introduce a
striped line

!

‘ — —

\ B +¢ = 0 T

!

where we can leave out orientation because ¢ is self-conjugate.

With respect to charge lines labelled by a superposition of charges, which expand as
a sum of diagrams, we point out that it is always possible to restrict to some subset of the
charges, rendering all diagrams that end on other charges zero. This is accomplished by
attaching specific charge lines on the outer ends. For example, connecting the vacuum
line to one end of the condensate line kills the §. For clarity, we place a dot, since the
vacuum line is invisible. So we have

! :< L+ 0 ): l (6.19)

Now we can conveniently express the consistency conditions for ¢ using diagrammatic
equations.
For ¢ to be a well-defined condensate, we must be able to define a vertex

N / 1) ﬂ
Yo o= 2wy Y (6.20)
\ a,ByEP Y

where the MY b are complex coefficients, such that

5 (6.18)

1.
’ |
LN |
yooo= (6.21)
\ [
2.
\\ e AN /s
= Y (6.22)
| \
3.
AN 7/ Ve AN AN 7/
N N
v = v (6.23)

Note, again, that we use Greek indices to label general charges in the condensate.
We can of course write these conditions purely in terms of the coefficients My A
appearing in the condensate vertex. This would give

1.
MY = G, (6.24)

MP* = ROPMSP (6.25)
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> MEEMEFE, = MEY M (6.26)
HEP

These expressions are obtained by expending the diagrams and comparing coefficients
in front of basis vectors in the according splitting spaces, applying F-moves first when
necessary. For example, the left hand side of the third consistency condition (6.23)
expands in A as

o\ B Y o B\,
— B
S o =Y e, NS e
a,8,7,€,u€d a,B8,7,&,u,vEP
3 3
while the right hand side gives
fe) BN\
> MM . (6.28)
a76”y7§71j€¢ é-

Comparing the coefficients in front of the diagrams with corresponding charges leads
to equation (6.26).

Before we discuss the physical meaning of these conditions, let us simply use them
to simplify the expression for the vertex when ¢ = 0+ §, i.e. in the case when there is
only one condensed boson. Using (6.24) and (6.25) we see that the expression (6.20) is
of the form

N2 0~ .0 0 ) =0 g J 6 J
O S ( . \? "N g Y (6.29)
[ 0 é 0 0 s

We have the freedom to put Mg‘S =1 as well. To see this, suppose we have found My g
such that above conditions are all satisfied. Now choose arbitrary non-zero numbers c,
for a € ¢ with the restriction that ¢g = 1. Then define

~ ,B o CaCB ﬁ
M = =My (6.30)

One can readily see that, if the MY A satisfy the conditions, so do the ]\;[ff B Therefore
we can switch to the latter just as well.! By choosing cs = (Mg‘s)_l/2 we get M35 =1.

So the one non-trivial coefficient that we should find is M = Mg‘s. By using the
third relation, we can express this in terms of the F-symbols by

Joc — [£5°Joc

M2 = ST e Joe
56(: - [FSS&S]JC

Vee A (6.31)

Mathematically speaking, the c, define an isomorphism of (co)algebras.
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Here 6, is the Kronecker J-function that tests if the arguments are equal, while the
other ¢’s denote the condensed particle. This equation is most easily derived by at-
taching ¢ on the outer lines of (6.23). Then this equation becomes

N NG 5

- S MP (6.32)

0

Applying the F-move on the left, and solving for M? we find (6.31). This equation
actually puts a strong constraint on the particle ¢ since it must hold for all charges c.
Note that this constraint was not present at all in the approach of the first section of
this chapter.

Let us turn to the physical interpretation of the conditions on the condensate.
Remember that we are looking to describe phase transitions induced by a bosonic
condensate. The second condition, involving the braiding, is most clearly connected
to this physical statement. It gives a more intricate condition on the particles in the
condensate than just having trivial spin, but it makes sense that a stable condensate
should have a state invariant under braiding. This condition therefore seems logical.
For identical particles, it is also sensible to require invariance under braiding and not
just under monodromy.

Let us take a closer look at the trivial braiding condition for condensate lines and
what it implies for monodromy. By virtue of (6.22) we have

Vo= oy (6.33)

Expanding both sides and using the monodromy equation this gives

67
00

=1 (6.34)

for all «, 8,7 € ¢ that give a vertex allowed by fusion. By taking v = 0, we see that
0,05 = 02 = 1 which leaves 6, = 41 as the only possible solution for al a € ¢. Of
course, 0, = 1, is precisely what we expect from a bosonic condensate. Note that
when we start with some « with 6, = 1 which we require to condense, this condition
generalizes the condition for a boson given before. Not only should there be a fusion
channel v € a x « with trivial spin, this fusion channel should be part of the condensate.
The conditions make sure that for arbitrary particle number n, there is a fusion channel
in ™ that is invariant under monodromy (and even braiding). Hence, the particles in
the condensate satisfy the general definition of a boson in [9] when 0, = 1, foralla € ¢.

The exotic case that some o € ¢ has 6§, = —1 is truly rare. When a € a X
a, the monodromy equation gives 0,/(6,0,) = 1, such that 6, = —1 is impossible.
Furthermore, equation (6.22) implies that R§® = 6%fb’ = 1, so this can only happen
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for self-dual o with Frobenius-Schur indicator fb,, equal to —1. We see that it possibly
gives rise to fermionic condensates which might be interesting, but we have investigated
this case yet. We will exclude this exotic case from the discussion for convenience.

The logic of the argument shows that when 6, = 1 for all « in the condensate, the
Frobenius-Schur indicators also equal unity. This means that conveniently, we do not
have to keep track of the flags introduced earlier when working with the condensate.

The physical necessity of the other two consistency conditions is in a sense less clear,
but have a clear interpretation when we agree that we want the condensate to be like the
vacuum of a new theory. The third condition (6.23) says that we can freely reconnect
the condensate lines; a sensible property for vacuum lines and in fact necessary when
we look at the axioms of tensor categories. The first condition gives a rule to remove
outer legs labelled by the condensate from diagrams by attaching a dot, which gives a
way to pass from a tensor product state of two copies of the vacuum to a single copy,
also a necessary condition for the vacuum to obey.

For concreteness, let us look again at the su(2)s example. From the earlier dis-
cussion, we expect that the condensate ¢ = 0 4 4 should fit the new scheme. Since
4 ¢ 4 x 4, the vertex simply becomes

N~ 0. 4
v o= ( \? (6.35)
|

The Frobenius-Schur indicator for general su(2); theories is +1 for particles with even
labels and —1 for particle with odd labels (corresponding to bosonic and fermionic
representations for su(2) in the non-g-deformed case). Hence, R* = fbsfy = 1 and
(6.22) is satisfied. Condition (6.21) and (6.21) are also trivially satisfied in this case.
So the condensate ¢ = 0 + 4 indeed fits the scheme.

An interesting observation is that the rules for the condensate allow us to construct
a family of states for arbitrary particle number with remarkable invariance properties.
In fact, if we allow superposition of anyonic charges, we can conveniently write down a
state formed by stacking condensate vertices together. For example

X .07 (6.36)

This expands in A as a sum of states with mixed particle number. By connecting the
outer legs to lines labelled by single charges from the condensate we can project to a
state with fixed particle number and fixed charge on the outer legs. By using equations
(6.22) and (6.23) we can show that is invariant under the full braid operator

\\ \ Ve N 7/ /

\/\/\ = \< 4 (6-37)

N
N

This is a hint that we indeed have the right definition of bosonin condensate. Note
that the most general conditions discussed in [9] are satisfied if this definition holds in
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a particularly elegant way, and we have a constructive way to build states that are fully
invariant under braiding and not just monodromy.

The invariance properties of states of the form (6.36) suggest that they might be
connected to the ground state of the broken phase. In lattice models with a finite
size lattice, this state can be concretely realized by operators acting on the vacuum.
In the Kitaev model with a boundary for example, an important role is played by so
called ribbon operators and (6.36) can essentially be interpreted as an expression in
terms of these operators. It would be interesting to investigate the ground state of the
symmetry broken phase in these kind of lattice models and see if they relate to the
diagram in (6.36). Examples could be the Kitaev model with boundary [17] where the
boundary conditions implement an explicit symmetry breaking mechanism, or lattice
formulations of discrete gauge theories as in for example [13].

In any case, the conditions 1-3 have interesting physical consequences and inter-
pretations. Let us proceed with the construction of a consistent tensor category based
on these. The next step is the construction of the particle spectrum of the T-theory.

6.2.2 The particle spectrum of T

Now that we have defined the vacuum of the broken theory, i.e. the condensate ¢, it is
time to introduce particles. In order to create a diagrammatic formalism, we will not
only need to know the particle labels that occur in the sum, but also how to construct
diagrams. A minimal requirement is therefore, that we define how the particles couple
to the vacuum. This leads to the definition of a vertex obeying certain consistency
conditions, much like the vertex for the condensate.

Charges of T will be denoted with labels ¢, s,r,..., and we write

rt => %a:;nf%a (6.38)

act

Now, how do we find what a € t, i.e. which particles a restrict to ¢, if we do not want
to repeat the analysis along the lines of the previous section? To give an idea, we will
momentarily switch back to the notation of the previous section. Recall the symmetries
of the fusion multiplicities

ab = Npo = Ny = Nge (6.39)
Now note that condition 2 and 3 on the branching rules, i.e. equation (A.12) and (3),
can be summarized by the equalities

> nknpNi = Ngn: (6.40)
t,s c

and
i (6.41)

S
S+
Il
S
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6.2 Commutative algebra objects as Bose condensates

Using these, we find
Z Ngynp = Z ngniNi (6.42)
b t,s

= Z ntn! (6.43)
t
Writing the condensate as the lift of the vacuum, ¢ =5, ng, this gives

pxa= anNbcac = Znénic (6.44)
b,c t

In words, we see that ¢ falls apart as the sum of lifts of the charges ¢ in the restriction
of a. Identifying ¢ with its lift, we might say that we find all ¢ in the restriction of
a as parts of ¢ x a. In fact, a lemma 3.4 in [48] assures that the particles of the
broken phase can all be found this way, in the tensor category approach to topological
symmetry breaking.

In the su(2), example, we indeed find back the particle spectrum of T in a particu-
larly quick way. With ¢ = 0 + 4 the fusion rules (6.3) give

px0=0+4
¢px1=1+3
PpxX2=2+2
Ppx3=1+3
px4=0+4

This shows 4 gets identified with the vacuum, 1 and 3 get identified with each other
in the broken phase, in agreement with the earlier discussion. It also shows that the
particle 2 will split into two components as we found before.

One more important observation we can make, is that the multiplicity of a in the
lift of ¢ is equal to the multiplicity of ¢ in the restriction of a, since they are both given
by n!.! Multiplicities greater n! > 1 do not seam to appear, although they might in
exotic examples. To keep the discussion streamlined, we will assume that they do not
occur, such that a € t occurs at most once. This implies that splitting can be seen
directly from ¢ X a as the occurence of multiple copies of a. For ¢ = 0+ ¢, we see that
a splits iff a € 6 x a.

Now, we will look at the coupling of the T particles with the condensate, for which

we need to define the vertex
AN t o a
{ = Z Yga Y (6.45)
t aEd b

a,bet

'Tn mathematical language: The corresponding functors are each others adjoint (left and right).
This is morally the same as Frobenius reciprocity for group representations.
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The coefficients (?4,?‘“ must be such that some consistency conditions are satisfied,

namely
1.
o t
( = +t (6.46)
t
2. N + NN t
X N/ (6.47)
t t

This gives the following equations

1.
Wa =54,  Va,bes (6.48)

DM AR = e e (6:49)
C

Formally, we might view a charge ¢ as the combination of a sum of fields of A together
with the set of coeflicients

t= (al bt an, %gji) (6.50)

Indeed, if either one is different for some s and ¢, we must regard s and t to be different
particles of T. This means that some particles of T can consist of the same sum of
A-charge but only differ in the coefficients (?4,;““ / (?4,?5/“/, corresponding to different T-
sectors with identical lifts. This raises a subtle issue. Because there is a certain freedom
in the choice of (?43‘“ and a notion of isomorphism of charges of T, when do we know
that T charges are different or the same. We will come back to this.

Let us work out the case ¢ = 0+ d. The first conditions (6.46) says that only
the (?42“ can be non-trivial, so we leave out the index ¢ in this case. The vertex then

becomes .
AN t () a Oy a ) a
— Z Sab ( + A¢ Y (6.51)
t a,bet a b

The second condition gives

®

Sap [F209 00 + M A2 [F9]5, = Ao A¢ (6.52)

From here, we can deduce some useful expressions to facilitate the calculation of the
U .
943 in concrete examples.

e By choosing a # b and a = ¢ we find

A = MIFP?)5,,  a#b, abet (6.53)
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6.2 Commutative algebra objects as Bose condensates

e By choosing a = b = ¢ we get the quadratic equation

(A%)? = [F29]0, + M A% [F2%9)5, (6.54)

which has solution

= 5 (MIEP)o 2 APIESG, FalE)  (659)

For the (?41? with a # b we will have to solve the general equation (6.52).

We need to make an important remark about the freedom in the choice of the (?42‘“.
We can pick non-zero numbers ¢, for a € ¢t and change to

Yfon = CaYoa (6.56)
Cy

If the coefficients differ by this relation, the two structures must be thought of as
defining the same particle.!. Note that the (?42‘“ cannot be changed by this relation
and are gauge invariant, so to say.

It can occur that there are multiple solutions to the equations for the @4?“ that
are not related by a transformation of the form (6.56). In this case, one particle of
the original theory splits into two particles in the broken theory, carrying one of the
two possible structures each. This happens, for example for the two charges in the
restriction of 2 in the su(2)4 example.

Let us discuss the definitions of the vertices for the particles of the broken theory of
s5u(2)4. The confined particle, that we denoted before by 1, is now treated as the sum
(1+3). Since 4 x 1 = 3 and 4 x 3 = 1 the coefficients we need to find are (H?%},, and
(H?)Azf. From equation (6.52) we find that

143

Az

1043

AT = [F*gz = -1 (6.57)

Taking the freedom from equation (6.56) into account, we see that we can put the

vertex
N 143)
(=Y e
(1+3)

Next, we look at the label 2. According to ¢ X 2 = 24 2 and our earlier considerations,
2 should give rise to two T-particles. Equation 6.55 reduces to

(% ) [F42)py = 1 (6.59)

!Mathematically, this change of coefficients constitutes an isomorphism of modules over the algebra
defined here as the condensate. It might be interesting to think about the meaning of the coefficients

(?4"‘“ and how to explain the freedom, etc. The remarks here are just a translation of the mathematics.
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There are indeed two solutlons A2 +1, and we will denote the corresponding particles

by 24. So <+1)42 = and “A2 = —1. The corresponding vertices are thus

AN 24 0. 2 4 2

{ - ( + Y (6.60)
24 2 2

N 2+

O
2+

It is now easy to verify the conditions (6.47) and (6.47) when we plug in these definitions
of the vertices using the F-moves for the 5u( )a- theory.

and

As occurred above, some combinations of charges do not occur for the (?4;,”, namely
when N2, = 0 and the vertex is not allowed by fusion. In this case we put (?42’“ =0
by convention. Just as well, we can take (?42‘“ = 0 when a,b ¢ t. However, when
a € ¢, a,b € t and the vertex is allowed by fusion, (?42‘“ will always be non-zero for
a particle t. This is a kind of irreducibility condition, distinguishing true particles
t from a superposition of particles t; + ...t,, for which solutions to the consistency
conditions may exist for which zero coefficients do occur. These basically correspond
to the projection onto a subset of the particles that occur in the superposition.

Above, we mentioned that the particles of the broken phase can all be found in the
fusion products ¢ x a. Let us give a graphical illustration of why the defining conditions
have to hold for ¢ x a, hence either this corresponds to a particle of the broken theory
or is a superposition of particles of the broken theory. The charge line labelled ¢ X a
can also be written as two parallel lines, one labelled ¢ the other a. Hence we have

|
%m - L (6.62)
|

We can use the condensate vertex to define a vertex for ¢ x a.

\{‘m - \Y(// (6.63)
$xa e

The conditions on the condensate now give the requirements stated above.

o // | AN /
Y/: ‘ L and X
e : Y

At this point we have constructed a description of all particles of the new theory, which
includes the definition of certain vertices involving the new vacuum. Note that we have
not derived the fusion rules, nor did we need to. They can be inferred by the methods
of section 6.1, but it would be nice to derive them in a more straight forward manner
in the present context or even have a closed formula for the N/, in terms of the N,.
The issue is subtle, because the definition of the tensor product in the category T is
non-trivial. This deserves more attention, but we have no results on the subject yet.

N N 7

N (6.64)
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6.2.3 Derived vertices

The definition of the vertices as in (6.20) and (6.45) allow us to derive several vertices.
The condensate vertex with two legs down is defined as

A= 3 (ija) ) );B (6.65)

a,BEP

Ko L (6.66)

acd
a,bes

We furthermore define

This is convenient for the discussion of the S-matrix for the broken phase. Formally,
these morphisms correspond to the duals of the splitting versions.
With these definitions in place, we find

|
A l
<> o= g (6.67)
Y |
|
|

with ¢ = dg, at least in all our examples.

6.2.4 Confinement

The confinement in the present context is the same as it was in the earlier discussion.
Recall that unconfined particles were characterized by the condition that all charges in
the lift have identical twist factors, or equivalently, that the lift has trivial monodromy
with the lift of the vacuum, i.e. the condensate. The second condition, which is in fact
slightly more general as it can be used for condensates with 6, # 1, is nicely expressed

diagrammatically as
~ - t
(;i AN t
S — (6.68)
<
t
Y

Using the monodromy equation, we find that this is equivalent to
0a/(0a0p) =1, Va,bet,a € ¢ (6.69)

Because 6, = 1 for all particles a of the condensate, we indeed recover the condition
that

0, =0,  Vabet (6.70)

which is precisely the statement that all lifts have equal topological spin.
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Until now, the extension of the symmetry breaking formalism to include the defini-
tions of certain diagrams has not provided new information. We recovered the particle
spectrum of the broken phase, but this was also possible with an analysis along the
lines of the previous chapter. However, we will presently use the diagrammatic for-
malism to define a new operator that is able to project out confined particles from the
spectrum, that was impossible to define without the graphical formalism. It leads to an
interesting relation for spins and quantum dimensions for the lift of confined particles.

Using the definitions of the vertices, we can write down the operator

/#t
P= ="~ -7 (6.71)

where ¢ = dy, the quantum dimension of the condensate. By stacking two of the
diagrams on top of each other one can prove that P; is a projector, i.e. P,o P, = P;.
The sequence of topological manipulations of the diagram that is needed to show this
is illustrated in figure 6.4

Figure 6.4: Confinement projector - The figure shows a series of diagrammatic ma-
nipulations that can be used to show that P, o P, = P;. The left hand side is equal to
q*>P; o P,. On the right hand side, the ‘inner product’ of the condensate vertex with itself
leads to a factor dy = ¢ when eliminated. Hence, the right hand side is equal to ¢*P,.

Now let us look at P, for an unconfined charge u. Using equations (6.47) and (6.68),
we get for unconfined charges u that

u u u u
P P - N -1
— ~ — ~ — —~
< \
~

~ (6.72)

which is simply the identity operator

+u (6.73)
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The fact that the projector evaluates to zero on confined particles ¢ is a bit subtle.
Imagine that we have some operator X, which has the property that for particles t € T
we have

AN (6.74)

Since X is a single anyon operator, we know that on anyons of A, it acts by multipli-

cation by a complex number
+ ZXa . (6.75)

Now, by expanding both sides of (6.74) as diagrams in A, we find that

Uoax, = A0ox,  Va,bet (6.76)

This implies X, = X, for all a,b € s, unless (?42‘“ = 0 for all a € ¢ for some a and
b. The latter case can actually not occur, since this would mean that a and b do not
occur in the same particle t. Or in other words, what we thought was a particle ¢ is
actually not a single particle of T but splits as a sum of particles. This is analogues to
Schur’s lemma.

The operator P, has the property expressed under (6.74), hence it acts by multipli-
cation on the charge line labelled t. Say,

t

= Ct&t (6.77)

t

Now consider a situation, where we apply the projector P; on a t in the broken phase,
followed by a counter clockwise 27 rotation of the system. The corresponding operator
is

O (6.78)

where the equality is shown by applying (6.47) and the monodromy equation, and using
that the twist of ¢ is trivial. From the presentation on the right of equation (6.78) we
see that this operator obeys (6.74). Hence, it also acts by multiplication by a complex
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number,

@ = (6.79)

A%t
17— Y, {a (6.80)

If ¢; # 0 then this shows that we must have 6, = ¢;/¢} for any a € t, which contradicts
the confinement condition when ¢ is confined.

It is an instructive exercise to calculate the diagram for P, explicitly, when ¢ = 0+9.
Then one has

- T |

<. ﬁ\f = ¥ D 4 e (6.81)
K\i\ act a a‘ k)

t

Using the monodromy equation and a sequence of F-moves, a diagrammatic calculation

gives
T o
5%) = D5 F el Fa"Gc ds (6.82)
5 - oYa u
Thus we find
#\t

1 <//’\ ~ 1 Ssa ) Oc 55 55

—_ ~ o - — — 1 MAa F a . F al* d

q qz<+Sm+ azc:gaga[a Joc[Fa""1oc ds )

\< i
act
t

From this expression, it is not evident that the coefficient is either one or zero. But
plugging is the data of the su(2)4 or su(2);9 example indeed gives zero for the coefficient
in front of the charge a € t when t is confined, and one if it is not.
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6.3 Breaking su(2)9

This projector implies an interesting equality. Taking the quantum trace in (6.78),
a diagrammatic manipulation shows that this gives

=4 bada (6.83)

{
\
\
Q t a€t

while on the other hand, we showed that it is zero when t is confined. Hence we obtain

Z Oude =0 when ¢ is confined (6.84)

act

6.3 Breaking su(2);

The su(2)19 theory is an interesting example to consider. It has a bosonic charge that
can condense with more exceptional properties than the su(2)4 theory.! The quantum
dimensions and topological spins of the charges of su(2)10 are

5u(2)10

0 [do=1 ho =0
1 d1:\/8—{—\/§ hlzTIG
2 |dy=1++3 hy = ¢
3 |ds=Vv2+V2+V3 hy=%
4 d4:2+\/§ h4:%
5 |ds=2V2+3 hs = 32
6 |dg=2+3 he =1
T |dr=v2+V2+V3 =%
8 |ds=1++3 hs = 3
9 |do=+V2+3 hg =23
10 | dip =1 hio = 2

The particle label 6 has trivial twist so it makes sense to try the condensate ¢ = 0+ 6.

!The term ‘exceptional’ gets a precise meaning in the quantum version of the McKay correspon-
dence. The condensates in the su(2); theories can be classified by Dynkin diagrams, in a fashion similar
to the classical McKay correspondence. See [48].
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Fusion following the general rule (4.1) gives

px0 =0+6 0+ 6)

px1 =1+45+7 +547)

px2 =2+4+4+46+8 —(24+4+6+8)

¢x3 =3+3+5+T+9 34549+ (3+7)
dx4 =244+4+6+8+10 = (2+4+6+8)+ (4+10)
¢x5 =1+4+3+5+5+7+9 = (3+5+09)

px6 =0+2+4+6+6+8
dxT =143+45+T7+7 =

0+6)+(24+4+6+38)
145+7)+B+7)

= (
=(1
(
= (
(
(1+5+7)+
(
(
(
(
= (

dx8 =24+4+6+8 =(24+4+6+28)
dx9 =34+5+9 = (34+5+9)
¢ x10 =4+10 4+ 10)

On the outer right hand side we grouped the labels in the unique way, such that they
nicely split up all the fusion products. These are the sums corresponding to the particles
of T. So, for example, we see that 8 and 2 get identified in the broken phase. The fields
that split are 3, 4, 5, 6 and 7. An interesting feature is that the condensed particle 6
splits.

The equation for M is

S — [F666]
2 Oc 6 10c
M= G5 — [F5%T 6. =2 (65

which is indeed true for all charges c. We choose one root and define the condensate

vertex as
\ / 0~ .0 0 6 6 0 6 6 6 6
v o=ty ( n \? + ~ + 91744 Y (6.86)
| 0 6 6 0 6

Using the F-symbols, one can check that equation (6.23) is satisfied.

We will not try to obtain all the (?43 for this theory. But in later calculations we

will need the (?43 These are most easily obtained by equation (6.53). To calculate (?43,
we just choose a b € t that is not equal to a, something that is always possible in this
case, and apply

A = 21/4; [FS6a),, (6.87)
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This way we obtain the following table

t Ya
(1+5+7) Ul=o0 N5 =214 . (14 v3)"1/2
(?47 214 /2 — /3
(2+4+6+8) (?42_0 U4 =214 L1+ V3)
(?46 21/4;. (1 -v3)  UE=0 (6.88)
(3+5+9) (?43 = —21/4z- 23 U5 =24 (1+/3)"1/2
A9 =0
(3+7) (?43 21/4i. 1/2 AT = —21/1;. 1\/2
(4 + 10) (?43 = —2l/4 (?4%8 =0

Let us illustrate the usefulness by calculating the evaluation of the confinement
projector, as stated in (6.83). Denote

00 a a*
Coa = Z ?[FSG J6e[F2° 5 de (6.89)
One has
a |0 1 2 3 4 5 6 7 8 9 10 (6.90)
Col0 00 —1—v3 V6 0 —vV6 14++/3 0 0 0 ‘
We also have
a 0 1 2 3 4 5 6 7 8 9 10

% 243 -1 -1 1 2—-V3 -1 2—-V3 1 -1 -1 2+3 (6.91)

Now we can calculate the coefficient in (6.83)
As an example, we work out the case t = (3+7) and t = (1 +5+ 7).
The excitation t = (3 + 7) of T is not confined. We have

1
1+%+ M(?qgc3:1+1+\f2§\/§(1+\/§):3+\/§=q (6.92)
03

since ¢ = dp+dg = 1+2+ /3 = 3++/3. The same holds when we take a = 7. Dividing
out ¢ indeed gives 1, as claimed.
Now take t = (14 5+ 7), and calculate the coefficient for a = 7. This gives

Ser 0,7
2 L MAIC; =1+41-V2\/2-V3(1 = .
l+5 -+ TCr=1+1-V2 +v3) =0 (6.93)

in accordance with the fact that ¢ is confined.
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CHAPTER [

Indicators for topological order

Because topologically ordered phases defy the Landau symmetry breaking scheme of
characterization by local order parameters, other indicators not based on symmetry
have appeared in the literature. These are ground state degeneracy on surfaces of non-
zero genus [32,77], fractional of quantum numbers (charge [55], spin [2]), gapless edge
excitations [78], and topological entanglement entropy [58,66]. It is clearly of inter-
est to know the behaviour of these indicators under a topological symmetry breaking
phase transition. The topological entanglement entropy, that has been related to the
total quantum dimension, shows an interesting relation with the quantum dimension
of the condensate. This condensate quantum dimension ¢ = dys seems an interesting
number characterizing the phase transition. It can be computed as the ratio between
the quantum dimensions of the lift of an arbitrary sector ¢ of the broken phase and the
quantum dimension of ¢ itself. One can show that the increase in topological entangle-
ment entropy in each step of the phase transition is log ,/q for a disc-like geometry.

Another interesting problem is to construct ‘topological order parameters’, oper-
ators that can be used to ‘measure’ the kind of topological order and signal phase
transitions, in simulations or experiments. The topological S-matrix is a particularly
interesting object. Through interferometry measurements it might become possible
soon to obtain matrix elements of the topological S-matrix in, for example, FQH states.
On the other hand, it decodes a lot of information about the underlying theory. In this
chapter, we will also show how to obtain the topological S-matrix using the tensor
category approach to topological symmetry breaking.
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7.1 Topological entanglement entropy

For a quantum system described by a density matrix p, the von Neumann entropy Sg
is defined as
Sg=—Trplogp (7.1)

For a gapped system in a planar region with boundary of length L, it takes the form
Se=aLl—vy+... (7.2)

The ellipses represent terms that vanish in the limit . — co. The universal additive
constant —v characterizes global features of the entanglement in the ground state and
has been called the topological entanglement entropy. It signals non-trivial topological
order and in [58,66] it was shown that for a disc-like geometry it relates to the total
quantum dimension of the theory underlying the topological order as

v =logD (7.3)

In a topological symmetry breaking phase transition A — T — U, the relation between
the total quantum dimensions D 4, Dy and Dy therefore relates the topological entropy
of the different phases. In particular the topological entanglement entropy increases by
an amount

D
Y4 — = log *DA (7.4)
u

We will show that this ratio is directly related to ¢ = dg, the quantum dimension of
the condensate. This is in fact equal to

_ 20l

. (7.5)

q
for any t in the T-theory.

We will prove that the right hand side of equation (7.5) is indeed not depending on
the choice of t. But let us first make a remark on notational conventions and assump-
tions for this section. Throughout this section, we use the notation and assumptions and
terminology of the original approach to topological quantum group symmetry breaking.
In the literature on commutative algebras in tensor categories the same result is present
(see [48]). But it is interesting that one can derive this from less involved assumptions.

Now, to show (7.5), we will just need the description of the theories on the level of
the fusion algebas which we will also denote with A, T and U. The fusion product is
written |a) x |b) = > N& |c) for A. This defines the fusion matrices N, by (N,)j = N,
For T we use the same notations, but with {a,b,c} — {t,r,s}. Recall that the vector

jwa) = dala) (7.6)

is a common Perron-Frobenius eigenvector for the fusion matrices N, with eigenvalue
equations
Na|wa) = da |wa) (7.7)
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where d, is the quantum dimension of the charge a. This can be checked explicitly
from the relation
dody = N5pd, (7.8)

Similarly,

wy) = di [t) (7.9)

is a common Perron-Frobenius eigenvector for the fusion matrices Ny, even though these
do not necessarily commute.

The phase transition is described by the restriction map, as discussed in the previous
chapter. This is conveniently written as B: A — 7. The lift is regarded as the transpose
map Bf: T — A. Written out explicitly, we have

Bla)=Y nglty  ,BY[t)=7) nila) (7.10)

The restriction is required to commute with fusion. This can be written as B |a) X
B1b) = B(|a) x |b)) or more explicitly

nk=nl, > nlniNj, =Y Ngn; (7.11)
t,s c

We will study the behaviour of the Perron-Frobenius eigenvectors |wg) and |ws) under
the restriction and lift. We have

Bl wy) = " nld; |a) (7.12)
a,t

= dqla) (7.13)
= |wg) (7.14)

This holds, because quantum dimensions are conserved under the restriction.
We will now show that
Blwa) = qlwy) (7.15)

Let us define the map M: T — T by
M=) M,=) niN (7.16)
a a,t

i.e. M, is the fusion matrix of the restriction of a and M is obtained by taking the sum
over all charges a of A.The matrix elements of M are all strictly positive, since for any
s,r € J there is some ¢t € T with N/, > 0 and also any ¢ € T occurs in the decomposition
of some a € A. By the Perron-Frobenius theorem, the eigenspace of M corresponding
to the Perron-Frobenius eigenvalue ), d, is non-degenerate and spanned by |wy). If
we can show that

MBwa) = (D da)Blwa) (7.17)

a
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it therefore follows that Blw,) = A|wgs) for some A € C. In components, equation
(7.17) reads

> denfniNg = dadynf (7.18)
a,c,s,r a,b
To prove this equation, we manipulate the left hand side using N2, = N, and n’n.

a’“a’

apply (7.11), use that N2, = N¢, = Ny and finally apply (7.8). Some intermediate

a
results are shown in the following computation

> denpniNg = Y deniniNY, (7.19)
a,c,s,r a,C,S,T
=Y _d.N.nl, (7.20)
a,b,c
=Y deNgnj (7.21)
a,b,c
= dadynj (7.22)
a,b

Now compare components on the left and right hand side of B |wy) = A |wg). One finds

ntd,
)\ = 7Za = q

5 (7.23)

so the fraction is indeed independent of the choice of t. The equation of the number ¢
resembles the embedding index introduced by Dynkin in his work on the classification
of subalgebras of compact Lie algebras, hence it was named the quantum embedding
index [6].

From B |wy) = Q |wy) and B |ws) = |wy) it follows that the integer square matrices
BB and BB satisfy

B'Blwg) = qlws)  and (7.24)
BB |wr) = qwr) (7.25)
From this we see that ¢ = Di/@% because
D = (wa | wa) = {wy| BB |wy) = q (wy | wy) = ¢DF (7.26)
If we used (6.15), we find that

Dy Dy

—— == 7.27

Dy~ Dy~ V4 (7.27)
This shows that the topological entropy of the respective phases changes following

+log./q +log\/q
VA gbs Tu (7.28)

90



7.2 Topological S-matrix as an order parameter

For a complete result, it would be nice to prove the relations on the total quantum
dimensions. In [48], this is done by proving that U is a modular tensor category when A
is modular, and proving that there is a kind of commutation relation for the S-matrices
of the respective theories and the restriction map. If we agree to denote the S-matrix
of U by Sy, where u, v run over the U-labels, one has BS = SB, or in components

> niSw =Y Sun (7.29)

7.2 Topological S-matrix as an order parameter

Much of the information about the topological order of a system is encoded in the
topological S-matrix. Knowing the S-matrix gives direct access to the quantum di-
mensions of the charges, as well as the total quantum dimension, and the fusion rules
can be derived via the Verlinde formula. In addition, it is important in experimental
verification of topological order, as it is closely related to the monodromy matrix that
often appears in the probabilities for interferometry experiments.

Using the extended formalism for topological symmetry breaking from the last
chapter, we can study the effect of the formation of a Bose condensate on the S-matrix
of the theory diagrammatically. We write down an explicit formula and illustrate this
by calculations for the su(2)4 and su(2)19 example.

It will be convenient to leave the normalization factor D~! out of the definition
of the S-matrix is this section. Hence, we define the S-matrix of A simply as the
evaluation of the well known Hopf link

S = Q@b (7.30)

The monodromy equation lets us express the S-matrix in terms of the fusion multiplic-
ities, quantum dimensions and twist factors as

Sab = Z < e Ua 991’ (7.31)

For su(2)4, this gives for example

a,bl0 1 2 3 4
0 [1 V3 2 V3 1
1 |vV3 V3 0 —V3 -3
Sab= o |9 | —2 0 2 (7.32)
3 V3 V3 0 V3 V3
4 |1 =3 2 V3 1

The S-matrix describes a process where two particle-anti-particle-pairs are drawn out
of the vacuum, the two particles undergo a full monodromy and the pair annihilates
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7. INDICATORS FOR TOPOLOGICAL ORDER

again by fusing to the vacuum. Now imagine the same process in the phase after
condensation. To make sense, the charges labelling the two loops of the Hopf-link
should lie in the unconfined theory U. However, we can calculate the diagram for
charges in T just as well, when we expand the operator as a diagram in A. So we will
write Sy for the S-matrix elements of the broken theory and allow s, ¢ € 7. But writing
down the diagram for Sbst is not as straight forward as labelling the Hopf-link. Since
the condensate is like the vacuum for the new theory, we can connect the two loops
of the Hopf-link by a condensate line for free. At least, this makes sense physically.
From the mathematics, this also appears as the right definition of the S-matrix for the
broken theory. Furthermore, we need a normalization factor of ¢2.
So we define Spst diagrammatically as

~ 1

where ¢ = d is the quantum embedding index. The vertices are defined following the
previous chapter. The vertex involving ¢ expands as

N t o a
{ -y g Y (7.34)
t aEg b

a,bet

For the vertex involving s, we need to take a complex conjugation into account

o L (7.5

acgp
a,bes

Note that because the diagram for St closes on the top and bottom, actually no vertices
with a # b enter the equation and we only need the coefficients (?42‘“, V. aa,

Now take ¢ = 0+ ¢, as is applicable to su(2), and su(2)19. Write (S’?élg“ = (S’?élg, as
we did before. Define

Sap = (7.36)

Then we can write Sy explicitly as

Sse=1 (S“b +(“ag)”
ber

<?42§ab) (7.37)
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7.2 Topological S-matrix as an order parameter

By using the diagrammatic formalism, we can calculate Sy, in terms of F-symbols,
quantum dimensions and topological spins, as follows.

a b 9
_ ab _ ab c
- Z[Fab]6€ - Z[Fab](se eaeb a (738)

This gives

_ " 0,
Sap = Z[Faé’]gc@b\/dadbdc (7.39)

C

In the case of su(2)4, this gives the matrix

a,b|0 1 2 3 4
0/0o0 0 00
= 100 0 00
pu— .4
Sab 2 10 0 2V3i 0 0 (7.40)
3100 0 00
4100 0 00

Note that we need the splitting of fields in the phase transition for S,; to be non-trivial,
because only fields a,b with a € § x a and b € § x b can give non-zero contributions, and
we have seen earlier that this is equivalent to splitting. Indeed, in the above example
we find only one non-zero matrix coefficient, Soo, corresponding to the single splitting
field 2.

Let us now calculate Sg; when A = su(2);. The quantum embedding index in this
case is ¢ = 2. We get

s;t [ (0+4) (1+3) 24 2_
O+4)| 1 0 1 1
Se¢= (1+3)] 0 0 0 0 (7.41)
2. 1 0 eQTri/B 672#2/3
2 1 0 e—27ri/3 eQﬂ”i/3

since e2m/3 = —% + %\/gz We recognize (1 + 3) as the confined charge of T . The

residual matrix
1 1 1

1 eZTri/B 6727”'/3 (742)
1 e—27ri/3 627m'/3

is indeed the unique unnormalized S-matrix describing topological order with the fusion
rules found in the previous chapter [71] and belongs to the su(3); model consistent with
the analysis of [9].
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7. INDICATORS FOR TOPOLOGICAL ORDER

Let us turn to the more intricate example of su(2);9. Because of the size of the
matrices, it is a bit inconvenient to give Sy, and S, but the calculations are straight
forward. They are printed in the appendix. The result for Sg; is

Sst:

st (0+6) (1+5+7) (2+4+6+8) (3+5+9) (3+7) (4+10)
(04 6) 1 0 0 0 V2 1
(1+5+7) 0 0 0 0 0 0
(2+4+6+38) 0 0 0 0 0 0
(3+5+9) 0 0 0 0 0 0
(3+7) V2 0 0 0 0 —V2
(4 + 10) 1 0 0 0 —V?2 1

Again, the confined excitations show as rows and columns of zeros. The S-matrix for
the bulk theory is
1 V2 o1

V2 0 V2 (7.43)
1 -2 1

which is indeed the S-matrix for so(5)1, in correspondence with the results of [9].

We see that the formalism developed in the previous chapter allows us to treat the
phase transition directly on the level of the S-matrix. We find the confined charges
as rows and columns of zeros. Since the S-matrix encodes most of the interesting
topological order data, it is perfectly fit as an order parameter for topological order.

An interesting feature of the present approach is that it allows for an intermediate
treatment. We might calculate several variations of equation (7.37), for instance, we
can calculate

Sab + Sab (7.44)

possibly with the insertion of the A’s. It appears that in lattice simulations of DGTs,
where the parameters are varied, phase transitions occur that can be signalled by
string-like operators (see [13]) essentially measuring the condensed excitations. Also,
S-matrix elements can be measured in these simulations. It appears that S-diagrams
start to contribute when a non-trivial condensate is formed, but since the operators
that are measured are labelled by the sectors of the original phase one seems to find
(7.44) or a closely related quantity.

Further development of both the numeric and analytic approaches to these systems
would be needed to obtain a complete understanding. This thesis presents the first
explorations of a diagrammatic formalism for topological symmetry breaking. In ap-
pendix B, we outline how we believe general diagrams for the broken phase can be
constructed. The relation to lattice models provides an interesting direction for future
research.
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CHAPTER 8

Conclusion and outlook

We have discussed topological order for planar systems, and in particular the role of
quantum groups and modular tensor categories. A general graphical formalism for
topologically ordered phases based on tensor categories was discussed. As discussed in
chapter 4, the essential data is given by fusion coefficients N, F-symbols [ngc]e ¢ and
R-symbols R?. We showed how to calculate these for the quantum double theories
without multiplicities and the important su(2); series in chapter.

Making use of the literature on tensor categories, we have reconsidered topological
symmetry breaking phase transitions and argued that Bose condensates, in this setting,
correspond to commutative algebra objects. A diagrammatic formalism for topological
symmetry breaking was subsequently explored. The necessary consistency conditions
were solved explicitly for representative examples.

We derived some new information regarding topological symmetry breaking in this
thesis. The particle spectrum of broken theory can be derived by calculating ¢ x a. It
was also shown that the quantum dimension of the condensate is a universal number
¢, the quantum embedding index, that characterizes the phase transitions and in fact
relates to the topological entanglement entropy.

Using the extended formalism for topological symmetry breaking, we could study
the S-matrix analytically before and after the phase transition. We recovered the results
of the breaking of su(2)s and su(2)9. This suggests the usefulness of the S-matrix as
an order parameter for topological order.

The link that exists between commutative algebras in braided tensor categories and
Bose condensates suggests that this structure should appear in a variety of physical
contexts. If it, indeed, turns out that topological symmetry breaking is the leading un-
derlying mechanism for phase transitions between planar topologically ordered phases,
this gives commutative algebras in braided tensor categories a role analogues to the
role of subgroups in the regular theory of symmetry breaking phase transitions. Fur-
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ther explorations in this direction are an interesting endeavour and should definitely
be continued.

One can imagine several directions. For instance, further application in addressing
questions physical contexts such as the FQHE and topological quantum computation
are likely to lead to interesting insights. Using the graphical formalism, it should for
example be possible to discuss questions concerning interferometry measurements for
systems with multiple phases.

Furthermore, relating the results to lattice simulations that calculate can further
reveal the significance and meaning of the coefficients that were needed to solve the
equations that resulted from the consistency conditions of the condensate and charge
vertices. Many questions remain in this area.

While we believe that the theory of algebras in tensor categories provides a con-
structive way to construct the category of the broken phase, the formalism can still
be refined. For example, how do we obtain the fusion multiplicities in a more direct
manner? To clarify such questions, it is useful to further study and translate the math-
ematical results from the tensor category literature to a physical context. We think
that inspecting notions that play an important role in the mathematical literature and
assessing their physical relevance will lead to a considerable amount of interesting and
useful work. An example might be the center construction, which produces a commuta-
tive algebra in the center (quantum double) of the category from any non-commutative
algebra. This could relate to phase transitions in the Levin-Wen models, as the cat-
egory that governs excitations is the center (double) of the category that is used as
input in these models.

Finally, either from a mathematicians of physicists perspective, it is interesting to
identify the results from the tensor category approachin alternative formulations. For
instance, one could study topological quantum field theory, or search for relations to
questions in low-dimensional topology.

In conclusion, a considerable amount of interesting and useful work lies ahead to
be undertaken.
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APPENDIX A

Quasi-triangular Hopf algebras

Below is a gathering of the axioms of quasi-triangular Hopf algebras (or quantum
groups) with the corresponding mathematical nomenclature. We refer to [46] and [75]
for a thorough treatment.

A Hopf algebra H is, in short, a bialgebra with an antipode. A bit more elaborate,
this means that we have an associative algebra with multiplication m: H @ H — H
and unit 1: C — H. Associativity is give by the condition

m(m ® id) = m(id @m) (A1)
The unit axiom is
m(l®id) =m(id®1) =id (A.2)

Here id is the identity on K.
It is also required that H is a coalgebra, which requires the definition of a comulti-
plication
A:H—-H®H (A.3)

and a counit

e: H—C (A4)
They have to satisfy the coassociativity axiom
(Id®A)A = (A ®id)A (A.5)

and the counit property
(e ®id)A =id = (id ®)eA (A.6)

There is a natural multiplication, also denoted m, on H ® H. For elements a1 ® as and
b1 @by of HRH, this is m (a1 ®ag, b1 ®@by) = m(al,by)®@m(ag, by). An algebra that is also
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A. QUASI-TRIANGULAR HOPF ALGEBRAS

a coalgebra, is called a bialgebra if the algebra and coalgebra structure are compatible.
Compatibility can be formulated as the requirement that the comultiplication and
counit are algebra homorphisms (i,e, commute with the appropriate multiplication).

One ingredient is still lacking to make H a Hopf algebra, namely the existence of
an antipode. This is a linear map S: H — H satisfying

m(id®S)A = le = m(S ®id)A (A7)

It can be shown that, if a bialgebra admits an antipode, it is unique. So there is at
most one Hopf algebra structure on any bialgebra.

Now what is the significance of Hopf algebras to physics? We are of course interested
in the representations of H to describe the particle spectrum in some (2+1)d quantum
theory. The comultiplication gives the definition of tensor product representations
needed to describe multi-particle states. Suppose «, are two representations of JH
with carrier spaces V,, V3 given by n~f: H — End(V, ). Then we define the tensor
product representation o ® f3, acting on V,, ® Vg, by

%% () =11* @ TP (A(a)), aecX (A.8)

Coassociativity ensures that multi-particle states defined by successive application of
the copruduct do not depend on the chosen order for the application of the comultipli-
cation. The tensor product representations will generally fall apart as direct sums of
irreducible representations. This gives rise to the fusion rules of the theory.

The counit gives the definition of the trivial representation II' = e. The counit
property precisely provides the triviality of fusion on the level of representations, 0®a =
a = a® 0, because

1°%%(q) = (e ® I*)A(a) = I%(e ® id) A(a) = II°(a) (A.9)

The notion of anti-particles or conjugate charges (dual representations) is implemented
using the antipode. Let us denote the conjugate (or dual) representation of o by a. We
can define such a representation on the dual vector space V. by means of the antipode
as

1%a) = 1%(S(a))” (A.10)

where the 7 denotes matrix transposition.

The ingredient needed to describe the braiding of representations of a Hopf algebra
is the universal R-matrix. This is an invertible element R € H ® H which has the
properties

A°®(a)R = RA(a) (Ya € H) (A.11)
(A ®id)(R) = Ri3Ra3 (A.12)
(id®A)(R) = RigRiz (A.13)

Here A°? = oA is the composition of the comultiplication with the exchange o of tensor
factors in H ® H. The notation R;; is an abbreviation for the action of R on the ith
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and j* tensor leg of H®3, so for example Rjs = R ® 1. To implement the clockwise
exchange two particles, we act by R on the tensor product representation, and then
exchange the tensor legs. So for example, when we have a system of three particles
all carrying representation «, the exchange of the left two particles is effectuated by
applying

(reid)(I*@I*I*)(R®1) (A.14)

where 7 denotes the flip of tensor product legs 7 |v) |w) = |w) |v).

The defining properties of R ensure that exchanging particles by application of 7R
makes physical sense. Using either A.11 and A.12 or A.11 and A.13 one may prove the
Yang-Baxter equation

Ri2R13R23 = Ro3R13R12 (A.15)

It implies that in any representation of H we have the equality
(TR®1)(1®7R)(TR®1)=(1®7R)(TR®1)(1 ® TR) (A.16)

from which one may deduce that in a system of n identical particles, the exchange
of adjacent particle satisfies the defining relations for the braid group. Since R is
invertible, this generates a representation of the braid group B,,. Because the exchange
commutes with the action of J, it follows that the system carries a representation of
Hx B,

A Hopf algebra H with universal R-matrix is called quasitriangular, so this is what
we understand by the term quantum group.

In relation to the graphical formalism for topological symmetry breaking treated
in chapter 6 it is interesting to represent the Hopf algebra axioms in a diagrammatic
fashion. This elucidates why the definition of the condensate is known to mathemati-
cians as an commutative algebra, or actually coalgebra, in the context of braided tensor
categories.

Represent the identity by a vertical line, the multiplication by an unlabelled fusion
vertex and the comultiplication by a similar splitting vertex. Thus maps are displayed
by lines from bottom to top, endpoints corresponding to a copy of H and the tensor
product is given by juxtaposition. The unit and counit will be represented by a line
starting or ending at a dot, which is consistent with the interpretation of C as the
vacuum module by means of e. Thus

* Y J ' (A17)

The unit ant counit axiom then become

)\::)\ and Y::Y (A18)

id
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respectively. Similarly we can depict (co)associativity graphically. The associativity

KA
-

axiom becomes

while coassociativity reads

(A.20)
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APPENDIX B

Tensor categories: from math to physics

We present a sketch of the definitions of a tensor category and the relevant additional
structure that underlies the main body of the text. See [54] for the standard introduc-
tion to category theory. See [14] or [75] for a thorough treatment of tensor categories
and the mathematics of modular functors, modular tensor categories and TQFT. A
discussion of tensor categories in relation to quantum groups is also included in [46].
An influential paper on the relation of tensor categories to invariants of knots and three-
manifolds is [70] which also includes a concise and clear recap of tensor categories. We
outline the formalities such that it becomes clear how they relate to the main body of
the text. For a thorough treatment, we must refer to the literature.

B.1 Objects, morphisms and functors

Much of mathematics can be understood in terms of properties of the structure preserv-
ing maps, such as homomorphisms of groups, acting between objects of a certain class,
e.g. groups, leaving out the internal structure of the object. This is the central idea of
a category. Examples are the category of topological spaces with homeomorphisms, the
category of sets and maps, the category of groups and group homomorphisms, the cat-
egory of 3-dimensional manifolds and smooth maps and the category of vector spaces
with linear maps.

A category A consists of a class Ob(A), elements of which are called the objects
of A, and a class Hom(A), elements of which are called the morphisms of A. Any
morphism f has a source A € Ob(A) and a target B € Ob(A) and are is often denoted
by an arrow f: A — B or

AL B (B.1)

The morphisms from A to B are also denoted by Homyg (A, B), or simply Hom(A, B).

103



B. TENSOR CATEGORIES: FROM MATH TO PHYSICS

If f € Hom(A, B) and ¢ € Hom(B,() we can compose the morphisms f and g.
Composition is denoted gf (often g o f). In a diagram, we have the corresponding
composition of arrows

gf:ALBiC’ (B.2)
For any object A there is a special morphism called the identity id 4 which obeys

ida f=f=fida, Vfe Hom(A4,A) (B.3)

A morphism f: A — B is called an isomorphism if there exists an morphism f~': B —
A such that

fTf=ida, ff7 =idp, (B.4)

The right notion for maps between categories is that of a functor. A functor F': A —
B consists of a map F': Ob(A) — Ob(B) and a map F': Hom(A) — Hom(B) such that

o F(idy) = F

1dF(A

, for all A € Ob(A)
o if f: A— B then F(f): F(A) — F(B)

e if f and g are morphism of A then
F(fg) = F(f)F(9) (B.5)

From two categories A and B, one can construct the product category A x B. If A, B
describe physical systems, this corresponds to the combined system when they do not
interact. Objects of A x B are pairs of objects (A, B), with A € Ob(A), B € Ob(B),

and morphisms are just pairs of morphisms, or written formally
Homy»p((4, B), (A’, B")) = Homy(A, A’) x Homg (B, B) (B.6)

If F and G are two functors and F': A — B, G: BA, a natural transformation o: F —
G is a family of morphisms a4: F(A) — G(A) such that the diagram

F(A) _ea G(A) (B.7)
F(f)i G(f)
F(B) =2~ G(B)

commutes. If a4 is an isomorphism for every A, « is called a natural isomorphism.

There is a notion of equivalence for categories. Two categories A and B are equiv-
alent if there are functors F': A — B and G: B — A such that the compositions F'G
and GF are naturally isomorphic to the respective identity functors.

We are interested in categories to model anyons. To regard certain objects as
anyons and morphisms as anyon operators, these categories should incorporate fusion
and braiding. Fusion requires the definition of a tensor product and direct sum in these
categories. We will outline the definitions below.
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B.2 Direct sum

Categories that have a natural notion of direct sum are known as Abelian or linear
categories (depending on the properties taken along in the definition). For our purposes,
C-linear categories give the appropriate notion.

In a C-linear category, spaces of morphism are required to be complex vector
spaces. This basically means that there is a zero morphism 0 € Hom(A, B) and we
can take linear combinations of morphisms. The composition of morphisms is bilinear
(Af)(ung) = Aufg, where f, g are composable morphisms and A, u € C.

One must be able to take direct sums of objects as well and “define” A = A; & As.
This is not really a definition, rather an object A must exist with projection and
inclusion morphisms for the summands

pj:A—>Aj, ilej-)A, j=172 (BS)

such that
pjij = idAj, and 11p1 + 12p2 = idg (B9)

For the spaces of morphisms one has

Hom (@, A;, & By,) = @) Hom(A;, By,) (B.10)
7,k

Let us represent morphisms f: A — B as a diagram

B
! (B.11)
A
then (B.10) says that we can write
©®k B By,
f => fik (B.12)
gk
®;A4; 4

Simple objects are defined as objects for which the endomorphism space is one-dimensional,

A simple +— Hom(A, A)=Cida (B.13)
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The category is called semi-simple if every object is isomorphic to a sum of simple
objects. We shall write simple object with lower case letters, as these correspond to
the particles in physical theories. So any object A has

A~ @jaj, a; simple (B.14)

B.3 Tensor categories

The tensor product in a category is an important notion for us, as it gives the fusion of
quantum numbers. The unit object should corresponds to the vacuum in this context.
We give the definitions below.

Let A be a category. A temsor product ® is a functor ®: A x A — A. Hence, for
any pair of objects (A, B) € Ob(()A x A) we get an object A ® B of A. Similarly,
any pair of A-morphisms (f, g) gives a morphism f ® g € Hom(A). The fact that ® is
required to be a functor implies

(ffed)(feg=ffedyg (B.15)

and
idA®B =idy®idp (B.16)

An associativity constraint for ® is a natural isomorphism
a: ®(® xid) = ®@(id x®) (B.17)

This means that for any triple (A, B, C) of objects of A, there is an isomorphism

aapc: (A®B)®C —-A® (B () (B.18)
such that
(A®B)©C—"% A0 (BxC) (B.19)
(f®g)®hj« J{f@(g@h)

O‘A’,B’,C’

(A,®B,)®Cl A/®(B'®C,)

commutes for any morphisms f, g, h of A. The associativity constraint is required to
satisfy the Pentagon axiom, i.e. the diagrams

(A® B)® (C® D)

M QA,B,CO®D

(A®B)2 )@ ® (B® (C® D))
m /&*BrCD
(A® (B® C)) _Garecn (B®TC)® D)
(B.20)

should commute for all objects A, B, C, D.

106



B.3 Tensor categories

B.3.1 Unit object

The vacuum in the theories we considered is formally called a unit object. This is
an object 1 € Ob(A) with left and right unit constraint denoted ¢ and r respectively.
These are collections of isomorphisms

la:1®A— A, rar A1l — A (B.21)
such that
1044 A (B.22)
id1 ®fl lf
19 B2 -8

The unit constraints have to satisfy the Triangle aziom, which requires the commuta-
tivity of the following diagram

QXA1,B

(A®1)® = A®(1® B) (B.23)
rm ﬂ
A® B

We also need an isomorphism u: 1 — 1 ® 1 that satisfies

1®1
/ W

1% (1®1) (B.24)

\ u®idy %1 1

11 ———1®1)®1

A tensor category (A, ®,1,a,f,r) is a category A with tensor product ®, associativity
constraint «, unit 1 and left and right unit constraints ¢ and r such that the Pentagon
axiom and Triangle axiom are satisfied.

B.3.2 Strictness and coherence

From the definition of the associativity constraint one sees that great care should be
taken in keeping track of parentheses. This could be very tedious business. The notion
of a strict tensor category, basically resolves this issue.

A tensor category (A,®,1,«,¥,r) is called strict if o, ¢ and r are identities of the
category. We have assumed this property in the main body of the text throughout.
MacLane’s coherence theorem assures that we can always do this.

One can associate a strict tensor category A" to any tensor category A. The objects
of A" are finite sequences of objects of objects of C, i.e. are of the form (Ay,..., Ag)
with A; € Ob(A). Morphisms between (Aq,..., Ax) and (B, ..., Bi) are by definition
morphisms

fi(  (AA®A)R.. QA1) QA — (...(B1®B2)®...® Bpr_1) ® By
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of A. The tensor product of A% is defined by
(Ala"'vAk’) ® (Bla"'7Bk’) = (A17-"7Ak7B17-"aBk/) (B25)

The unit object is 1 = (), the empty sequence (k = 0).

MacLanes coherence theorem [54] states that any sequence of associativity con-
straints to pass from one way of putting brackets in some large tensor product of
objects to an other way of putting brackets gives the same morphism. The easiest case
is governed by the Pentagon axiom, and indeed this axiom is exactly what is needed
for the general theorem. MacLanes coherence theorem implies that A and ASY" are
equivalent as categories. Thus there is no loss of generality in considering only strict
categories.

B.3.3 Fusion rules

The direct sum and tensor product together give rise to the fusion rules. We will
consider categories with finitely many isomorphism classes of simple objects. These
correspond to the finite set of “charges” Cy = {a,b,c,...} discussed in chapter 4.
Actually, we must distinguish between simple objects and the isomorphism classes.
Let {V,} be a complete set of isomorphism representatives indexed by a finite set Cjy.
Formally, one may say that a corresponds to the whole class of objects isomorphic to
V,. Since any tensor product of two objects is isomorphic to a direct sum of simple
objects, we have

Vo ® V= @Vt (B.26)

Note that
o = dimHom(a ® b, ¢) = dim Hom(c, a ® b) (B.27)

This gives rise to the fusion rules
axb=Y"NG, (B.28)
(&

which is basically the definition of a product on the fusion algebra CCy = @®4ec,Ca.
We will not really distinguish a and V.

B.3.4 Diagrams

It is useful to adopt a diagrammatic notation for morphisms. We made extensive use
of this in the main body of the text. In (B.12) a prototypical example is shown. For
this, we assume that the category is strict, so there are no brackets in tensor products
and we simply write A ® B ® C. The rules are as follows.

The morphisms should be read from bottom to top. If we wish to depict a morphism
from A to B, then we put A at the bottom of the diagram, and B on top. Tensor
products of objects correspond to sequences of objects. The identity morphism of an
object A is denoted by a line segment coloured by A. A morphism f: A — B is denoted
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by a coupon with f in it. Lines coming in on the bottom correspond to the source for
the morphism, lines coming out to the target. Variations on the notations of course
occur.

For example, a morphism u: ¢ = a®b can be denoted by a trivalent vertex labelled
by u, and a, b, ¢ labelling the appropriate outer legs,

a b
\ﬁf (B.29)

We recognise the splitting vertex. Indeed, let us choose a basis {u} in the vector space
V% = Hom(c,a ® b) for all triples of simple objects (a,b,c). This corresponds to the
definition of fusion vertices. Now consider the vector space VdabC = Hom(d,a ® b ® c).
Elements of this space can be constructed via composition of morphisms d — ¢ ® ¢ —
a®@b®cord - a® f®a®b®c. This gives rise to two bases {(a ® id.)8} and
{(idy ®u)v} of V& which can be depicted as

(B.30)

= > 1)) () (B.31)

fomsv

that played a major role in this thesis. Note that these are an incarnation of the
associativity constraint for strict tensor categories (even though this constraint is trivial
by definition).

The use of diagrams to represent morphism in categories is a powerful tool. For-
mally, one can prove that there is a functor from a suitable category of diagrams into
the kind of category under consideration. The category of diagrams is in a sense uni-
versal for the kind of categories under consideration. The functor is usually called
the Reshetikhin-Turaev functor. This functor can be used to produce invariants of
links from, for example, modular tensor categories. Any link diagram is regarded as a
morphism C — C in this category, which is just a complex number.

B.4 Duals

Anti-particles correspond on the categorical level to the notions of rigidity and dual
objects.
An object A is called rigid if there is an object A* and morphisms

ia:l—> AR A", ear AA®A—1 (B.32)
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(where 14 is for inclusion and e for evaluation) for which the compositions

A A* A idg ®ea

ot iA®i r
A2 10410 49 A @A AT Ag (A* @A) DA 4910 4
ot idax ®i v eA®id 4+
AT A1 M g g (A @ AY) A (4r g g) @ AF AU g 4 b g

are identity morphisms. The object A* is called the right dual of A. The category A
is called rigid if every object has a right dual.

If the category is strict, the duality axioms reduce to the statement that the follow-
ing morphisms are identities

A iA®idg A A ® A ida ®eq A

5 1dgx ®ig * x €A®id 4= % (B33)
A" — AT RAQRA —— A

If we agree to denote i4 by a cup and e4 by a cap

ia=ANG SN ea=a/ T\ 4 (B.34)

we can incorporate these morphisms in diagrams. The duality axioms can now be
expressed graphically

= , = (B.35)
A A A* A*

We have used the somewhat peculiar notation with arrows in reversed orientation for
i4 and ey, which is not common but agrees with the main body of the text where it
is convenient. Usually, the lines are oriented, a downward orientation corresponding to
A and an upward orientation corresponding to A*.

Note that the identity of the unit id; is left invisible in the diagrams, which is
appropriate in strict categories. In non-strict categories one can still leave them out,
since there is a canonical way to put them in as expressed by MacLane’s coherence
theorem. But if we think about the diagrammatic calculations as done throughout this
thesis, one should note that the natural isomorphisms r, ¢ and « should be taken into
account when the unit object (vacuum) is non-trivial, as is the case when there is a
non-trivial condensate.

The definition of a dual can also be formulated for left duals (replace A and A*
in the definitions of i4 and e4). For the categories that underlie anyon theories, right
and left duals are isomorphic. The difference between left and right duality morphisms,
however, lead to the Frobenius-Schur indicator.

An important notion is the dual of morphisms. This is done diagrammatically, as
follows. Denote a morphisms f: A — B as in equation (?7?). The dual morphism f* is
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then defined by the diagram

A* A*

& - f (B.36)

B* B*

B.5 Braiding

The braiding in a category is governed by the definition of a commutativity constraint.
This is a natural isomorphism from the tensor product functor ® to the opposite tensor
product ®°P, which is defined through

AR B=B®A (B.37)
This means that for any objects A and B, there is an isomorphism
cAB:A®B —+B®A (B.38)

Since it is an isomorphism, there is an inverse c;l’lB: B® A— A® B, but we do not
necessarily have c;‘lB = ¢p 4 (since that would imply that the monodromy would be
trivial c4 gcp,aA = id AeB), Which gives the interesting braiding properties corresponding
to anyonic excitations.

The associativity constraint must satisfy the Hexagon aziom. Is formulated as the
statements that the diagrams

CA,BRC

A®(B®C) (BoC)® A
QA B,C aB,C,A
(A9 B)&C B (C®A)
CA’B®idC idp ®ca,c
(B®A)eC - B®(4c()

(B.39)
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and commute

671
A® (B®O) 208¢ (BoC)® A
QA B,C QB .C,A
(A®B)&C B (C®A)
c;‘}B ®Ride idp ®CZ}C
(B A) e C - B®(4()

(B.40)
(the diagrams differ by ¢ — ¢~ 1.

The braiding is of course expressed diagrammatically by ‘over’ and ‘under crossings’.

So
M£:4><§ q}=;>ég (B.41)

Which elucidates the correspondence to the pentagon relations from chapter 4.

Where the Pentagon axiom ensures that arbitrary diagrams of composition of the
associativity constraints commute, the Hexagon axiom makes sure that any composition
of associativity constraints and braidings (or inverse braidings) commutes. The first
means that any two tensor products tensor products (A; ® ... ® Ag)p and (41 ®...®
Ay)pr, with different brackets B and B’, are canonically isomorphic. The second implies
that tensor products of the same objects put in arbitrary order are also canonically
isomorphic.

B.5.1 Ribbon structure

The non-trivial twist of anyons is given by the so called ribbon structure. This consists
of a natural isomorphism theta such that 84: A — A is an isomorphism, with

Oa = 07 (B.42)
01 =idy (B.43)
(B.44)
and the following diagram commutes
A9B2% Bo A (B.45)
9A®Bl l93®9A

When writing out this equation in terms of simple objects, one essentially finds the
monodromy equation.
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B.6 Categories for anyon models

We assumed throughout the text that the category A is a strict C-linear, semi-simple
tensor category with braiding, and ribbon structure, with a finite number of isomor-
phism classes and Hom(1,1) = Cidy. The Hom-spaces are assumed to have a Hilbert
space structure. Taking inner product (F'| G) and adjoint f t of morphism is done as
explained in the main body of the text. Formally, one takes { to be a functor (a functor
that reverses the direction of arrows) that obeys some consistency properties. See [34]
for more elaborate definitions.

When we study the condensed phases, i.e. the theories T and U, strictness is no
longer true. The morphisms that concern the tensor unit, which was denoted 0 for A
but is the condensate ¢ for T and U, should now be taken into account explicitly when
calculating diagrams. Then the condensate vertex

N /

Y (B.46)

is basically the isomorphism u: ¢ — ¢ ® ¢. Consistency conditions correspond to the
consistency conditions on u. The inverse of u is

I
| (B.47)
I

The definition of the vertices for the charges of T allows one to construct ¢, r and duality

morphisms. In fact
N ¢ t v
Gt = ( ret = \{ (B.48)
t t

The inverse of these morphisms are

¢ =T +t, r o= L ! (B.49)

If also the duality morphisms are constructed, general diagrams of the broken phase
(T and U theories) can be constructed. Draw the diagram as if the vacuum was trivial,
then put in the condensate lines where the above morphisms should appear in non-strict
categories. Using the diagrams for ¢, and w one can always make the diagram such
that it has only non-trivial charges ¢ on the outr lines. Now calculate the diagram as
if it were a morphism on A. This is how the diagram for the S-matrix appears.
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APPENDIX C

Data for EU(Q) 10

Below are the matrices S and S for su(2)1¢ defined through the diagrammatic equations

6
Sab :@, Sab % (C.1)

The indices a, b run over the eleven charge labels 0, 1,2,3,4,5,6,7,8,9, 10 of this theory.
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C. DATA FOR 68(2)19

1 2+V3
V23 \/3(24+V3)
1+V3 V2+V6
/\uﬁf\wv /\w?f\wv
2+v3 V2+V3
V2+v6 0
2443 -V2+V3
3(2+v3) -2
1+v3 —2v/24/3
243 — 343

1 —V2+V3

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 3+v3
0 0 0 V2(3+2v3)
0 0 0 2/15+9V3
0 0 0 +2(3+2V3)
0 0 0 3+V3
0 0 0 0

0 0 0 0

0 0 0 0

1+/3 3(2+V3)
V2+6 /\ 3(24+V3)
1+v3 0
0 _3+V3
V2
Iwz\a 0
-1-V3 /\g
0 (2+V3)
1+v3 0
V3G IR
143 —3£45
0 0
0 0
0 0
V2(3+2v3)  2\/15+9v3
V2(3+2V/3) 0
0 —2(3+/3)
—V2(34+2V3) 0
—V2(3+2v3)  2¢/15+9V3
0 0
0 0
0 0

20v3  VERE  20v3 \B(24VE)  14E 2+v3
V23 0 —V2rvE S aVarys 0
-1-v3  —2y/24+v3  -1-V3 0 1+v3 V2+v6
3 0 /\wﬁf\@ /\wﬁf\@ 0 — 3y
1 V2+/6 1 o S1-VE V243
VZ+/6 0 —2v/243 0 V2+V6 0

1 —2v/24v3 1 3(24v3) —1-Vv3 -V2+V3
|w+«% 0 3(2+v/3) Lw\m\w 0 3(2+v3)
1-V3 VEHVE —1-V3 0 14+v3  —2v21V3
243 0 V2B \3(2+v3)  —2v2+v3 \f3(2+VB)
24v3  —2v/2+V3 243 —3545 14V V243

0 0O 0 O

0 00 0

0 00 0
V2(3+2v/3) 3+v3 0 0 0
—V2(3+2v3) —v2(3+2v3) 0 0 0

0 24/1549v3 0 0 0
V2(3+2v3)  —v2(3+2v3) 0 0 0
—V2(3+2v/3) 3+v3 0 0 0

0 00 0

0 00 0

0 00 0

1
—vV/24+V3

1+V3

3+v3
V2

243

—2¢/24+3
2+/3

_3+V3
V2

1+V3
—V24+V3
1
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