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Abstract

This thesis is a study of three categories of problems in fermionic systems for
which topology plays an important role: (i) The properties of zero modes arising
in systems of fermions interacting with a bosonic background, with a special focus
on Majorana modes arising in the superconductor state. We propose a method for
counting Majorana modes and we study a mechanism for controlling their number
parity in lattice systems, two questions that are of relevance to the protection of
quantum bits. (ii) The study of dispersionless bands in two dimensions as a platform
for correlated physics, where it is shown the possibility of stabilizing the fractional
quantum Hall effect in a flat band with Chern number. (iii) The extension of the
hierarchy of quantum Hall fluids to the case of time-reversal symmetric incompressible
ground states describing a phase of strongly interacting topological insulators in two

dimensions.
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Chapter 1

Introduction

1.1 Overview

Over the past 30 years, one of the central themes of condensed matter physics
has been the description of physical properties of systems based on the notion of
topology. In this context, a “topological property” refers to a property of the ground
state, which remains invariant with respect to local perturbations applied on the
system.

The best known example of such topological manifestation is given by the Quan-
tum Hal Effect (QHE), whereby upon subjecting a two dimensional electron gas with
high mobility to a strong uniform magnetic field at low temperatures, a series of

plateaus for the Hall conductance are observed at values o, = £ ¢ where p and ¢

q b’
are integer numbers. The quantization of o, is robust so long as perturbations are
unable to close the many-body gap.

A uniform magnetic field B in two dimensions organizes the single-particle spec-

trum into degenerate bands - Landau levels (LL) - equally separated from each other
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by the cyclotron energy hw,., where w. = eB/m.c denotes the cyclotron frequency,
e is the electron’s charge, m, is the electron’s mass, ¢ is the speed of light and A is
the Planck’s constant divided by 27w. The degeneracy of each LL is determined by
the ratio ®/¢q of the total magnetic flux & = BA (A is the total area of the system)
threading the system divided by the fundamental magnetic flux quantum ¢y = he/e.

In the integer QHE (IQHE) [122], one deals with a scenario where the Fermi
level Ep lies between, say, the p-th and the (p + 1)-th LL’s, i.e., (p + 1/2)hw, <
Er < (p+ 3/2)hw.. In such case, if one considers a cylinder geometry [69] or a
ring geometry [45], the highest energy states far from the edges far are at energies
(p + 1/2)hw. in the limit of a clean sample and hence there is an excitation energy
gap associated to these bulk states. Near the edges of sample, on the other hand, the
confining potential pushes the single-particle energy levels up, which eventually end
up crossing the Fermi level and give rise to gapless edge states. At equilibrium, the
states localized near the two edges carry opposite currents and thus the net current
in the whole sample is zero. On the other hand, if there is a difference AFr = e Apu
on the Fermi level at the edges, with AFEp assumed to be small enough so that the
bulk states do not cross the Fermi level, then near the edge where the Fermi level
has been increased extra states will be populated, while near the edge where the
Fermi level has been lowered states will be depopulated. This imbalance results in
a net current [ = p% Ap, which then implies a Hall conductance o = pe?/h. The
effects of the Coulomb interaction and disorder do not change the quantized transport
properties of the IQHE as long as their respective energy scales are much smaller than

the cyclotron energy fuw. [69, 45].



Chapter 1: Introduction 3

Thouless, Kohmoto, Nightingale and den Nijs [120] have shown that, when ap-
plied to a non-interacting periodic band insulator subject to an external magnetic
field in two dimensions, the Kubo formula for the Hall conductance o, delivers an
expression which, in units of €?/h, equals the first Chern number computed over all
the occupied bands. The first Chern number is an integer valued topological invariant
that characterizes the mapping between the space of points k in the 2D Brillouin zone
to the space of Bloch states |¢x) (defined under the condition that |¢Vr g) = |¢k),
where G is a reciprocal lattice vector) forming an isolated band. A non-zero Chern
number captures the inability to uniquely assign the phase of the Bloch states in the
entire Brillouin zone [77] and exemplifies the concept of Berry phase [8, 109].

Differently from the above scenario, if a LL is partially filled and the effect of
interactions is not taken into account, then a large number of many-body states be-
come mutually degenerate, where such degeneracy cannot be lifted perturbatively by
the effect of Coulomb interactions. The problem of a partially filled LL thus makes
for a strongly correlated electronic states par excellence and, for some special values
of the filling fraction (the ratio between the number of particles and the number of
single-particle degenerate states which make up the LL’s), the effects of the elec-
tronic correlations lift the large degeneracy by selecting an incompressible state with,
04, which is a fraction of e?/h [121, 110]. The observation of the FQHE requires
larger magnetic fields, cleaner samples and low temperatures as compared to the
IQHE; while the latter can be formulated as a single-particle problem, the former is a
quintessential strongly correlated state. Ref. [87] has extended the notion of a Chern

number to an interacting many-body ground state by demonstrating that the Hall
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conductance is related to the response of the ground state wave function to “twisted”
boundary conditions.

The Hamiltonian of a free charged particle in a magnetic field has some special
properties. The first aforementioned one is that adjacent LL’s are separated by a
constant energy gap fuw.. Besides that, the lowest LL (LLL) plays a special role
in that, modulo sign conventions, the single-particle wave functions (in so called
symmetric gauge) pertaining to the LLL can be factorized into a Gaussian part (whose
decay is controlled by the magnetic length /g5 = \/W) and an analytic function of
z = x+1y, where x and y are the coordinates of the two dimensional plane. Laughlin
has explored this analyticity property of the LLL, together with other general physical
requirements, to propose wave functions for the ground state of the FQHE at filling
fractions 1/(2m + 1), m € Z [70]. By applying gauge arguments to such family of
wave functions, Laughlin was able to demonstrate that the elementary excitations
of this compressible state are quasi-particles and quasi-holes with fractional charge
+e/m, which were then shown in Refs. [47, 2] to have fractional statistics.

The experimental observation of a plethora of fractional Hall plateaus at a variety
of filling fractions lead to the construction of a hierarchy of wave functions out of
Laughlin’s wave function, [46, 42, 47, 71, 36, 74, 73] and the development of the
composite fermion picture. [59, 60] These approaches were later reconciled, and unified
by the effective description of the FQHE in terms of multi-component Chern-Simons
gauge field theories in (2 4 1)-dimensional space and time. [92, 136, 11, 12, 29, 137,
138, 28] These topological effective theories for the hierarchy of the FQHE deliver

a correspondence between the physics in the two-dimensional bulk and the physics
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along the edges of the sample. [69, 45, 129, 132, 131, 27]. The way in which the gauge
fields of the Chern-Simons theory couple to one another is encoded in the so called
K matrix. Despite the fact that these topological field theories do not depend on
any energy scale of the physical system, i.e., the bulk Hamiltonian of such theories is
exactly zero, still they provide a natural framework to study universal properties such
as quasi-particle’s mutual statistics. In addition, by studying these topological field
theories in some ‘non-trivial” geometry, one can determine the topological degeneracy
of the ground state, which is encoded by the K matrix. The topological degeneracy
of the ground state predicted by the Chern-Simons theory is of special relevance, for
instance, in confronting the predictions of topological theories exact diagonalization
studies performed, for example, on a toroidal geometry.

Building on the early connections of the characterization of the quantum Hall effect
in terms of topological invariants [120, 87], Haldane [43] has pointed out the possibility
of realizing the IQHE in a two dimensional lattice system with a zero magnetic flux
per unit cell, in contrast to the Hofstadter model [51] . His model consists of spinless
fermions hopping on a honeycomb lattice, where a complex valued second-nearest
neighbor hopping parameter opens a gap in the single particle spectrum and gives
rise to 2 topological bands with Chern numbers 1. At one electron per unit cell (half-
filling) the system in a cylinder geometry is a bulk insulator with one unidirectional
(chiral) current carrying mode at each edge (with opposite directions for opposite
edges), i.e., the same properties fulfilled by a filled Landau level.

The parallelism between the Haldane model and a filled LL poses a question before

us: Given that interactions can stabilize an incompressible many-body correlated
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state at special filling fractions, what is the fate of interactions in a partially filled band
with non-zero Chern number (hereafter referred to as a “Chern band”)? Although
similar at first sight, the two problems do not immediately map into one another. For
example, the analytic properties shared by single particle wave functions in the LLL
are absent in a Chern band. Moreover, while in the FQHE observed in semiconductors
at uniform magnetic field the magnetic length (g is typically much larger than the
underlying lattice spacing, thus justifying one to neglect the lattice effects to a very
good approximation, in the case of a Chern band, the role of the magnetic length is
played by the lattice spacing itself, such that the lattice effects are to be taken into
account. If one partially fills a dispersionless Chern band, a natural candidate ground
state is a charge density wave. Could it be, however, that for certain filling fractions a
FQH state is energetically favored? Some of these issues pertaining to the properties
of a Chern band and the effect of interactions will be addressed in this thesis.
Despite the fact that the model of Ref. [43] has not yet been realized experimen-
tally to this date, the construction of Haldane is a breakthrough for the possibility
that it opens to generalizations in lattice systems with time-reversal symmetry and
spin degrees of freedom. For instance, if a two dimensional lattice model can be de-
scribed as two spin-polarized and independent copies of the Haldane model with the
opposite signs of the Hall conductance, then though the net charge transported by
the two decoupled systems is zero, the spin transport is non-zero and quantized. In
this scenario, the system would realize an integer spin quantum Hall effect (ISQHE).
The developments in the explorations of topological signatures in band theory

have led to the recent prediction and experimental discovery of topological insulators
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in two [62, 63, 7, 6, 68] and three [30, 32, 80, 90, 96, 53, 17, 143] dimensions, which are
time-reversal symmetric band insulators whose band structure can be characterized
by a Zs topological invariant. This invariant measures the parity of the number of
Krammer’s pairs of boundary states and distinguishes whether or not the boundary
states are immune to localization due to time-reversal invariant disorder.

All the recently discovered topological insulators are in a regime where the effect
of interactions is negligible and thus much of their physical properties derive from
the free particle picture. It is however possible to conceive the situation whereby
the strength of interactions is adiabatically increased in a topological band insulator.
What would then be the competing correlated ground states? Could any of these
phases be an incompressible liquid-like ground state a la the FQHE, albeit with
time reversal symmetry? In this thesis, we shall address this question, namely, the
description of strongly correlated phases with time-reversal symmetry from the point
of view of topological field theories in (2+ 1) dimensions. In analogy with the FQHE,
we shall provide a hierarchical construction of Chern-Simons topological field theories
with fractionalized excitations and use it to derive the structure of the edge theory.

Another topic that has been receiving much attention recently and that has been
influenced by ideas originated from topological properties of physical systems is quan-
tum computation. The basic ingredient in quantum computation is the qubit, which
is a two-level system on which information is stored. One of the major challenges
in implementing realistic protocols of quantum computation is decoherence, i.e., the
fact that the intrinsic coupling between the qubits with the environment generally

leads to dephasing and subsequent loss of the coherence of the quantum state of in-
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terest. It has been claimed to be possible to circumvent the problem of decoherence
if the qubit is constructed non-locally by using spatially separated excitations of a
many-body ground state. [66]

A possible way of implementing these non-local qubits is via systems whose exci-
tations obey non-Abelian statistics. Two candidate systems to host these excitations,
both in two spatial dimensions, are the v = 5/2 fractional quantum Hall state [79]
and superconductors in which the presence of vortex order parameter binds a “zero
mode”, i.e., a fermionic excitation with zero energy localized at the core of the vor-
tex. [94, 93, 54]

What makes zero modes so special in superconductors? To address this question
we recall that because superconductance mixes particles and holes, the second quan-
tized Bogoliubov quasi-particle operator vg at some energy E satisfies the particle-
hole symmetric relation yg = VT_ - As such, the quantized operator 7, associated
with the zero energy mode turns out to be self-adjoint, that is to say, v = 73. It is in
the sense of being a “real” fermion that a zero mode represents a condensed matter
realization of Majorana fermions [75, 140]. With a pair of Majorana fermions 7,
and 7o, it is possible to assemble “complex” fermion operators ¢ = \% (Y0.a +170.0)
and ¢! = \/Lg (70.« — 170p) acting on a two dimensional Hilbert space comprising the
states |0) (“empty” fermion state) and |1) (“filled” fermion state), which constitute
the qubit. The parity of the number of zero modes per vortex core turns out to be
fundamental in determining the stability of the qubit. If, for example, two zero modes
exist at each vortex, generic perturbations can split those modes apart causing the

breaking down of the stability. The general statement is then that an odd (even)
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number of zero modes per vortex implies that one can form, in principle, qubits that
are stable (unstable) against decoherence.

Of particular importance is the question of the stability of Majorana qubits in
realistic condensed matter systems where there is a natural tendency for a “doubling”
of the degrees of freedom, either due to spin degeneracy or due the existence of
an underlying lattice. To give a concrete example of this “doubling” phenomenon,
we recall that in graphene, electrons hop on a two dimensional honeycomb lattice,
where the band structure contains (per spin species) a pair of “Dirac points” in
two momenta K at the Brillouin zone (see Ref. [82] for a review). If one induces
superconductivity in graphene by the proximity effect with an s-wave superconductor,
then a superconducting gap opens on the Dirac points. A superconductor vortex
would give rise to one Majorana mode on the vortex core per spin species (2) and
per Dirac points (2), resulting in a total of 2 x 2 = 4 Majorana modes per vortex,
which turns out to be undesirable for stable qubits. In this thesis we shall provide a
mechanism for obtaining an odd number of zero modes in graphene despite the even
number of low energy degrees of freedom.

Aside from their interpretation as Majorana modes in superconductors, fermionic
zero modes have a long and interesting history. It was first realized by Jackiw and
Rebbi [56] and by Su, Schrieffer and Heeger [113, 114] that in one spatial dimension,
fermions can interact with a scalar order parameter (which, in Refs. [113, 114], repre-
sents a bond dimerization on the polyacetylene chain) with a real space configuration
forming a domain-wall. The non-zero order parameter being responsible for a mass

gap in the fermionic spectrum, a domain wall configuration represents a region in
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space where the sign of the fermion mass changes (7 phase shift). The remarkable
physical property shown in Refs. [56, 113, 114] is that the domain wall traps one zero
energy mode per spin species with fermionic charge +e/2, where the signs ambiguity
reflects whether the zero energy state is filled or empty. Therefore in the case of
spinless fermions, this one dimensional example realizes, in the simplest form, the
phenomenon of charge fractionalization. The account of the electron spin in a realis-
tic system causes the charge of the domain-wall to reacquire integer values, however
it still leaves room for a interesting possibility: (i) If both zero modes per spin species
are either occupied or empty, the total charge Q) = +e/2 £+ e/2 = +e and the total
spin S = 0 (single) or S = 1(triplet). (ii) If one of the spin states is occupied, the
total charge @ = +e/2 Fe€/2 = 0 and the total spin S = +1/2. We are then led
conclude that the domain-wall produces the phenomenon of spin-charge separation.
The same phenomenon of charge fractionalization and spin-charge separation can
also occur in higher dimensions. In graphene (see Ref. [82] for a review), for instance,
the Kelulé bond order parameter, which opens a mass gap on the two inequivalent
Dirac points in reciprocal space, also leads to fractional charge. [52] Being a complex
U(1) order parameter, the Kekulé allows for the possibility of a vortex configuration.
It was shown in Ref. [52] that if the phase of the order parameter winds by 27
as it encircles the center of the vortex, a fermionic zero mode with charge +e/2 is
exponentially localized at the core of the vortex. Mathematically, a common feature
shared by these examples of charge fractionalization in one and two spatial dimensions
is the existence of a sub-lattice symmetry represented by a unitary transformation

S that anti-commutes with the Hamiltonian and guarantees a one to one relation
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between positive and negative energy states. An isolated zero mode is thus protected
by perturbations so long as they do not break the sub-lattice symmetry.

In the various examples cited above where point defects (domain-wall, vortex) in
the fermion mass parameter give rise to zero modes, the search for zero modes relies
on directly (either analytically or numerically) finding normalizable solutions to the
zero eigenvalue equation and requires knowledge of microscopic information, such as,
the boundary conditions obeyed by the wave function. It is known, on the other hand,
that the existence of such interesting fermionic modes actually depends on “global”
information of the Hamiltonian (for instance, the vorticity of the order parameter).
Given the importance of zero modes associated to a variety of physical phenomena,
it is natural to ask is one can predict the existence, as well as the multiplicity, of zero
mode solutions in point defects by knowledge of the “global” properties of the Hamil-
tonian as opposed to directly relying on the solution of the zero energy eigenvalue

problem. Such question shall be addressed in this thesis.

1.2 Organization of the thesis

Part I: Zero Modes and Majorana Fermions

Chapter 2

Chapter 2 studies the stability of Majorana qubits in the proximity-induced su-
perconductor phase of graphene. If the Fermi energy lies close to the Dirac points, the
number of low energy degrees of freedom that participate in the superconductor state

is 4 = 2 x 2 (2 Dirac points and 2 spins), resulting in 4 zero modes per vortex, which
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then imposes a serious barrier for the construction of Majorana qubits immune to the
effects of decoherence. We shall address and answer the question: How to obtain an
odd number of zero modes per vortex despite the fact that the system contains an
even number of low-energy fermionic degrees of freedom? As we shall demonstrate,
the answer to this question lies at the competition between the superconductor order
parameter and fermionic bilinear terms (masses) which break time-reversal symme-
try. In addition we shall also discuss the similarities and distinctions between the

non-Abelian statistics of Majorana fermions and Dirac fermions.

Chapter 3

Zero modes are related to interesting physical effects such as charge fractional-
ization and Majorana fermions and appear in a variety of fermionic systems. In the
special case of superconductors, the parity of the number of zero mode solutions per
vortex is a measure of the ability to construct decoherence free qubits. Usually one
relies on the solution of a differential equation in order to determine the number of
zero mode solutions bound in a given point defect. We develop a method for count-
ing the number of zero modes, which does not rely on solving a differential equation,
rather it relies on computing the fermionic charge induced by the point defect in

particle-hole symmetric Hamiltonians.
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Part 1I: Flatbands and the Fractional Quantum Hall Effect

Chapter 4

Flatbands constitute a natural playground for studying strongly correlated physics.
A remarkable example that illustrates this point is provided by the FQHE, in which
the role of the flatbands is played by the Landau levels created by the external uniform
magnetic field.

Lattice models offer another possibility of encountering dispersionless electronic
bands. As it turns out in many instances such flatbands do not occur isolated from the
other bands. Given the aforementioned importance of flatbands for understanding
strongly correlated electronic phases, we study in a specific model, the conditions
necessary for obtaining isolated flatbands. Similar to the Landau levels, the the
breaking of time reversal symmetry is key to obtaining isolated flatbands. We shall
also discuss how flatbands can be viewed as a critical point separating phases with

opposite signs of the quantum Hall effect.

Chapter 5

We consider an example of electrons hopping on a two dimensional lattice for
which the spectrum contains an isolated flat band with Chern number C' = 1. A
filled flatband with C' = 1 is analogous to a filled Landau level in that both support
a single chiral edge mode and a quantized Hall conductance o,, = €*/h. Motivated
by the onset of a fractional quantum Hall state at partial filling of a Landau level, we

ask: What happens if one partially fills a flat band with C' = 1?7 We present numerical
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results which support the FQHE on a flatband at filling fraction v = 1/3. In addition
to that we present a discussion of the relation between the spread of the Wannier
functions and the Chern number of the band. Finally we discuss the effect of the
non-uniformity of the Berry field in momentum space for the variational calculation

of the spectrum of neutral excitations above the many-body ground state.

Part III: Topological Field Theories of 2D Fractional Topo-

logical Insulators

Chapter 6

Chapter 6 discusses strongly interacting electronic phases with time-reversal sym-
metry in two dimensions. These phases can be built, in some given limit, from pairs of
fractional quantum Hall states related to each other by time-reversal. We construct a
hierarchy of time-reversal symmetric topological field theories and describe the prop-
erties obeyed by the K matrix. By studying this field theory in a finite geometry,
we are then able to construct the edge theory describing counter-propagating edge

channels.
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Chapter 2

Topological qubits in graphenelike systems

Abstract

The fermion-doubling problem can be an obstacle to getting half a qubit in two-
dimensional fermionic tight-binding models in the form of Majorana zero modes
bound to the core of superconducting vortices. We argue that the number of such
Majorana zero modes is determined by a Z, X Z, topological charge for a family
of two-dimensional fermionic tight-binding models ranging from noncentrosymmetric
materials to graphene. This charge depends on the dimension of the representation
(i.e., the number of species of Dirac fermions — where the doubling problem enters)
and the parity of the Chern number induced by breaking time-reversal symmetry. We
show that in graphene there are as many as ten order parameters that can be used

in groups of four to change the topological number from even to odd.

16
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2.1 Introduction

A major hurdle in the realization of quantum computers is the problem of de-
coherence. Qubits generically do not last long in the presence of the environment.
Overcoming decoherence is possible if the qubit is stored nonlocally using a many-
body state, in such a way that the reservoir, which only couples locally to the sys-
tem, is unable to damage the quantum information. [66] An implementation of this
scheme can be achieved if the many-body ground state supports excitations obeying
non-Abelian braiding statistics. Non-Abelian braiding statistics that departs from
the Bose-Einstein or Fermi-Dirac statistics can only be realized in effectively two-
dimensional (2D) systems, such as the v = 5/2 fractional quantum Hall state on the
one hand, [79] or in chiral p, & ip, 2D superconductors where a half vortex binds a
zero-energy midgap state on the other hand. [94, 93, 54] In the latter example, due
to particle-hole symmetry (PHS), this zero mode is a Majorana fermion. A two-state
system — a qubit — can be assembled from one complex fermion made up of a pair of
such Majorana fermions sitting at far away vortices. The splitting of the energies from
exactly zero is exponentially small in the separation between the vortices and thus
the time to degrade a quantum superposition is exponentially large in the distance
between the vortices.

Majorana fermions bound to the core of vortices in a superconductor were discov-
ered by Jackiw and Rossi. [57] There is a single zero-energy midgap state when the
vorticity is n = 1 (there are generically |n| zero modes). However, these results are
obtained for the case of the minimal representation of Dirac fermions whose support

in space is the 2D continuum. The fermion-doubling problem, discovered in the con-
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text of lattice-gauge theory, [84] prevents importing these results of Jackiw and Rossi
to condensed-matter systems, which are models defined on lattices. In graphene, for
instance, one does have the Majorana fermions from which it is possible to assemble
the qubits, as shown by Ghaemi and Wilczek. [34] However, there are four of them in
each vortex because there are two Dirac cones for each spin polarization in graphene.
Even numbers of Majorana fermions are not stable, as local perturbations can move
them away from zero energy.

One can get much insight into the problem of how many Majorana fermions can be
realized in effectively 2D tight-binding models if one looks into ideas for addressing
the fermion-doubling problem in lattice-gauge theories. There is the original pro-
posal due to Wilson, which is achieved by adding perturbations (Wilson masses) to
a lattice Hamiltonian that opens gaps at undesirable duplicate Dirac points. [141]
However, from the point of view of a lattice-gauge regularization of quantum chromo-
dynamics, this option has the undesirable property of breaking the chiral symmetry.
Alternatively, the idea that the fermion doubling can be overcome by considering an
n-dimensional system as a boundary of a (n + 1)-dimensional one was put forth by
Callan and Harvey in Ref. [13] (see also Refs. [24] and [64]). In fact, it is the Callan-
Harvey effect that is at work in the remarkable results obtained by Fu and Kane: [31]
(i) surface states in 3D topological insulators with time-reversal symmetry (TRS)
realize an odd number of Dirac fermions in the minimal representation of the Clifford
algebra. (ii) They can be used to achieve an odd number of Majorana fermions bound
to vortex cores induced by the proximity to a type-II superconductor.

We argue in this paper that the Wilson prescription is a route to attain an odd
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number of Majorana fermions in effectively 2D condensed-matter systems. The chief
reason is that one is not constrained to impose chiral symmetry as in lattice-gauge
theory. However, not any Wilson mass can be used for this purpose, only those that
break TRS. This approach naturally leads to a Z, X Z, topological charge that discerns
whether the system has an even or odd number of Majorana fermions attached to
a superconducting (SC) vortex. In essence, the parity of the number of zero modes
is determined by the number of Dirac points which have not been knocked out by
changing the Chern number via the TRS-breaking Wilson mass. For systems where
the number of species is odd, like in the case of surface states of TRS topological
insulators, odd numbers of zero modes occur without breaking TRS (odd xeven case).
In the case of graphene, which is one focus of this paper and where there is an even
number of Dirac cones, TRS must be broken so as to obtain an odd Chern number
and, in turn, an odd number of Majorana fermions (evenxodd case). In all other
cases, including graphene when TRS is unbroken (evenxeven case) and surface states
of topological insulators with large enough magnetic field (oddxodd case), there
are even numbers of Majorana fermions. Notice that, according to this Z, x Z,
classification, systems defined on 2D lattices must have both SC pairing correlations
and a nonzero Chern number that accounts for a thermal Hall effect in order to have
non-Abelian quasiparticles. This is “the poor cousin,” i.e., the mean-field version, of

the v = 5/2 quantum Hall state.
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2.2 Tuning the number of Majorana fermions

To illustrate how it is possible to use a Wilson mass prescription to change at will
the number of Majorana fermions in a 2D tight-binding model, we begin with the
pure Rashba kinetic energy

H, = Z Z (ia Ci+ﬁ 04 Cp + H.c.) (2.1)

T =i,y
that we define on a square lattice with sites denoted by r = ma + ny, where m
and n are integers. Here, ¢l = (CI,’S) is a doublet that creates on site r an electron
with the spin projection s =%, | along the quantization axis, o, = o, = o0, and

04 = 0, = 0, are the first two Pauli matrices while the third Pauli matrix o5 defines
the quantization axis in spin space, and the real-valued number « sets the energy

scale for the Rashba hopping. At half filling, i.e., at vanishing chemical potential, the

Fermi surface collapses to the four nonequivalent Fermi points

prp = (0,0),(0,7), (m,0), (m, 7). (2.2)

These Fermi points are TRS in that they change by a reciprocal wave vector under
the inversion p — —p. Linearization of the energy spectrum of H, in the vicinity of
these four Fermi points yields an 8 x 8 massless Dirac Hamiltonian, i.e., a reducible
representation of the Clifford algebra four times larger than the minimal one in 2D
continuum space. This is a manifestation of the fermion doubling. Hamiltonian (2.1)
preserves TRS but breaks completely SU(2) spin-rotation symmetry (SRS).

We now introduce the same spectral gap at all the Fermi points, Eq. (2.2). We

achieve this with the help of a singlet SC order parameter parametrized by a complex-
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valued A,

Hp = Z [A cl (ioy) o+ H.cl : (2.3)

T

that we add to Hamiltonian (2.1),
H,— H, +H,. (2.4)

This 2D tight-binding Hamiltonian is the relative to a noncentrosymmetric supercon-
ductor in the Rashba-Dirac limit and with singlet SC pairing studied in Ref. [102]. A
TRS-breaking vortex

A — A(r) exp(i6) (2.5)
with the profile A(r), where r and 6 are polar coordinates, binds four Majorana

fermions at the Fermi energy via the Jackiw-Rossi solutions. [102]

Finally, we define the three independent TRS-breaking Wilson masses

H, := Z Z h; Ci+ﬁ oyc, + Hoc. +2h, c: o4, (2.6)

r \n=ig

parametrized by the triplet of energy scales,

h = (hy, by, hy) = (hy, by, h,) = (hy, b, B.). (2.7)

x)’ Yy 4 x’ Y V4

Each Wilson mass breaks TRS and breaks SU(2) SRS down to U(1).
We are going to show numerically on the lattice and analytically in the continuum
limit that the Wilson masses h can be used to change the number of Majorana

fermions bound to the core of the vortex, Eq. (2.5), in
H:=H,+ Hy + H, (2.8)

one by one from four to zero.
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Figure 2.1: Energy levels for the lattice Hamiltonian (2.8) as a function of hy = h, for
hy = hy = 0.55hy, hy = hy = 0.45h,, and a = A(r = oo) = 1. Although finite-size
effects prevent the closing of the bulk gap, the vanishing curvature of the gap in the
bulk is a footprint of each thermodynamic transition as a function of h,. In region
IV, there are 8 (=4x2) midgap states, four bound to the vortex and four bound to
the antivortex. Their degeneracy is lifted by the combined effects of intravortex-level
or intervortex-level repulsion. There are 6 (=3x2), 4 (=2x2), and 2 (=1x2) midgap
states in regions III, II, and I, respectively. In the limit in which the vortex and
antivortex separation goes to infinity, the intervortex-level repulsion is exponentially
suppressed and midgap states can be converted to Majorana fermions. Thus, an odd
number of Majorana fermions attached to an isolated vortex are found in regions III
and [.
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Figure 2.1 displays the energy spectrum of Hamiltonian (2.8) obtained from nu-
merical diagonalization on a square lattice made of 39x39 sites. Periodic boundary
conditions are imposed in the presence of a vortex and an anti-vortex with winding
numbers +1, respectively, that are as far apart as possible. A continuum of energy
eigenstates is visible as are bulk-gap-closing transitions as a function of hy = h,.
Midgap states are also visible although they are not located at the Fermi energy be-
cause of level repulsion for states attached to the same defect and because of the finite
separation between the two defects. Starting from four midgap states per isolated
vortex in the thermodynamic limit, increasing h, decreases their number by one after
each bulk-gap-closing transition.

The same results follow analytically after linearization of the spectrum around
the Fermi points, Eq. (2.2). Indeed, linearization of Hamiltonian (2.8) yields, in the
Bogoliubov-de-Gennes single-particle representation, the 16x16-dimensional block-

diagonal Hermitian matrix,

H = diag (7.[1,7.[277{377.[4) (2.9a)
with the 4x4 Hermitian blocks

-n; P 5j 0

p n 0 9
M= ! ! (2.9b)
o, 0 —m —p

0 5j —p 1

whereby the units 7~ = vp = 1 have been chosen, the complex notation p = p; +ip, is
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used for the momenta whereby T denotes the complex conjugate of z, and

0, =0y = A, 65 =10, = A, (2.9¢)
M =Moo = 2 (hs +hy +hy), (2.9d)
Ny = Mom) = —2(hy +hy — hy), (2.9¢)
N3 = Niwm) = 2 (hy — hy — hy), (2.9f)
Ny = Niroy = —2(hg — hy + hy). (2.9¢)

For the case where 0; and 7; are spatially uniform, the spectrum of the Hamilto-

nian (2.9b) reads

By =4+ (16 % 0 ]) (2.10)
where the signs inside and outside the square root are not correlated. The mathe-
matical form of any of the four matrices H; is the same as that studied in Ref. [98],
provided the SC order parameter A and each 7; are identified, respectively, with the
Kekulé and Haldane masses in Ref. [98]. Thus, we can immediately borrow and tailor
some of the results from Ref. [98] to the present case.

If all the n;’s are zero and the SC order parameter has a single vortex with unit
winding number, there are four Majorana fermions bound to it. As the magnitudes of
the [1;|’s increase, there will be a phase transition every time that |n;| = [A(r = c0)|.
Any such transition is characterized by a decrease in the number of Majorana fermions
by one unit and a corresponding change in the value of the Chern number by =41,
depending on the sign of 7;. Therefore, by changing the Chern number of the system
by +1 each time, one can knock out the Majorana fermions one by one.

Alternatively, one could start from the dominant Haldane masses limit defined by
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n;| > |A(r = oo)| with j = 1,2,3,4. In this limit, the system sustains the thermal
integer quantum Hall effect (IQHE) and supports four chiral Majorana fermions. [43]

One can then change h so as to cross successive quantum phase transitions at
which any one of the 7;,...,n, equals in magnitude the spectral gap controlled by
|A(r = 00)|. As before, each time we cross a phase transition, the Chern number and
hence the number of Majorana fermions at a SC vortex core changes.

We note that the presence of a nearest-neighbor-hopping dispersion
e(p) = —2t(cosp, + cosp,) (2.11)

with ¢ < « is equivalent to adding a constant chemical potential

1 = €(p;) (2.12)

for each one of the four Fermi momenta, Eq. (2.2). The effect of this term is to shift

n;| = \/ 1A + 13, (2.13)

i.e., our results can be generalized to systems with quadratic dispersions and naturally

the gap closing condition to

explain the results found in Ref. [105].

2.3 Tuning the number of Majorana fermions in

graphene

We are now going to demonstrate that the very same control on the number of
Majorana fermions achieved with Hamiltonian (2.9) is also possible in graphene. We

recall that in graphene, electrons with spin s =1, ] hop on a honeycomb lattice that
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is made of two triangular sublattices A and B. The conduction and valence bands
touch at the two non-equivalent points K, located at the opposite corners in the
hexagonal first Brillouin zone (see Ref. [82] for a review). Finally, to account for the
possibility of a SC instability, Nambu doublets are introduced with the index p and h
to distinguish particles from their charge conjugate (holes). Hence, after linearization
of the spectrum about the Fermi points K, this leads to a single-particle kinetic

energy represented by a 16x16-dimensional matrix

Here, o and o, are two 16 x16-dimensional Dirac matrices.

It was shown in Ref. [98] that there exists 36 distinct order parameters such that
any one, when added to Hp, opens a spectral gap. These order parameters are
identified by seeking all 16x16 matrices from the Clifford algebra that anticommute
with Hp. One complex valued order parameter is that for singlet superconductivity.
We shall denote the two corresponding 16x 16 matrices from the Clifford algebra by

My ossc and My, g and define the perturbation

Hp = Ay Mgesso + Do Mysse (2.15)

that opens the spectral gap 2|A| with the complex-valued

A=A +iA, (2.16)

parametrized by the real-valued A, and A, when added to H. Next, we seek all
16x16 matrices from the Clifford algebra that (i) anticommute with Hp and (i)

commute with H,. In this way, we find all ten TRS-breaking order parameters
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Table 2.1: The ten mass matrices with PHS that anticommute with «; and a, and
commute with the singlet SC masses My gqc and M ¢sc. Each mass matrix can
be assigned an order parameter for the underlying microscopic model. The latin
subindex of the order parameter’s name corresponds to the preferred quantization
axis in SU(2) spin space. Each mass matrix either preserves or breaks TRS, SRS,
and sublattice symmetry (SLS). Each mass matrix can be written as a tensor product
X oy = Pu, @8, 00, T, where Puy> Spys Oy and Ty correspond to unit 2 x 2
and Pauli matrices that act on particle-hole, spin-1/2; valley, and sublattice indices,
respectively.

Order parameter TRS SRS SLS  Here X i o
IQHE False True False Mqur  Xj003
ReVBS, False False True Mgoyps, Xsino
ReVBS, False False True M, ReVBS, X0210
ReVBS, False False True Mgoyps, Xsaio
ImVBS, False False True Mp,yps.  Xoioo
ImVBS, False False True M, ImVBS,  X3220
ImVBS, False False True Mp,yps  Xos
Néel, False False False My X313
Néel, False False False MNéely X233
Néel, False False False Mygq Xs333
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listed in Table 2.1 that alone would open a gap in the Dirac spectrum if not for their
competition with the gap induced by singlet superconductivity. Within this set of ten
matrices one can form groups of at most four matrices that are mutually commuting
and therefore can be simultaneously diagonalized. Here, we choose the four-tuplet
{ReVBS,, ImVBS,, Néel, IQHE} for concreteness but the results hereafter apply to
any other such four-tuplet of commuting mass matrices among the set of ten. Our

main result regarding graphene is the fact that

H = proa+ Ay Mpegge + Dy Myssc
+my Mgevps, + My Myyyes,

+ mg Myeer, + 1 Miqug (2.17a)

is unitarily similar to Egs. (2.9a) and (2.9b) with

01234 = A, (2.17Db)
m=—my+my+mg+, (2.17¢)
N = My — My + My + 1, (2.17d)
N3 = My + My — Mg+ 1), (2.17¢)
Na = =My — My — Mg +1). (2.17f)

The phase diagram in Figure 2.2 follows.

There is a total of four SC pair potentials that open a uniform gap at K, in
graphene. [98] One is the singlet SC pair potential, which we have discussed so far
and the remaining three are all triplet SC pair potentials. For each such triplet SC

mass, as in the singlet SC, there are four competing orders that commute pairwise
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Figure 2.2: Schematic phase diagram of the competition between the singlet SC (A),
thermal IQH (7), magnetic bond (m, ,), and Néel (m3) orders near the Dirac point
in graphene. Here, m, , 5 are fixed while |n| and |A| vary. When m, ,; = 0, there
are three phases (two large |n| phases with > 0 and n < 0 and one large |A|
phase, according to Ref. [98]). If we choose m, , ; in such a way that m, +my, + ms,
my; + my — mg, —my + my — mg, and —m,; — m, + my are all different, there are
15 phases as we change 1 and A. Shaded (nonshaded) regions represent a phase
with the odd (even) Chern number. In phases that are adiabatically connected to a
nonsuperconducting state (the horizontal axis |A| = 0), one can switch off the pairing
without closing the gap. In these phases, the number of Majorana fermions is thus
even.

and can be used, in principle, to knock out one by one Majorana fermions bound to

the cores of isolated vortices.

2.4 Zero modes and non-Abelian statistics

Consider the 4 x 4 Hamiltonian (2.9b) in the limit n; = 0.

"= (2.18)
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where 0, = —i(0, £ 0,). Let

HO(r) =0, (2.19)

be the zero mode equation with ®(r) = (a(r),u(r),v(r),v(r)). Eq. (2.19) reduces

to the pair of equations for (u,v)
dru(r) + A(r)v(r) =0 (2.20a)

A(r)u(r) — d_v(r) =0, (2.20b)

and another equivalent pair of equations for (u,?). Egs. (2.20) have the property that
a change of the phase of the order parameter by A — e'?A transforms the eigenmodes
by

u— ey, v — ey, (2.21)

implying that for a change of phase ¢ = 27, the eigenmodes transform as (u,v) —
(—u,—v). For a vortex at the origin r = 0, i.e., A(r) = Ag(r)e ™, there is a
single normalizable solution of Egs. (2.20) which is exponentially localized at the
vortex core, satisfying v = w, while no normalizable solution exists for the pair of
equations satisfied by (@, ?). [57] The fermionic operator representing this zero mode
is expressed as

v = /d2r (u(r)e +a(r)c) (2.22)
and, thus, is a Majorana fermion, since v = 4. As shown by Ivanov [54], as a con-
sequence of the transformations (2.21), the braiding of two vortices, each supporting
Majorana fermions 7; and -, satisfying the anti-commutation relation { v;,v; } = 2,5,

induces the transformation

T Ve, Y2 T (2.23)
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As shown in Ref. [54] the unitary transformation
Upp = e 1172 (2.24)

implements (2.23). Braiding operations in a degenerate system with N Majorana
fermions sufficiently far from each other are represented by successive unitary trans-
formations of the form Uf;;, for ¢, j = 1, ..., N acting on the degenerate subspace of the
zero modes. Since these unitary transformation do not commute, the order in which
these braiding transformations are performed matters and this realizes an example of
non-Abelian statistics.

Hamiltonian (2.18) also applies to spinless electrons graphene, where A has the
interpretation of the Kekulé order parameter [52]. As shown in Ref. [52], the zero
mode is a complex fermionic mode with fractional charge e/2 and is represented by
the operator

Y = /dzr (u(r)ey +u(r)c), (2.25)
where cy are annihilation operators of the of the two Dirac cones of graphene’s band
structure. [82] By virtue of the transformation (2.21) satisfied by the mode functions,

the analysis of Ref. [54] still applies leading to the transformation rule

Vi =y, Yy = 1, (2.26)

when two complex fermions v; and v; are braided.
A complex fermion can always be represented by a pair of Majorana operators.

For the case of 2 vortices hosting complex fermions 1, and 5, we have
Y1 =5 (1 +ia) (2.27)

Yo =

N — N =

(B +1ip) (2.28)
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where { a;, o} = {5, 5;} = 265, { i, B} =0, ozZT = «; and 6} = f;. It follows then

that the unitary transformation

Up=e Fa2bz o foufl — o7 (v]—v1) (vi-v2) ed (¢i+v1) (v+v2) (2.29)

implements the transformation (2.26). Similar to the case of superconductors, the
brading operations in a set of N complex zero modes would be realized by the uni-
tary transformations U;; of the form (2.29), for 4,5 = 1,..., N, and would provide a
realization of non-Abelian statistics. There is, however, an important physical dis-
tinction between these two cases, for, in a superconductor the Majorana modes are
protected by particle-hole symmetry of the mean-field superconductor state, while
in the charge conserving case considered in Ref. [52], perturbations which break the
symmetry between positive and negative energy states are able to lift the energy of
the zero mode and thus cause the degeneracy of the zero mode subspace to be less

robust than in a superconductor.

2.5 Conclusions

In summary, we have identified a mechanism to overcome the fermion-doubling
barrier that can prevent the attachment of an odd number of Majorana fermions to
the core of SC vortices in graphenelike tight-binding models. This mechanism relies
on a Zq X Z, topological charge that measures the parity in the number of Majorana
fermions attached to an isolated vortex and the use of TRS-breaking order parameters
that compete with each other and with the SC order parameter to knock out one by

one the Majorana fermions. In this surgical way, an odd number of Majorana fermions



Chapter 2: Topological qubits in graphenelike systems 33

can be made to bind the vortices in a singlet SC order parameter, whereas this could
only be achieved for the more elusive triplet SC order parameter in Refs. [94, 93], [54],
and [104]. This mechanism applies to graphene with superconductivity induced by
the proximity effect, provided a way can be found to also induce and select from the
remarkably large variety of coexisting and competing order parameters that graphene
supports those with odd Z,, x Z, topological charge and thus odd number of Majorana

fermions attached to isolated vortices.



Chapter 3

Counting Majorana zero modes in

superconductors

Abstract

A counting formula for computing the number of (Majorana) zero modes bound
to topological point defects is evaluated in a gradient expansion for systems with
charge-conjugation symmetry. This semi-classical counting of zero modes is applied
to some examples that include graphene and a chiral p-wave superconductor in two-
dimensional space. In all cases, we explicitly relate the counting of zero modes to

Chern numbers.

3.1 Introduction

The counting of zero modes, eigenstates annihilated by a single-particle Hamilto-
nian H, has a long history in physics. Charge-conjugation symmetry, the existence of

a norm-preserving linear or anti-linear transformation C that anticommutes with H,

34
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protects the parity of the number of zero modes. When the parity is odd, at least one
zero mode must be robust to any perturbation that preserves the charge-conjugation
symmetry. This chapter aims at calculating the parity of zero modes of a single-
particle Hamiltonian H(ﬁ,cp(a:)) when (1) it obeys charge-conjugation symmetry,
(2) it describes fermionic quasiparticles, and (3) it depends on a position dependent
order parameter ¢(x). These three assumptions are often met in mean-field treat-
ments of electrons interacting with each other or with collective excitations such as
phonons or magnons in condensed matter physics.

Zero mode solutions can be found by direct means, in practice solving a differential
equation. This requires a non-universal definition of the model since both microscopic
and macroscopic data must be supplied, say the boundary conditions to be obeyed
at the origin and at infinity in space.

Is there an alternative approach to calculating the parity in the number of zero
modes that is more universal? The celebrated index theorem for elliptic differential
operators gives a positive answer to this question for those problems in physics for
which this theorem applies (Dirac Hamiltonians for example). [5, 76, 35] The index
theorem achieves this by relating some (not all!) zero modes to a topological number
(a global property of the Hamiltonian that can only take integer values). However,
the index theorem cannot be applied to most Hamiltonians of relevance to condensed
matter physics.

In this chapter, we start from an exact integral representation of the total number

of unoccupied ' zero modes (up to exponential accuracy) N for fermionic single-

'The assumption underlying this statement, here and throughout this chapter, is that the chemi-
cal potential is chosen to be arbitrarily small and negative (u = 07) so that all the zero mode states
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Figure 3.1: The charge-conjugation-symmetry-breaking parameter ¢ moves in energy
a mid-gap state upward or downward depending on its sign. The continuum parts of
the energy-eigenvalue spectrum are denoted by the shaded boxes. The thin horizontal
line denotes the band center about which the spectrum is symmetric when ¢ = 0.

particle Hamiltonians with charge-conjugation symmetry in terms of a charge @,
N = =2Q. (3.1)

This counting formula appears implicitly in Ref. [112] and explicitly in Ref. [58],
both in the context of polyacetylene. [139] For polyacetylene, it relates the number of
unoccupied zero modes to the conserved electric charge @y, induced by domain walls
in the spontaneous bond ordering triggered by the coupling of electrons to phonons.
Remarkably, the electric charge @4, = £1/2 induced by a single domain wall is
fractional and counts a single zero mode, with the sign ambiguity resolved by whether

the midgap state is filled or empty. [56, 113, 114] Alternatively, this sign ambiguity

are above the chemical potential. In this situation, the charge induced by each of these unoccupied
states is @ = —1/2.
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can be removed by the application of a small charge-conjugation-symmetry-breaking
perturbation that shifts the energy of the zero mode up or down (see Figure 3.1).

Hence, the counting formula (3.1) becomes
N = 2@Q mod 2 (3.2)

if no prescription is given as to whether the filled Fermi sea includes or not a zero
mode. The same assignment of quantum numbers also relates a single zero mode and
the conserved electric charge Qi e itduced by a vortex with unit vorticity in the
Kekulé dimerization pattern of graphene. [52, 55, 14, 15, 98]

For polyacetylene and graphene, the charge-conjugation symmetry is approxi-
mate, for it originates from a sublattice symmetry that is broken as soon as next-
nearest-neighbor hopping is included in the tight-binding model. To the extend that
the Bardeen-Cooper-Schrieffer (BCS) mean-field approximation to superconductivity
is empirically observed to be excellent, single-particle Bogoliubov-de-Gennes (BdG)
Hamiltonians realize a much more robust charge-conjugation symmetry. For BdG
Hamiltonians, zero modes are associated to Majorana fermions. Majorana fermions
do not carry a well-defined electric charge since global electro-magnetic gauge in-
variance is broken in any mean-field treatment of superconductivity. The counting
formula (3.1) nevertheless applies to any BAG Hamiltonian Hp,e with the impor-
tant caveat that the conserved quasiparticle charge ()p4¢ is unrelated to the electric
charge. Rather, the conservation of Qg4 encodes, for any local BAG Hamiltonian, a
local continuity equation obeyed by the Bogoliubov quasiparticles that is responsible
for the conservation of the thermal flow in the mean-field treatment of superconduc-

tivity. [1, 108, 107]
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In this chaper, we represent the counting formula (3.1) in terms of single-particle
Green functions. The advantage of this choice is that it easily lends itself to a pertur-
bative (gradient) expansion of the conserved quasiparticle charge @) that forgoes the
non-universal short-distance data. [85, 124, 125] To leading order, this expansion is
akin to an adiabatic approximation. We thus propose the adiabatic approximation to
the conserved quasiparticle charge () as an efficient mean to compute the parity in the
number N of unoccupied zero modes of charge-conjugation-symmetric single-particle
Hamiltonians.

We then apply this formula to charge-conjugation-symmetric Dirac insulators with
time-reversal symmetry in arbitrary dimensions and chiral p-wave BdG superconduc-
tor in two-dimensional space that all support a point defect. One of the main results
of this chapter is an integral representation for the number (zero or one) of unoccupied
zero mode induced by a unit vortex in a two-dimensional chiral p-wave BdG super-
conductor. A by-product of this integral representation is that it is closely related to
the second Chern number. We also relate the d-th Chern number to the number of
unoccupied zero modes for Dirac fermions in d-dimensional space that interact with
a d-tuplet of Higgs field supporting point defects.

The gradient expansion is presented in Sec. 3.2 and applied to point defects in

Sec. 3.3. We conclude in Sec. 3.4.
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3.2 Gradient expansion of the counting formula

Let the charge-conjugation-symmetric single-particle Hamiltonian H(ﬁ, (,o(a:)) be

such that its dependence on the space coordinate
x € R (3.3)
is implicit through that of a static vector-valued order parameter
p(x) € RP, (3.4)

while its dependence on the canonical momentum

0

p = —i0 = —1— 3.5
p=—i i (3.5)
is explicit. (We have chosen natural units, i.e., h = 1.)
The single-particle Hamiltonian in second quantization reads
7 / (@) M (p, (@) T(a). (3.60)

€T
The creation operators U'(x) and the annihilation operators W(x) obey here the

fermion algebra

{9,(), 9@} =9,,0(@ - ).

{(I}r(w)7 (I\lr’(w,)} = 07 r, T, = 17 e 7R7

(3.6b)

in some R-dimensional representation of the charge-conjugation-symmetric single-

particle Hamiltonian

H(p, p(x)) = — C'H(p, p(x)) C. (3.6¢)
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The norm-preserving operation for charge conjugation in the R-dimensional single-
particle representation is denoted by C. The short-hand notation [ stands for the
x
space integration f d?x. The quasi-particle charge is measured with respect to a fixed
background state.
We begin with an expression for a quasiparticle charge density in the vicinity of
a point . To do so, we shall assume that the static vector-valued order parameter

can be decomposed additively, i.e.,?

(@) = ¢y + o (), (3.7)
in such a way that:
e (i) the single-particle Hamiltonian
Ho(p) = H (P, po) (3.8)
is translation invariant,

e (ii) the single-particle eigenvalue spectrum of H,(p) is fully gaped with the gap

2A, > 0,

e (iii) the changes between dp(x) and d¢p(y) when & and y are a distance of

order 1/A, apart are small.

Condition (iii) implies that the gradient of d¢p(x) can be viewed as a smooth and
small perturbation that can be treated perturbatively in the gradient expansion that

will follow shortly.

2This additive decomposition is very similar to the spin-wave approximation. It is only valid
locally and fails to capture the non-trivial topology of a defect such as a vortex. However, we will
remedy this difficulty by the introduction of an additional charge-symmetry-breaking component to
the Higgs multiplet for which this additive decomposition becomes meaningful globally.
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Condition (i) implies that

fl, = /@T 2) Ho(P) ¥(z / B (p) (3.92)
p
with the symmetric Fourier conventions

W(a) = (2 [ e W)
P (3.9b)
¥(p) = (2m) " [ v (a)

4

for the annihilation (creation) operators and the asymmetric convention

Ke) = [ eK(p)
P (3.9¢)
ko) = [ e 7K(e),

x

for any kernel K (such as the Hamiltonian H). Here, [ is a short-hand notation for
P
the momentum-space integration [ d?p/(2m)<.

Condition (ii) implies the existence of the characteristic length scale 1/A,,.

Define the quasiparticle charge density
pie) = [ 52 @l [96) - Gyfwl o). (3.10a)

Here, try denotes the trace over the R-dimensional degrees of freedom and we have

introduced the Euclidean single-particle Green functions

G(w) = T (3.10b)

The quasiparticle charge density pv(a:) depends on the contour of integration v. The

latter is chosen as in Appendix A.1 so that the integration over the w-complex plane
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picks up only the first-order poles from the non-vanishing and negative energy eigen-
values of H and of H,, [see Eq. (A.15)].
It is shown in Appendix A.1 [see Eq. (A.16¢)] that Eq. (3.6¢) and condition (ii)

imply that the total number N of unoccupied zero modes of H is related to the charge

Q. by

N

5= —/ddwpy(w) =-Q,. (3.11)

According to the counting formula (3.11), computing N reduces to computing the
conserved quasiparticle charge (). induced by the smooth variation of dp(x) through
space defined in Eq. (3.3). The counting formula (3.11) appears implicitly in Ref. [112]
and explicitly in Ref. [58].

There is an alternative to specifying v in the counting formula (3.11). We can
regulate the first-order pole of the Green function G(w) at w = 0 by adding a pertur-
bation that moves all zero modes to strictly positive energies. This perturbation must
be small if all these positive energy increments are to remain much smaller than the
threshold A, to the continuum. We can then safely replace the contour of integration
7 in the counting formula (3.11) by R since the subtraction of G, from G insures the
convergence of the w integration for large w.

For example, we imagine that it is possible to augment the vector-valued order

parameter (3.7) by the conjugation-symmetry-breaking real-valued field ¢ without
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loosing conditions (i)-(iii). More precisely, we define the (D + 1)-tuplet

¢ () 1)

o(x) = / = : (3.12a)
¢p(x) pp(T)

Pp+1 ¢

and we assume that Eq. (3.6¢) becomes

H(p, (@), 0) = —C ' H(p, p(x), —¢) C. (3.12b)

It then follows that

Qo) = [ d'epla.0) = ~Q(-0) (313)
where the quasiparticle charge density p(x, ) is obtained from Eq. (3.10) with R
substituting for ~, Hamiltonian (3.12b) substituting for H(ﬁ,cp(a:)), and H, =
’H(ﬁ, cpo,gb) substituting for H, = ’H(ﬁ, goo). The smoking gun for the unoccupied

zero modes is now a discontinuity at the conjugation-symmetric point ¢ = 0 of the

odd function Q(¢) of ¢, i.e., the counting formula (3.11) has become

N
F=" }}E}) Az p(x, ¢) = — (}}H}) Qo) (3.14)

where the sign of ¢ is to be chosen so as to move the N zero modes along the energy
axis to positive energies. Furthermore, we can relax the condition that the symmetry

breaking ¢ is constant everywhere in space (x) provided that the condition
¢*(x) ~ 5 = A (3.15)

holds everywhere in R¢. Condition (iii) then means that d¢(x) varies slowly on the

characteristic length scale 1/A,,.
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Rather than computing p(x) exactly, say with the help of numerical tools, we are
after the leading contribution to the gradient expansion of the quasiparticle charge
density p(x), which we shall denote as p, 4, () where the subscript “adia” refers to
the adiabatic approximation contained in condition (iii).

The order parameter (3.12a) enters linearly in all the single-particle Hamiltonians

that we shall consider explicitly in this chapter. Hence, there follows the additive law

H(p. o(x)) =H(p, ) + V(p,i0(x))

(3.16)
=H, + V(p,0¢(z))
upon insertion of
d(x) = ¢y + 0¢p(x). (3.17)
Upon second-quantization, this implies that
H= //‘T’T(p) Ho(p) (P — @) + V(p; )] ¥(q) (3.18a)
P

holds with

V(p;q) = (g—Z)o (%) 0¢(p — q). (3.18b)

The subscript 0 means setting d¢ to zero so that the gradient

(5), =~ (%), 3159

depends only on the single-particle canonical momentum operator p = —id. We have

also adopted the convention that matrix elements of p are to be symmetrized, i.e.,

(f"pg) (x) = —% (f* (g-i) — (aaj;) g) (z) (3.18d)

for any differentiable functions f and g.
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We now expand the quasiparticle charge density up to the first non-trivial order

in an expansion in powers of V with the help of the geometrical series

G(w) = Golw) = Y (Go(w)V)" Gy(w). (3.19)

n=1

This gives the expansion

z) =) p,(x) (3.20a)

with
D+1
/// / q1+ +qn Z I w,pP,qq, " 7qn> X 5¢an<qn)”'5¢al(q1)
w p q ,a,=1
(3.20b)
where [ = [ 92 and the integrand
Ian,m,al (W:p7 q., 7qn)
:trR[go(Wap+Q1+Q2+"‘+qn>
OH q,
x Gy (va +q +q+---+ qn,l) (3.20¢)
« (2 (w +q,+q+ q"*l)
96, ), P Ty T4y _ 5

% G (w.p+q) (%) (wp+ %) go<w,p>].
a1 /g

Finally, we expand the integrand (3.20c) in powers of the coordinates Qrips

Gy;, of the momenta g, - - -, g,, which are then to be integrated over. Condition (iii)
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suggests that we keep only first-order derivatives in the slowly varying fluctuations
d¢p(x) of the order parameter (3.7). This approximation yields the leading contri-
bution p, 4, () in the gradient expansion of the quasiparticle charge density (3.20a)
and becomes exact in the limit when the ratio between the characteristic length scale
1/A, and the characteristic length scale over which the change in d¢p(x) becomes
significant vanishes.

However, to each order n in this expansion there are terms for which not all 6¢(x)
are differentiated. These terms do not have to be small. Hence, they should be treated

non-perturbatively. This is achieved by replacing the Euclidean single-particle Green

function
1
Go(w,p) = - (3.21)
0 1w — H(p, ¢0>
with the Euclidean semi-classical Green function
1
G (w,p,x)= (3.22)

to any given order n in the expansion (3.20). This result is rooted in the fact that the

choice of ¢, in the additive decomposition (3.17) is arbitrary from the point of view

of the expansion (3.20). Such arbitrariness should not appear in the final result, i.e.,

the final result should only depend on ¢(x) or 0,¢,(x) = gﬁj (r) witha=1,--- ,d+1
and =1, ---,d.

Thus, by collecting the appropriate derivatives of the spatially varying order pa-
rameter d¢p(x), we arrive at expressions for the induced quasiparticle charge density.

We now analyze this expression according to which term is the first non-vanishing

contribution to the expansion.
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When the adiabatic approximation for the quasiparticle charge density is the non-

vanishing n = 1 term in the gradient expansion, it is given by

paa(®@) = T, 0 (1) (9,05, ) (@). (3.232)

Here, the summation convention is assumed over repeated indices and the coefficients

1 oG~ oG
Iilal = //§trR ([ng, %] g)[) (wap)' (323b>
w p

are given by

3

The subscript 0 refers to the semi-classical Green function (3.22). This case is the
relevant one for the study of point defects in one-dimensional space.
When the first non-vanishing contribution to the adiabatic expansion occurs at

n = 2, then the quasiparticle charge density contains two gradients and is given by

putial®) = Topapia (<)% (8,04, (9,65, ) (@) (3:24a)

By assumption, Z; , defined by Eq. (3.23b) vanishes, but

—1 -1 207—1 -1
zz-zaQilal:—//%trR(zag g g0 g
w p

Op;, 00, ~ 0d, Op; Op; 00, ~ 09, Op;

(3.24b)
ag agfl a2g71
(w,p)
0

" o, 06, " 0p, 00, °

does not. Again, the summation convention is assumed over repeated indices and
the subscript 0 refers to the semi-classical Green function (3.22). We have chosen to
represent Eq. (3.24) so as to make the reality of p, 4, () manifest. This case is the
relevant one for the study of point defects in two-dimensional space.

Observe that, whenever n > 1, we must allow for the possibility that

O*H _ 9*°G—1
apﬁ% B apia¢a

(3.25)
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is non-vanishing for some ¢ = 1,--- ,d and somea=1,--- , D+ 1. These terms occur
when dealing with a p-wave superconductor in d = 2 dimensions as we do in Sec. 3.3.2;
however, we find by explicit calculation that these terms vanish upon integration over
w and p.

When the order parameter is independent of momentum,

92 92G-1
Ho__ 06 (3.262)
Ip;00, Ip;0¢,
forany ¢ = 1,--- ;d and any a = 1,--- , D + 1. For example this is the case with

D = d for Dirac fermions in d-dimensional space interacting with (d + 1) real-valued

Higgs fields, in which case it is the coefficient

o oG~ oG~ oG~ oG\ (06"
Fanira ——1//%[(@ ap; g@@ﬂ) <g dp;, g&bal) (g O )] (. p)
w p

'n 0
(3.26b)

that controls the adiabatic approximation to n-th order through

Padia(®) = (_i)dIinan---ilal (aingban) T <3il¢a1> (z) (3.26¢)

as we shall show in Sec. 3.3.3. The subscript 0 refers to the semi-classical Green
function (3.22).

Finally, with the expression for the local quasiparticle charge density p,q.()
within the adiabatic approximation in hand, we can compute the total quasiparti-
cle charge (),4,- Naturally, one goes from the local density to the total charge by

integrating the former over all space. We conclude that
Qadia = /ddx padia(m)
= [ ()T @) (0,6,) - (0,0,,) (@)

nn

(3.27a)
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where it is the Euclidean semi-classical Green function

1
iw—H(p, (x))

gs—c<w7p7w> = (327b)

that enters the kernel 7.

3.3 Zero modes induced by point defects

We are going to apply the adiabatic expansion from Sec. 3.2 to the case of point

defects supported by the static order parameter
¢1(x) 1)

o(x) = : = / € RéH! (3.28a)

and

P (x) ~ i = Al (3.28Db)
when space is d-dimensional, i.e., when

x € R (3.28¢)

The component ¢, (x) = ¢(x) breaks locally the charge conjugation symmetry.
This component determines if a zero mode bound to a defect at a is occupied or
unoccupied. All remaining components of the order parameter (3.28a) are compat-
ible with the charge-conjugation symmetry of the single-particle Hamiltonian. The

condition (3.28b) suggests that the homotopy group

[,(S%) =7 (3.29)
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of smooth maps from the compactification of R? into the d-sphere S? to the d-sphere
S? in order-parameter space R! might play an important role.
We begin in one dimensional space (z) with a generic single-particle Hamilto-

nian. We show that the charge @, that enters the counting formula (3.11) is

adia
the first Chern number if we relax the condition that the charge-symmetry-breaking
component ¢ of the order parameter is infinitesimally small and if we compactify
space (3.28¢c) and the order-parameter space (3.28a).

We continue with the chiral p-wave superconductor in two-dimensions when the
superconducting order parameter supports a vortex. We show that the number of
unoccupied zero modes bound to a vortex with unit vorticity computed from the
adiabatic approximation agrees with the direct construction of zero modes once all

microscopic data have been supplied. Moreover, we show that the charge @, .. that

adia
enters the counting formula (3.11) is also related to the second Chern number after
compactification of both space (3.28¢c) and order-parameter space (3.28a). This is
apriori surprising since the superconducting order parameter couples to the momen-
tum contrary to the simpler case of Dirac fermions.

We also study Dirac single-particle Hamiltonians in d-dimensional space (3.28c¢)
that are represented by Dirac matrices of dimension R = 2¢. We show how the charge
Q.aia that enters the counting formula (3.11) is related to the d-th Chern number when

the Dirac spinor couples to a (d 4 1)-tuplet of Higgs field.

We close by discussing how to interpret the adiabatic approximation.
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3.3.1 Generic single-particle H when d =1

We compactify space and the order-parameter space,

xS d(0) € ST C R?, (3.30)
respectively, such that
in 6
S(z) hlx)) e (z) | (3:31)
y() cos 0(x)

and denote with G = (iw —H) ™! the single-particle Green function in Euclidean space
for any suitable R x R matrix-valued single-particle Hamiltonian H (p, ¢()). Suitabil-
ity means that the dependence on the momentum operator p = —id, in ‘H (}3, qﬁ(az)) is
only restricted by locality while that on the two-component order parameter ¢(z) is
linear. Furthermore, H(ﬁ, ¢(m)) obeys Eq. (3.12) for D = 1 and supports the spectral
gap 2m for a uniform ¢,. Under these conditions, for any p the semi-classical R x R
matrix ?—[(p, ¢(a:)) is traceless and its square is proportional to the unit matrix with
the smallest nonvanishing eigenvalue no smaller than m?. We have introduced the
spherical coordinate @ of the one-sphere S C R? in order-parameter space.

According to Eq. (3.23), the conserved quasiparticle charge @, ., becomes

adia
1 - . _ _ .
Qadia:/ / / §t1“R(gapg 'G9,67'G — G9,G'GD,G 1Q>0(—1) 9:0- (3.32)
w peSt xzcSt
The subscript 0 refers to the semi-classical Green function (3.22). We use the identity
0,671 = i, introduce the family of indices labeled by vy, vy, v; = 0,1,2, and the

Euclidean 3-momentum K, := (w,p,f). With the help of the manipulations made
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between Eqs. (A.50) and (A.61), it is possible to re-write Eq. (3.32) as

2 2
_ ! 1 1 1
Quin = — 575 / dw / dp / a0 ¢,,,,,, % (69,6760, 6760,G71) . (3.33)
0 0

Equation (3.33) is the first Chern number. [123] Thus, the charge @4, obeying
Eq. (3.33) takes integer values. We defer to Sec. 3.3.4 and Appendix A.2.1 for a
more detailed discussion of the connection between the first Chern number and the

number of unoccupied zero modes.

3.3.2  Chiral p-wave superconductor when d = 2

Definition

One of the main results of this chapter consists in applying the counting for-
mula (3.14) to the two-dimensional chiral p-wave superconductor with the single-

particle BAG Hamiltonian

BdG e(p) %{251 — ipy, A(z)}
/prﬂpy - U R
3{D1 +ipy, A% ()} —<(p) (3.34)
o)
A b
E(p) = - K,

2m
for the case when the superconducting order parameter supports the vorticity n, = £1

at the origin of two-dimensional Euclidean space, i.e., when
A(x) = Ay(r) e’ (3.35)

where  and 6 are the polar coordinates of © € R?.
The applicability of the counting formula (3.14) follows from the antiunitary con-
jugation symmetry

Cot HES, €= —H

Pz +iDy

(3.36a)

Pz +ipy?
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where

Con = P K. (3.36b)

The Pauli matrices p;, p,, and p; encode the particle and hole block structure of the
single-particle BAG Hamiltonian (3.34). Complex conjugation is denoted by K.

For a unit vorticity, Read and Green have shown in Ref. [94] the existence of a
single zero mode bound to the vortex by solving the eigenvalue problem at zero energy.
A zero mode in a single-particle BAG Hamiltonian realizes a Majorana fermion, for
it cannot be distinguished from its particle-hole conjugate. For an arbitrary vorticity
n, € Z , it is shown in Refs. [116] and [41] by solving the eigenvalue problem at zero
energy that the number of Majorana fermions is one if n, is odd and zero otherwise.

We do not expect the adiabatic approximation to the counting formula (3.14)
to capture this subtle parity effect since it is only sensitive to the net vorticity n,
trapped in region of space much larger than the characteristic length scale £ > 1/A,
over which |d¢| changes by the amount of order A,. The adiabatic approximation
fails to distinguish the case of a single vortex with vorticity n, and n, vortices with
unit vorticity that are separated by a distance of order ¢. This parity effect is a
non-perturbative effect from the point of view of the gradient expansion that we now

present.

Counting zero modes

To count the unoccupied zero modes induced by a vortex in the superconducting
order parameter with the gradient expansion of Sec. 3.2, we need to simultaneously

move in energy the zero mode and properly regulate the singularity at the core of the
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vortex. Achieving both goals is impossible with the 2 x 2 BdG Hamiltonian for the
chiral p-wave single-particle Hamiltonian. On the other hand, both conditions are met
after doubling the BdG single-particle Hamiltonian so as to introduce an auxiliary

chiral-symmetry-breaking perturbation in two ways (denoted by the subscripts F),

My 300 {P5: 03(@
HY (b, () = wn et
%Po {ﬁi7¢3<w>} _%Efgpy

The short-hand notations p, = p, +ip, was introduced and p, is the 2 X 2 unit matrix.

The triplet

d(x) = | py(x) | = | Ay(a) (3.37b)

is real-valued and is made of the static superconducting order parameter A(x) =
Ay (x) + iA,(x) and of the static auxiliary charge-conjugation-symmetry-breaking
field ¢5(x).

The spectrum of the pair of auxiliary single-particle Hamiltonians (3.37a) given a

uniform order parameter ¢, in Eq. (3.37b) is

2 _ P’ ’ 2 42
ap) =\, —n| TP (3.38)

Conditions (i) and (ii) from Sec. 3.2 are thus fulfilled since the Fermi surface p* = 2mu
is fully gaped.
When ¢, = 0, the auxiliary single-particle Hamiltonian (3.37) represents two

independent copies of the original chiral p-wave BAG Hamiltonian (3.34). When

BdG

potip, UP tO 2 two-fold

¢3 = 0, the spectrum of HZ™ is identical to the spectrum of H



Chapter 3: Counting Majorana zero modes in superconductors 55

degeneracy arising from the doubling. Furthermore, ¢; = 0 implies that, in addition

to the antiunitary charge conjugation symmetry

Co HE (B, d(2)) Cpp = —HE™ (B, D () (3.39a)
with
0
Cop = . K, (3.39b)
0 p

where K denotes as before the operation of complex conjugation, that originates from

Eq. (3.36), there exists an auxiliary unitary charge-conjugation symmetry

Col M3 (B, p(@)) Cyy = —HF™ (D, B()) (3.40a)

with the generator of the auxiliary chiral transformation

Although neither C,), nor C,, are symmetries as soon as ¢3 # 0, their product T,

ConCa 1s a symmetry for any ¢;. The antiunitary operation 7,,, can be thought of

aux
as implementing an auxiliary time-reversal symmetry. As a result all eigenstates of
HE (p, ¢(x)), including zero modes, have a two-fold Kramers degeneracy.

As we shall see in Sec. 3.3.3, Dirac Hamiltonians can also share unitary and

antiunitary charge-conjugation symmetries. There are differences with Sec. 3.3.3

however. A first difference with Sec. 3.3.3 is that

Col H™ (5, () Cuy = —HE™ (B, Copb()) (3.41a)
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with
¢y () ¢ ()
Ca | dy(x) | = | oy(x) |- (3.41b)
¢5(x) —p3()
A second difference with Sec. 3.3.3 is the absence of relativistic invariance. A third
difference is that Eq. (3.25) is non-vanishing.

We start from the expansion (3.20) of the quasiparticle charge density induced by
the order parameter, the static triplet ¢. We compute first the contribution from n =
1 for the pair of auxiliary Hamiltonians. It vanishes. The adiabatic approximation
to the quasiparticle charge density for any one of the pair of auxiliary Hamiltonians
is given by Eq. (3.24), which delivers

@) =+ L (010,) 000 0.0s) () (3.42)

When p < 0, Eq. (3.42) gives p*(x) = 0. This is consistent with the absence of
a normalizable zero energy solution for negative values of the chemical potential.[94,
116, 41]

When p > 0 and ¢4 is independent of space (x), the adiabatic approximation to

the conserved quasiparticle charge of the auxiliary Hamiltonian is

A, ,
Fadia(P3) = il/d@ /dPP Lﬂ, (3.43a)
T 0 (P + ¢3)
where the parametrization

o _ p(r) cos O(6) (3.43b)

P2 p(r)sin©(0)
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is assumed for the superconducting order parameter with r and € denoting the polar
coordinates of € R% In the limit in which ¢, tends to zero, we get for the induced

charge of the auxiliary Hamiltonian

1

ilFua):iia ==+ % doe

(3.44)
= + winding number in (¢, ¢5).

To compute the number N*™¥ of unoccupied zero modes with the counting for-

mula (3.14) induced by a vortex with vorticity unity, we choose the charge-conjugation-

symmetry-breaking perturbation such that it shifts the zero mode in energy above

the chemical potential. In the limit ¢5; — 0, we find that
N =2, (3.45)

Equation (3.45) implies that the adiabatic approximation for the number N of unoc-
cupied zero modes of the original BAG Hamiltonian (3.34) induced by a vortex with
unit vorticity is

N=1 (3.46)
Chern number
Next, we compactify space (3.28¢) and the order-parameter space (3.28a),
x € 5% P(0) € S*CR? (3.47)

where we have introduced the spherical coordinates 8 = (6,,6,) of the two-sphere
S? C R3. Motivated by Eq. (3.24), we separate the adiabatic approximation to the

conserved quasiparticle charge of the auxiliary Hamiltonian into two contributions,

adin = Qadia T Qadia (3.48a)

adia adia
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where
wi=— [ [ [ wi(00,970,67 x60,6768,67'9) 0,0,0,0.,
w peS? xeS?

(3.48)

while
wi=y [ [ [wi(00t,990,0 %0, +0,00,67169:,67'0) 0,0,0,0.,

w peS? xeS?

(3.48c¢)

and G = (iw — HE>)~!. The subscript 0 refers to the semi-classical Green func-
tion (3.22). The first contribution comes about when the order parameter decouples
from the momentum. The second contribution arises when the order parameter and
the momentum couple.

By explicit computation of the trace in Eq. (3.48b), one verifies that this trace is
fully antisymmetric in all the indices i,, ay, 7;,a; where the family ¢ and the family a

of indices are distinct with
iy, = 1,2, a;,a, =1,23. (3.49)

Furthermore, the trace in Eq. (3.48b) gives an integrand with even contributions in
w so that it does not vanish upon integration over w. By explicit computation of the
trace in Eq. (3.48c), one verifies that this trace yields an integrand that is odd in w

and thus vanishes upon integration over w,

st (), (3.50)

adia

With the help of the manipulations made between Egs. (A.50) and (A.61), it is
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possible to write

aux aux _1(27T)2 — -
adia — adia{ = 60 /EV1-~~V5tr4 (gaylg Lo gay5g 1>0 (351&)
K
where we have introduced the family of indices labeled by vy, -+, vy =1,--- 5, the

five-momentum K, = (w, py, py, 0y, 6,), and the domain of integration

INETE R

peS? 6eS52

The “surface” element of the sphere S? is here denoted by df2,. The subscript 0
refers to the semi-classical Green function (3.22). Equation (3.51) is the second Chern
number. [90] It takes integer values only. It should be compared with Eq. (A.44). We
defer to Secs. 3.3.3, 3.3.4, and A.2.2 for a more detailed discussion of the connection
between this second Chern number and the number of unoccupied zero modes.

We have verified that the second Chern number (3.51) vanishes for a s-wave su-

perconducting order parameter that supports an isolated vortex with unit vorticity.

3.3.3 Dirac single-particle HY™ for any d

Our purpose here is to apply the counting formula (3.14) to a Dirac single-particle
Hamiltonian defined in the d-dimensional Euclidean space with the coordinates (3.3).

We choose the dimensionality of the Dirac matrices to be
R=2% (3.52a)

The integer R is the smallest dimensionality compatible with an irreducible represen-

tation of the Clifford algebra generated by the unit R x R matrix 1 and the traceless
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and Hermitian matrices

r,=ri, trzl,=0 {I,T,}=25,1 (3.52b)

TR 2}

where p,v = 1,---,2d + 1. [147] We choose the single-particle Dirac Hamiltonian
such that a R-dimensional spinor is coupled to a (d + 1)-tuplet of real-valued static

Higgs fields

d(x) e R zeR? (3.52c)
Accordingly,
d d+1
zHc]fl)lrac (ﬁ» d)(m)) — Z Fzﬁz + Z Fd+a¢a (1,') (352d)
i=1 a=1

The decomposition (3.7) is generalized to

$(x) = ¢ + dg(x) (3.53)

and is assumed to hold together with conditions (iii) from Sec. 3.2, once we have
established the existence of charge-conjugation symmetry. Conditions (i) and (ii)

follow from the spectrum

e3(p) = p° + ¢ (3.54)
of %dDirac (ﬁ’ d)O) )
The Dirac Hamiltonian (3.52d) has the charge-conjugation symmetry

HdDirac — _Fd+aHdDiraCFd+a (3553)

for any a = 1,---,d + 1 as soon as ¢, = 0 everywhere in space. Without loss
of generality, we choose the generator of the so-called chiral symmetry (3.55a) to

be I'yy, 1, i.e., we identify the charge-conjugation symmetry (3.6¢) with the unitary
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operation represented by
Con = og1 = (=), - Log- (3.55b)

Equation (3.55) follows from 2d 4 1 being an odd integer. [147] With this choice, the

vector-valued order parameter (3.4) is
Pa = ¢a’ a = 1a 7d7 (356)

ie.,

D =d. (3.57)

We present our main result for Dirac fermions in three steps. The reader is referred
to Appendix A.2 for their detailed derivations when d = 1 and d = 2, and a sketch
of the derivation when d > 2.

First, the adiabatic approximation to the counting formula (3.14) is determined

by the adiabatic charge @) However, @) can be computed without assuming

adia* adia

charge-conjugation symmetry. It is only when using the counting formula (3.14)

that @, 4. must be restricted to a charge-conjugation-symmetric configuration of the

adia

Higgs order parameter (3.28a). After relaxing the condition of charge-conjugation

symmetry, we find

(=DM DR(—)Hal . 1
(Qd + 1)! (27T) E'/1“"/2d+1 X trR (gaVlg o gay2d+1g )0
K

(3.58a)

if we compactify momentum space and the target manifold, i.e., we have introduced

the Euclidean momentum K, := (w,py, - ,pg 0y, -+ ,0,) with (p,,---,p;) € S¢
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and the spherical coordinates @ = (6,,--- ,0,) with ¢(8) € S? C R, The last

inclusion serves to emphasize that the coordinates on the d-sphere in order-parameter

space can involve a sizable breaking of the conjugation symmetry through ¢,,,(8) =

#(0). The short-hand notation [ stands for the integral over R x S x S? defined
K

in Eq. (A.61a). The Euclidean single-particle Green function G = (iw — ’Hfgim)’l is

the one for the Dirac Hamiltonian. The subscript 0 refers to the semi-classical Green

function (3.22). The second equality in Eq. (3.58a) defines the d-th Chern number in

term of these Dirac Euclidean single-particle Green functions. It takes integer values

and, conversely, to each integer Ny .q,ono there corresponds a static ¢ thdgchog(m) € ¢

for which Q,4ia = Nhedgenog- We call @y (x) € 5S4 a hedgehog with the d-th
edgehog

Chern number Nyeqgenog:

Second, if we relax the condition that ¢(8) € S¢ and replace it with Eq. (3.28b)
instead, then the local quasiparticle current induced by the adiabatic variations of

the Higgs fields in space () and time (z,) is

Q;l VY1 Vg

- |¢|d+1 d! Eaa1"""’d(zﬁaa”1¢a1 o

N4

J

-0, 6, (3.59a)

r
It obeys the continuity equation

8,5 = 0. (3.59D)

Here,

@] = \/¢%+-~~+¢3+1, (3.59¢)

the (d+1) indices v, vy, - - - , v, run over space () and time (), and the (d+1) indices
aj, -+ ,a4,, run over the (d+ 1) components of the vector-valued Higgs field (3.52c).

The Minkowski metric is used in space (x) and time (x,). Finally, ©, denotes the
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area of the d-sphere S¢. Equation (3.59a) was obtained by Goldstone an Wilczek in
Ref. [39] when d = 1 and d = 3 and by Jaroszewicz in Ref. [61] when d = 2. The

conserved quasiparticle charge induced by a hedgehog configuration is the integer

. 1
Qadia = /dda3 jgdia<m) = Q_d/de = Nhedgehog € Z. (360)

Sd
The “surface” element (“area”) of the sphere S? is here denoted by d€2,; (2,).

Third, we need to define a point defect that is compatible with the charge-
conjugation symmetry and consistent with the adiabatic approximation (see Sec. 3.3.4
for a discussion of the latter caveat). A charge-conjugation symmetric point defect is
a half hedgehog, i.e., a static Higgs (d + 1)-tuplet (3.28a) that satisfies Eq. (3.28b)
and wraps the d-sphere S? the half integer £1/2 number of times (a domain wall
in d = 1, a vortex with unit vorticity in d = 2, etc). The counting formula (3.14)
predicts that there is one unoccupied zero modes for a half-hedgehog provided we
choose the sign of the infinitesimal conjugation-symmetry-breaking ¢ in Eq. (3.28a)
to be opposite to the sign of +1/2.

The d-th Chern number (3.58) is non-vanishing for any single-particle Hamiltonian

topologically equivalent to the Dirac Hamiltonian (3.52).

3.3.4 Physical interpretation of the adiabatic approximation

The relevant length scales in d-dimensional space are: (1) the characteristic linear
size a of a point defect, (2) the characteristic linear size &, = 1/A, of the support
in space of the zero modes bound to the point defect, (3) the characteristic length ¢

over which the variation of the order parameter ¢ is of order of the gap 24,

V|l = A, (3.61)
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(4) and the linear size R of the region of space in which the conserved quasiparticle
charge ) and the total number N of unoccupied zero modes is to be computed

(measured). The gradient approximation relies on the hierarchy
a<§H<KUIKLR, (3.62)

In the gradient approximation, all microscopic data for length scales smaller than
¢ are dispensed with. This fact dictates how to properly interpret the results from
the gradient approximation when point defects can be assigned an additive label g.
Here, the subscript stands for point defect.

When d =1, q4s = g4y, With q,,, = +1 representing a domain wall and g4, = —1
representing an antidomain wall. Observe that we can exchange the terminology
domain and antidomain wall, for there is no absolute notion of a positive or negative
Qaw- When d = 2, q4¢ = ¢, € Z encodes the vorticity of the vortex. In either case,
these charges can be thought of as “classical Coulomb charges”.

Any two point defects with the labels qé?f and qffe)f within a distance of order a of

each other fuse into a point defect with the label

1+2 1 2
dL = ¢+ ¢l (3.63)

When d = 1, domain walls are necessarily ordered. Consecutive domain walls nec-
essarily carry the opposite label. Fusion of two domain walls in d = 1 necessarily
results in their annihilation. When d = 2, vortices can fuse to yield larger vorticities.

When d = 1, we have shown in Sec. A.2.1 that the number of unoccupied zero
modes N bound to a single domain wall in a large region of size R is N = 1 in the

adiabatic approximation. This result agrees with solving the differential equation for
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the zero mode once all microscopic data have been supplied. [56] However, we have
also shown in Sec. 3.3.1 and Sec. A.2.1 that the number of unoccupied zero modes
N in a large region of size R can be made to be an arbitrary integer number in the
adiabatic approximation, in apparent contradiction with the fact that the net number
of domain walls is either 0 or 1 along any finite segment of the line. This is explained
with the help of Figure 3.2 as follows.

Occupying or leaving empty any single-particle level is a physical operation forcing
a fermionic quasiparticle in or out of this single-particle level. This physical process
is, for zero modes, achieved by the local sign of the charge-conjugation-symmetry-
breaking ¢,. In Figure 3.2 (a), we plot as a function of position = along the line
the dependence of the order parameter ¢, and of the charge-conjugation-symmetry-
breaking ¢,. Given the shape of the domain wall and its asymptotic value ¢,, we
choose the sign ¢,(z) = +¢ so that the zero mode bound to the domain wall is shifted
to a positive energy. If the chemical potential is chosen to be at 0, then the zero mode
is unoccupied. The zero mode bound to an antidomain wall remains unoccupied if
we choose the sign ¢,(z) = —¢ as depicted in Figure 3.2 (b). In Figure 3.2 (c) a
domain wall is followed by an antidomain wall a distance ¢ apart. The closing of the
gap |¢| at the center of each domain walls when ¢; = 0 is avoided by the charge-
conjugation-symmetry-breaking field saturating to its asymptotic magnitude ¢. A
phase twist in ¢ by 7 half way between the two consecutive domain walls insures that
the zero-modes are shifted to positive energies and thus remain unoccupied. Gap
closing at this phase twist is again avoided because ¢, has healed to its asymptotic

value. Everywhere along the line, |V ¢| can thus be made as small as needed. The
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Figure 3.2: The dependence on space (x) of the Higgs doublet in Eq. (A.17) is depicted
in panels (a), (b), and (c) together with the number and position of the zero modes
along the single-particle energy eigenvalue axis €. The magnitude of the asymptotic
value of the order parameter ¢, is ¢, > 0. The magnitude of the asymptotic value of
the charge-conjugation symmetry ¢, is ¢ > 0. The size of the point defect, a domain
wall, is a. The exponential decay of the envelope of the bound state is controlled by
the length scale &, = 1/|¢,|. The characteristic length ¢ is defined in Eq. (3.61).
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energy splitting de, which is of order Ajexp (—2¢/¢,), is exponentially small in ¢/¢&,.
In the gradient approximation, the order of limit is ¢/§, — oo first followed by
¢ — 0. Evidently, this order of limit does not commute with ¢ — 0 first followed by
(/&, — oo. In the latter order of limits, the unoccupied number of zero modes always
vanishes.

We close the discussion of the results in one-dimensional space from Sec. 3.3.1 by
observing that since the number of unoccupied zero mode is an integer, all higher
contributions to the gradient expansion beyond the adiabatic (leading) order must
vanish identically. We have verified this expectation explicitly for the first sub-leading
order.

When d = 2, the adiabatic approximation of Sec. 3.3.2 applied to a chiral p-
superconductor predicts that the total number of unoccupied zero modes in a large
region of size R equals in magnitude the net vorticity in this region. On the other
hand, it is known from solving the differential equation for a single vortex of vorticity
Gyort 1 & p-wave superconductor that the number of zero modes is one if ¢, is odd
or zero otherwise. [94, 116, 41] This is not a paradox if the adiabatic approximation in
this chapter is limited to point defects each of which bind at most a single zero mode.
We now argue that this interpretation of the adiabatic approximation is a necessary
one.

The adiabatic approximation is not sensitive to the microscopic data on length
scales smaller than ¢. However, it is precisely those microscopic data that determines
if more than one zero modes can be bound to a point defect. Consider the case

of the relativistic Dirac Hamiltonian in two-dimensional space from Sec. A.2.2. It
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respects two charge-conjugation symmetries, the chiral symmetry and the particle-
hole symmetry. Correspondingly, the order parameter ¢ can either be interpreted as a
bond-order (Kekulé order), [52] in which case the electron charge is a good quantum
number, or as an s-wave superconductor, [57] in which case the electron charge is
not anymore a good quantum number (the thermal quasiparticle charge is). In either
interpretations, an index theorem guarantees that the number of zero modes equals in
magnitude the vorticity of the order parameter. [128] For example, a vorticity of two
implies that there are two zero modes. Of course, they must be orthogonal. Perturb
now the Dirac Hamiltonian with a perturbation, whose characteristic energy scale is
7, that breaks the chiral symmetry but preserves the particle-hole symmetry. [98] We
assume that n is not sufficiently large to close the gap. The delicate balance that
allowed the two zero modes to be orthogonal is destroyed by the perturbation 7. The
two zero modes split pairwise, one migrating to positive energy, the other migrating
to negative energy. This level repulsion is encoded by the microscopic data in a region
centered about the point defect of linear size £,, a window of length scales inaccessible
to the adiabatic approximation. If we split the single vortex with vorticity two into
two vortices with vorticity one separated by a distance ¢, we can use the adiabatic
approximation. The energy shift induced by the chiral-symmetry-breaking ¢ is of
order ¢ exp(—2€/&,). The level splitting induced by the particle-hole-symmetric 7 is
of order nexp(—20/¢,). They vanish in the adiabatic limit ¢/§, — oo first, ¢ — 0
second.

The adiabatic approximation saturates the number of unoccupied zero modes N.

Consistency demands that higher-order corrections vanish identically. This suggests
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that the adiabatic approximation cannot capture the parity effect by which a charge-
conjugation-symmetric perturbation splits pairwise the degeneracy of zero modes.
Such a parity effect is an essential singularity for the adiabatic expansion presented

in this chapter.

3.4 Conclusion

In chapter, we have derived a procedure to count the zero-energy eigenvalues of a
single-particle Hamiltonian ’H(ﬁ, Lp(zc)) that possesses a charge-conjugation symme-
try, when the order parameter (&) supports point defects. This procedure is based
on counting the charge ) induced by a point defect of ¢(x).

We showed that one can use counting arguments similar to those appearing im-
plicitly in Ref. [112] and explicitly in Ref. [58] to compute the fractional charge @
induced by a point defect. Once one observes that the number of unoccupied zero
modes N can be related to () through N = —2@), one can concentrate the efforts into
computing () near a point defect of the position-dependent order parameter (x). We
carry out this procedure within a gradient expansion for smoothly spatially varying
fluctuations of the charge-conjugation-symmetric order parameter ¢(x).

The resulting expression is then applied to generic systems in one-dimensional
space, the chiral p-wave superconductor in two-dimensional space, and to Dirac
fermions in d-dimensional space. In one-dimensional space, we find that the num-
ber of unoccupied zero modes is related to the first Chern number. For the p-wave
superconductor in two-dimensional space, it is related to the second Chern number.

For the Dirac Hamiltonians in d-dimensional space, the number of zero modes is de-
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termined by the d-th Chern number. Therefore, we can establish in a logical and
constructive way the relation between the number of zero modes induced by a point
defect and topological invariants (the Chern numbers) in a number of cases.

There has been a resurgence of efforts dedicated to counting zero modes induced
by defective order parameters in the condensed matter community. [103, 97] Fukui and
Fujiwara in Ref. [33] have revisited Dirac fermions in up to three spatial dimensions.
They use the chiral anomaly to carry the counting. Our general counting formula
reproduces their and previous results, and extends them to arbitrary d dimensions of
space. An elegant formulation of the Dirac problem in d dimensions in the presence of
an isotropic hedgehog has been carried out by Herbut. [49] (See also Freedman et al. in
Ref. [25].) The number of zero modes should not depend on deformations away from
the isotropic case, and this result is captured by our counting formula, which we can
express as the d-th Chern number. Finally, Teo and Kane in Ref. [115] have studied
defects of arbitrary dimensions r coupled to noninteracting fermionic quasiparticles
with the help of the classification scheme of Schnyder et al for topological band
insulators and superconductors. [106, 67, 99] They conjecture that the topological
invariant for a given symmetry class is related to the number of zero modes attached
to r-dimensional defects, but cannot make any direct connection between these two
integer numbers. Our explicit construction provides this relation, although, only
for specific examples and for point defects. We do not have yet a proof for generic
Hamiltonians that have a momentum-dependent coupling to the order parameter.

In summary, we showed that one can count zero modes using the charge induced by

point defects for any mean-field Hamiltonian with charge-conjugation symmetry. This
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counting supports a direct relation between topological invariants and the number of

zero modes bound to defective order parameters.
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Chapter 4

Isolated flat band and spin-1 conical

bands in two-dimensional lattices

Abstract

Dispersionless bands, such as Landau levels, serve as a good starting point for
obtaining interesting correlated states when interactions are added. With this moti-
vation in mind, we study dispersionless (“flat”) band structures that arise in tight-
binding Hamiltonians defined on a kagome lattice with staggered fluxes. The flat
bands and their neighboring dispersing bands have several notable features: (a) Flat
bands can be isolated from other bands by breaking time reversal symmetry, allowing
for an extensive degeneracy when these bands are partially filled; (b) An isolated flat
band corresponds to a critical point between regimes where the band is electron-like
or hole-like, with an anomalous Hall conductance that changes sign across the tran-
sition; (¢) When the gap between a flat band and two neighboring bands closes, the

system is described by a single spin-1 conical-like spectrum, extending to higher angu-
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lar momentum the spin-1/2 Dirac-like spectra in topological insulators and graphene;

and (d) We find that the Chern number of the isolated flat band is zero.

4.1 Introduction

One of the reasons why dispersionless (or “flat”) bands are interesting is that
they accommodate, when partially filled, an exponentially large number of states.
This macroscopic degeneracy can be lifted when interactions are added, often leading
to rich strongly correlated phenomena. The best known example is the fractional
quantum Hall effect, which arises from the degeneracy within flat Landau bands for
particles in a magnetic field.

In addition to the Landau problem, other models with flat bands have been studied
at least since the 1970’s, such as amorphous semiconductors [126, 127, 118]. This
system is idealized by a lattice made up of clusters of sites. Both inter- and intra-
cluster hopping are allowed. From a mathematical point of view, it turns out that the
intra-cluster hopping term in the Hamiltonian is a projection operator, leading to the
existence of flat bands [111]. ' In the 1980’s, flat bands were studied in relation to the
Nielson-Ninomiya theorem [84] by Dagotto, Fradkin and Moreo [20]. They showed
that it is possible to escape the fermion-doubling problem at the price of having an
extra flat band in the spectrum. In this way, the low energy degrees of freedom of

the theory can be described as a single Weyl species.

'In models for amorphous semiconductors, the Hamiltonian can be written as H = A+T where
A accounts for the intra-cluster hopping and satisfies A2 = A, e itisa projection operator, and T
is the operator responsable for the hopping between nearest neighbor clusters and satisfies 12 =1.
These properties of A and T endow the spectrum with dispersionless bands.
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More recently, Ohgushi, Murakami, and Nagaosa [88] studied flux phases in the
kagome lattice, which is the planar section of ferromagnetic textured pyrochlores. If
the flux is staggered then electrons accumulate a spin Berry phase as they hop. This
system contains isolated flat bands, i.e., they are protected by a gap. On the other
hand, Bergman, Wu and Balents have studied flat bands without a gap in similar lat-
tices [4] not threaded by fluxes. In their models, a flat band is degenerate with one or
more other bands at a single point, and the touching is topologically protected. Each
of the works above has identified interesting, but seemingly disconnected, properties
of flat bands.

The purpose of this chapter is to understand the different types of flat band
spectra, the conditions to obtain them, and the properties that follow. This chapter
is organized around five main findings. First, flat bands can be isolated by breaking
time reversal symmetry (TRS). Second, isolated flat bands can be viewed as critical
points. On either side of the phase boundary the flat band becomes positively or
negatively curved, which corresponds to transitioning from a particle-like to a hole-
like band. We also find an anomalous Hall effect on either side of the transition,
whose sign depends on whether the band is electron- or particle-like. Third, when
the gap between a flat band and its neighboring bands closes with the flat band in
the middle, the system is described by a single spin-1 conical-like spectrum. This
extends to higher angular momentum the spin-1/2 Dirac-like spectra in topological
insulators and in graphene. Forth, we find that the Chern number of the isolated flat
band is zero. So as opposed to Landau levels, we get no quantized Hall conductance

for this particular flat band.
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(b)

Figure 4.1: Energy dispersions with staggered flux phases ¢, and ¢_ on the up and
down triangles of the kagome lattice . The dispersion on the left, Type I , corresponds
to ¢4 = 2m and ¢_ = —7 while the dispersion on the right, Type II , corresponds to

by =6 = 31/2.
The model which we will analyze is a simple kagome lattice with a tight-binding
interaction, and two staggered fluxes, ¢, and ¢_, on alternating triangles. Depending

on the values of ¢, dispersions can be classified into three Types:

e Type (I): a flat band touches two linearly dispersing bands at the same point,
where the linear bands are reminiscent of a “Dirac-like” point, but with spin-1

behavior,

e Type (II): an isolated flat band that is separated from bands above and below

by a gap, and

e Type (III): a gapless flat band that touches a single massive energy band either
above or below. The energy dispersions corresponding to Types I and II are

plotted in Figure 4.1.
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Type III has been discussed recently [144, 142, 4] in hexagonal and kagome lattices
without magnetic flux, and it was found that in this case the zero gap is protected
by topological arguments [4]. Type III has been also shown to exhibit a topologi-
cal insulator phase in the presence of spin-orbit interactions [40]. Type II appears
when electrons accumulate a spin Berry phase as they hop from site to site, which is
equivalent to both up and down triangles with the same magnetic flux [88]. Type I
necessitates the staggered fluxes ¢, # ¢_ that we analyze below.

We will show that the condition for a flat band to occur at £ = 01is ¢, + ¢_ =
7 (mod 27). By changing the value of the fluxes in such a way that their sum differs
slightly from 7, the flat band acquires a small curvature, which can be positive or
negative depending on the values of ¢4. Interestingly, the band curvature implies
that if the Fermi energy is chosen to be zero, then by tuning the fluxes it is possible
to change the center of the band from an electron-like pocket to a hole-like pocket.
This leads to an inversion of the sign of the anomalous Hall response [44]. Therefore,
the flat band condition ¢, + ¢_ = 7 (mod 27) represents a quantum critical point
separating two regions with different anomalous Hall responses.

Type I is remarkable in that it displays linearly dispersing modes, akin to those
of graphene, but differing in two important ways. First, the conical points do not
appear in pairs as in graphene, but instead there is only one such point within the
first Brillouin zone (see Figure 4.1). Second, these are not Dirac fermions (this is why
it is possible to evade the doubling problem), but instead the effective Hamiltonian in
momentum space is of the form H = vp kL , where Lis the spin-1 angular momentum

operator (vg is the Fermi velocity). The spin-1 type spectrum (like the spin-1/2 Dirac
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type spectrum of graphene) can be viewed as a single quantum spin in a magnetic
field, as in Berry’s original work on quantum phases [8], but with the wavevector k
playing the role of the magnetic field. Type I does not require the breaking of TRS.
However, we show that a gap can be opened while leaving the flat band untouched by
breaking TRS, and thus Type (I) is continuously connected to Type II . In Type II the
degenerate states within the flat band are protected by the gap at finite temperature,

and would provide a fertile base to construct correlated states.

4.2 Flat zero-mode band in the staggered-flux
kagome lattice

Consider the tight-binding Hamiltonian defined on a kagome lattice, where stag-
gered fluxes ¢, and ¢_ are applied within alternating triangles (“up” and “down”
triangles, respectively), as shown in Figure 4.2.

For convenience define the phase factors ay = e®+/3. Let s; = (0,—1), s =
(v/3/2,1/2) and s3 = (—v/3/2,1/2) be the vectors pointing from the centers of an
up triangle to its three down neighbors, and define dlij — e7k(i7si) 5 =123 In

momentum space, the Hamiltonian can be written as:

0 ay +a di? a, +a_dp
He=g| a, +a_d* 0 oy +a_d® |, (4.1)
ay +a d a, +a_dP 0

where ¢ is the hopping strength. The characteristic polynomial for this matrix is

P(E) = —E* + g%a1(k) E + g*ap(k) , (4.2)
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X—(¢ +¢)X—(¢ +¢)X
X_(¢ +¢ )X_(¢ +¢ )X

Figure 4.2: The kagome lattice with fluxes ¢, and ¢_ on alternating triangles, which
correspond to a flux — (¢4 + ¢_) inside each hexagon. s o3 are vectors pointing from
the center of a down triangle to its three up neighbors.

where

ai(k) = [B4+aia_qk)] +ce

ap(k) = [(&% +a)+ (Fa- +a,a-?)qk)] +cc.,

and q(k) = di? + d2 + d}'. The condition for a flat (k-independent) band is obtained

by setting the overall factor of ¢(k) in P(E) to zero,
Ja,a E+ g (dla_ +a,a?) =0, (4.3)

which is equivalent to

E=—g(a® +a_?). (4.4)

Combining Eqs.(4.2), (4.3) and (4.4) gives the following equation for the energy eigen-
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values of the flat bands

which has 3 possible solutions:

(a) £ = 0 flatband: this configuration is achieved for ¢ + ¢_ = 7 (mod 27);

(b) E = —2¢ flatband: this configurations is achieved for ¢4+ = 27mny, with ny

integer valued numbers;

(c) E = 2g flatband: this configurations is achieved for ¢. = 7(2ny + 1), with

n4 integer valued numbers.

The cases E = +2¢g (Type III) are similar to those discussed in Refs. [144, 142, 4],
where the flat band touches a parabolic electron-like band at its bottom (for £ =
—2|g|) or a hole-like band at its top (for £ = +2|g|). Here we shall focus instead
in the case where the flat band is at £ = 0. In Figure 4.1 (I) and (II) we show two
particular choices for ¢, which are representative of what we classify as Types I and
IT spectra. Type I contains a cone vertex touching at the point k = 0, which we
illustrate by setting ¢, = 37 and ¢_ = 0 (this choice of phase can be interpreted
as tight-binding hoppings —g for up triangles and +g¢ for down triangles). Type II
contains an isolated flat band, which we illustrate by setting ¢+ = 37 /2 (this choice
can be interpreted as tight-binding matrix elements +ig for hopping anti-clockwise

or clock-wise around the triangles). Notice that because tr( Hx ) = 0 and one of the
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eigenvalues is E = 0, the other two eigenenergies must satisfy F, (k) + E_(k) =0, so
the spectrum is symmetric with respect to zero in both Types I and (II).

The general condition for nodal touching, Type I , can be obtained by requiring
that there is another E = 0 eigenvalue, so that at least one other band touches the
flat band. When such a solution exists, the derivative of the characteristic polynomial

P'(E) also has a zero at E = 0 for some value of k. This condition translates to
a;(k) =0=a,a_qk)=-3, (4.6)

which admits three different solutions:

(A) Nodal point at I' = (0,0): this Type I configuration is obtained if the con-
dition ¢, — ¢_ = 3w + 67n is satisfied, where n is an integer, and it is illustrated in

Figure 4.1 (I);

(B) Nodal point at k = K, = (3477%, 0): this Type I configuration is obtained if

the condition ¢, — ¢_ = 5w + 67n is satisfied, where n is an integer;

(C) Nodal point at k = K_ = (—3477%, 0): this Type I configuration is obtained if

the condition ¢, — ¢ = m + 67n is satisfied, where n is an integer;

Even though Types (I) and (II) are particle-hole symmetric with a flat band at
E = 0 and have staggered fluxes obeying the constraint ¢, + ¢_ = 7 (mod 27), Type

(IT) lacks the nodal conditions (A), (B) and (C) above mentioned.
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4.2.1 Nodal touching and the spin-1 cone

Let us now expand the Hamiltonian, in Type I , near the vertex point for small
k| = \/k2+ k2. At the same time we move into Type II by applying a slight flux
offset from the condition for the touching: ¢, = 3(7 + §) and ¢_ = —39. We will

interpret 0 as a “mass” term. To first order in ¢ and k the Hamiltonian becomes:

2
H, — g% [kmL;+kyL;+2\/;5L;]
3 —
2 (ks kyym) - I 47

where m = 2,/2/3 ¢. It is straightforward to check that the matrices

0 1 -1
i
L;Z% ~1 0 -2 (4.8)
1 2 0
0 11
i
L =—1 _ 4.8b
V= 100 (4.8b)
~1 0 0
0 -1 1
i
sz:% 1 0 -1 (4.8¢)
~1 1 0

satisfy the angular momenta algebra [L), L;] = iL, (along with the cyclic permuta-
tions of z, y and z), and that they have eigenvalues —1,0, +1, i.e., they form a spin-1

representation of SU(2).
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The eigenvalues of the Hamiltonian Eq. (4.7) are Fx = g \% k2 + k7 +m? A,
where /, = —1,0,41 is the eigenvalue of angular momentum along the direction
(kg, ky, m). Therefore we obtain the three bands, with the flat band being the one
with zero angular momentum. The other two bands describe the cone when § = 0,
and two parabolic bands separated from the flat band by a gap A = ¢2v/36 when
J is non-zero. (A particular instance of the § = 0 spectrum has recently also been
predicted in T3 optical lattices by Bercioux et. al. [3]).

The spin-1 structure has interesting topological properties, namely it can be
viewed as a generalization of the Berry phase for the spin-1/2 spectrum of graphene.
One implication is that, when the gap is open by breaking TRS, the upper and lower

bands have a quantized Hall conductance.

4.2.2 Time reversal and particle-hole symmetries

First, we discuss time reversal symmetry. Consider a tight-binding model of spin-

less fermions described by

H=> () H;k);k) . (4.9)

where 1 is an anihilation fermionic operator and k takes values on the first Brillouin

zone. Under time reversal transformation,

Ho— Y U H; 0w (k) =)l H;(—k)i;(k) . (4.10)

For H to be time reversal invariant, one way would be to have H(k) = H*(—k).

Looking at our Hamiltonian more carefully, though, we see that there is a freedom to
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redefine the hopping matrix elements without changing the fluxes ¢, and ¢_. This

freedom can be mathematically described by the following gauge transformation

Hk) — f](k) = AH(k)AT , (4.11)
where
et 0 0
A= 0 e : (4.12)
0 0 e

Hamiltonians H (k) and H (k) related by the gauge transformation Eq. (4.11) represent
physically equivalent descriptions of the system. The requirement of time reversal
symmetry, taking into account the gauge invariance given by Eq. (4.11) becomes
then

H(k) = AH*(—Kk)AT (4.13)
from which we get the following conditions

e3 %t — gilai—az) _ gilaz—as) _ pilea—an) (4.14)

Eq. (4.14) immediately implies that symmetry under time reversal is satisfied if ¢, =
n.m and ¢_ = n_m, for integers n, and n_ such that n, —n_ = 3[ (I integer). This
is exactly equivalent to the condition for ¢4 such that the spectrum has a gapless flat
band at £ = 0, i.e., Type I . Therefore, we conclude, for this given model, that in
order to have an isolated flat band time reversal symmetry must be broken.

Now consider particle-hole symmetry. The key observation is the following: when

the spectrum of H has three bands, as in the kagome lattice, particle-hole symmetry
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only exists when there is a flat band at £ = 0 and the two other bands have opposite
energies. We have already worked out the conditions for the existence of a flat £ =0
band in the kagome lattice to be ¢, + ¢_ = 7, which also dictates the conditions for
particle-hole symmetry (if the Hamiltonian is a traceless matrix). Notice that H can
be particle-hole symmetric without being time reversal invariant. (A spin-1 cone is
a situation where both symmetries are present). We will use this important aspect

when we calculate the Chern number of the bands in Sec. 4.2.3

4.2.3 Chern numbers for bands in the staggered flux system

Haldane [43] has shown that it is possible for a system to exhibit the quantum
Hall effect without Landau levels provided the system breaks TRS. Here we compute
explicitly the band Chern numbers in the Type II spectrum of our kagome model.

Recall that when ¢, + ¢_ = 7 and ¢, — ¢_ = 37 we have a flat band with a
Dirac point as shown in Figure 4.1. For this choice of fluxes, as discussed previously,
the Hamiltonian is time-reversal invariant and the system presents no Hall response
(Type I). However, when the flat band is maintained but a gap is opened, time
reversal invariance is lost and we have the possibility of bands with non-zero Chern
numbers (Type II). We parameterize the gap by a mass term, J, such that the fluxes
¢ =2m+6and ¢p_ = —m— 4. 0 = 0 corresponds to a Dirac cone at the center of the
Brillouin zone (BZ). For reference we give the complete energy spectrum, although
we will expand around small k¥ below: Ey = +,/f(k) and E, = 0, where f(k) =
6—-2>, cos[k-(s; —s;) —26/3], and the summation is over the cyclic permutations

(1,7) = (1,2), (2,3), and (3, 2).
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The Chern number of the n-th band is defined as

i (nk|J,|mk) (mk|J,|nk) — (J, < J,)
Cn 2 Z Z [E.(k) — E,(k)]?

m#n keBZ

= = 5 B,k (4.15)

B, (k) is the field strength associated with the Berry field A, (k) = —i(nk|Vy|nk)
and J = (J,,J,) is the current operator given by J = ViH. One can see that
>, C» = 0 by the antisymmetry of C,, as x and y are interchanged. Because the
Chern numbers of the bands are topological quantities [120, 87], their values can only
change when a band touching occurs. Chosing 6 to be very small, an arbitrarily
small gap m ~ § is opened (still maintaining the flat band) and a near degeneracy
appears for k &~ 0. Around this point, the Hamiltonian is that of a spin-1 system
with Hy ~ kL, + k,L, +mL,.

To perform the summation explicitly it is convenient to define the vector f =
(ky, by, m) = | f](sin @ cos ¢, sin @ sin ¢, cos ), which can be viewed as a magnetic field
in momentum space coupled to the spin operator (c.f., Berry [8]). First, we compute
the eigenvectors of Hy with the respect to the z—axis and then we apply a rotation
to bring the spin states to an arbitrary (6, ¢) direction. Let {|x4),|xo0),|x_)} be the
eigenstates of L, with eigenvalues 1,0, —1 respectively. The eigenvectors of Hy in a

general direction (6, ¢) are given by

) = e e X)) (4.16)
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with n = 4+, —, 0, which in explicit form reads

V) =1 emie (tgat), e e (et ) (4172)
|tho) = | —e‘i‘z’%, cos b, ei‘z’%) (4.17D)
Vo) =leme (imgat), sy, o (Hget) ) (17e)

and Hylvy) = +£+/]k|? + m?|y1) and Hy|y) = 0. A straightforward calculation of

the the field strengths gives us

m

Bik)=4+—F—F=5
0=

, By(k)=0. (4.18)

The contribution of these fluxes to the Chern numbers are found to be +sgn(m)
and 0. We have also confirmed this result numerically over the entire BZ without
linearizing around the I" point. As we cross the gap, § (equivalently, m) changes sign
and the Chern numbers of the upper and lower bands change sign as well, while the
Chern number of the flat band remains zero. Because the topological nature of the
Chern numbers, their values will remain unaltered until a new band touching occurs,
which will happen for 6 = £x, when the Dirac point moves to one of the corners of

the BZ.

4.2.4 Transitioning between electron and hole bands

We now consider deviations from the flat band condition for the case when the
middle band is isolated, as in Type II . For concreteness, consider the case ¢, = ¢_ =
3(m/2 — €). For small €, the energy of the middle band will be close to E = 0, so

we can obtain the dispersion for the middle band by dropping the cubic term in the
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(b)

Figure 4.3: Left (right): middle band showing electron (hole)-like dispersion corre-
sponding to € < 0(> 0) in Eq. (4.20).

characteristic polynomial P(E):

Ek)=—g +O(e) . (4.19)

a1 (k)

Expanding ag(k), a;(k) up to order |[k|*> and ¢, one obtains

E(k) = g (46 _ % |k\2> , (4.20)

corresponding to a band mass m, = —3¢/2 g for the middle band, so it has a hole-
like dispersion for € > 0 and an electron-like dispersion for € < 0, as depicted in
Figure 4.3. This trivial mathematical result is physically remarkable in that one can,
in principle, change the character of a band from electron-like to hole-like by varying
one parameter in the Hamiltonian.

Notice that there is also a band shift 4eg, which adds to the chemical potential.
There is an interesting result when the chemical potential is fixed to p = 0: the

Fermi surface is pinned and independent of €. It is best to see this effect prior to any
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perturbation in € or expansion in |k|. The Fermi surface is in this case the locus of
k points for which P(E = 0) = 0, those that satisfy ag(k) = 0. For the electron-like
case, the Fermi sea is in the region bounded by the ag(k) = 0 surface that contains
the I'-point, whereas for the hole-like case the Fermi sea is the complementary region
in the Brillouin zone. The anomalous Hall effect is given by the integral of the Berry
curvature over the Fermi sea. As showed in sec. 4.2.3, the Chern number, the Berry
curvature integrated over the complete Brillouin zone, for the middle flat band is
zero. This means that the sum of the anomalous Hall effect for the electron- and
hole-like Fermi seas is zero. Thus, as one tunes across holding p = 0, the anomalous
Hall effect will change sign. Of course, by tuning p one can vary the anomalous Hall

effect continuously.

4.3 Summary

Dispersionless bands can be the starting point for constructing strongly correlated
electronic states. The lack of electron kinetic energy leads to a macroscopic degener-
acy when dispersionless bands are partially filled, and interactions become responsible
for lifting the degeneracy and selecting the many-body ground state. This situation
is the case for Landau levels, which are flat bands created by an external magnetic
field.

In this chapter, we have analyzed different types of spectra that contain flat bands
in tight-binding systems in the presence of staggered fluxes. We have seen that it is
possible to separate a flat band from the other bands by a gap when time reversal

symmetry is broken. In these situations, the flat band can be viewed as a critical
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point (with zero curvature) that separates electron-like from hole-like bands, and we
can switch between these two curvatures by changing parameters in the Hamiltonian.

When the gap is closed and the flat band lies between two other bands, one obtains
a spin-1 conical spectrum, extending to higher angular momentum the spin-1/2 Dirac-
like spectra in topological insulators and in graphene.

Although we made progress in understanding several aspects of flat bands, two
points remain open questions and deserve further investigation. First, we do not have
a generic proof that time reversal symmetry must be broken to isolate a flat band
with finite range hopping. Nonetheless, it is natural to speculate that this is true in
general, as it holds in all examples that we have found, in addition to the well-known
case of Landau levels. And second, in the example discussed here as well as in a class
of tight binding models defined on a line graph [65], the flat bands have zero Chern
number. Whether this is an intrinsic property of exact flat bands with a finite number
of hoppings remains unclear to us. If it is possible, however, to find other examples of
flat bands with non-zero Chern number in the absence of an external magnetic field,
this could be an interesting scenario for realizing strongly correlated electronic states

with topological order. This question will be addressed in Chapter 5.



Chapter 5

Fractional quantum Hall states without an

external magnetic field

Abstract

We investigate topological flatbands with non-zero Chern number, where electron-
electron interactions are shown to stabilize a fractional quantum Hall state at 1/3
filling of the band. Various properties of these topological bands are discussed and

comparisons are drawn with Landau levels.

5.1 Introduction

Haldane [43] has pointed out that Landau levels are not a necessary ingredient
for the integer quantum Hall effect. By considering spinless electrons hopping on
a honeycomb lattice with a real valued nearest neighbor hopping amplitudes t; (as
in graphene), Haldane has shown that a second nearest complex hopping ¢, has the

effect of splitting the degeneracy of the Dirac points, thus opening a gap between the

91
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valence and the conduction bands. This complex mass parameter has the non-trivial
property that it gives the bands a Chern number of magnitude 1. In this way, this
system at half-filling becomes a bulk insulator with a single chiral propagating edge
mode and exhibits the integer quantum Hall effect.

Given the equivalence between a filled band with a non-zero Chern number (hence-
forth referred to as a Chern band) and a filled Landau level, as far the integer quantum
Hall effect is concerned, it is legitimate to ask - motivated by the fractional quantum
Hall effect in a partially filled Landau level - about the effect of strong electronic
interactions in a partially filled Chern band.

In Sec. 5.3 we present exact diagonalization results in a small system which show
that electron-electron interactions in a dispersionless Chern band give rise to a frac-
tional quantum Hall state at 1/3 filling. This result revealed by numerical diagonal-
ization is rather non-trivial, when one compares the properties of a Chern band with
those of Landau levels.

First, we recall that the single-particle wave functions of the lowest Landau level
possess special analytic properties, which are not shared by the wave functions belong-
ing to a given Chern band. This analytic properties were explored by Laughlin [70]
to propose trial wave functions of the fractional quantum Hall effect at filling frac-
tions 1/(2m + 1), m € Z. Second, in a Chern insulator as in Ref. [43] the total flux
accumulated in the unit cell by the complex hopping ¢ is zero. By varying the phase
of t, one can change the band gap, but the number of bands is always fixed (= 2).
This should be contrasted with the Hofstadter model [51], where small changes in

the non-zero magnetic flux per unit cell have a drastic effect of the spectrum, de-
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pending on whether the flux per unit cell, in units of the fundamental flux quantum
¢o = hc/e, takes rational or irrational values. Third, in semiconductor structure
where the FQHE is observed, the magnetic length /g is typically much larger than
the underlying lattice spacing, implying that lattice effects can be neglected to a good
approximation. Contrasting to that, in a Chern band the role of the magnetic length
is played by the lattice spacing itself, such that no continuum formulation seems to
apply. In Sec. 5.4 we make this statement more precise by showing that the minimum
width of the Wannier orbitals in a Chern band is of the order 1/|C|A,, where C' is
the Chern number of the band and A, is the area of the lattice unit cell.

In this sec. 5.3 we present numerical results of exact diagonalization in a small
system which support the fractional quantum Hall effect at 1/3 filling of the Chern
band. This result is quite non-trivial in view of the differences discussed above be-
tween a Chern band and a Landau level. Nevertheless, we learn that the combination
of interactions and the topology of the band represented by the Chern number makes
a FQH state favorable over, say, a charge density wave state.

We close this chapter contrasting, in Sec 5.5, the spectrum of neutral mode ex-
citations within the single mode approximation in a dispersionless Chern band with

the early result in the LLL [37].
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5.2 Non-interacting band models with non-zero

Chern number

Consider the noninteracting two-band Bloch Hamiltonian of the generic form

H, = Z UL, Hy, = Bypoo + By, - 0. (5.1a)

keBZ

Here, BZ stands for the Brillouin zone, @DL = (CL A CLB), where cL,S creates a Bloch
states on sublattice s = A, B, and the 2 x 2 matrices 0, and o are the identity matrix

and the three Pauli matrices acting on the sublattice indices. If we define

- B B "
B, = =k tang, = =%, cosf = By 1., (5.1b)
| By|

we can write the eigenvalues of Hamiltonian #H, as €, . = Bj, + |B,| and for the

corresponding orthonormal eigenvectors

e19/2 cos 2k ei%/2 gin %
= ’ = ’ 5.1
Uy, | = . .| Uy, = | e (5.1c)
et9s/2 gin -k —etion/? cos 2k

Two examples of Hamiltonians of the form (5.1a) are the following.

Example 1: The honeycomb lattice.— We introduce the vectors a! = (0,—1),
ab = (v3/2,1/2), a% = (—v/3/2,1/2) connecting NN and the vectors b} = a% — af,
bl = al — a!, b, = a! — al, connecting NNN from the honeycomb lattice depicted in
Figure 5.1 (a). We denote with k a wave vector from the BZ of the reciprocal lattice

dual to the triangular lattice spanned by b, and b,, say. The model is then defined
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by the Bloch Hamiltonian [43]

3

By = 2t, cos@Zcosk - b;, (5.2a)
i=1
t,cosk-a;
3
By, = Z tysink - a; ; (5.2b)

i=1
—2t,sin®sink - b,

where ¢, > 0 and ¢, > 0 are NN and NNN hopping amplitudes, respectively, and the
real numbers +® are the magnetic fluxes penetrating the two halves of the hexagonal
unit cell. For ¢; > ¢,, the gap A = minge, , — maxge_ 4 is proportional to ¢,. The
width of the lower band is 0_ = max;e ; — minge . The flatness ratio 6_/A is
extremal for the choice cos® = t;/(4t,) = 3,/3/43, yielding an almost flat lower
band with 6_/A = 1/7 [see Figure 5.1 (c)].

Example 2: The square lattice.— We introduce the vectors x! = (1/\/5, 1/\/5)
and y' = (—1 /V2,1/ \/5) connecting NNN from the square lattice as depicted in
Figure 5.1 (b). We denote with k' = (kx,k’y) a wave vector from the BZ of the

reciprocal lattice dual to the square lattice spanned by x and y. The model is then

defined by the Bloch Hamiltonian [135]

By =0, (5.3a)

Byj+iByy, =t e/ [1 + e*i(’%—kw)} (5.3b)
by et/ [emihe 4 etk

By, = 2ty (cosk, —cosk,), (5.3¢)

where t; > 0 and ¢, > 0 are NN and NNN hopping amplitudes, respectively. The

flatness ratio §_/A is extremal for the choice t,/t, = v/2, yielding two almost flat



Chapter 5: Fractional quantum Hall states without an external magnetic field 96

s ©)

Figure 5.1: (a) Unit cell of Haldane’s model on the honeycomb lattice: the NN
hopping amplitudes t; are real (solid lines) and the NNN hopping amplitudes are
t,e?™®/®0 in the direction of the arrow (dotted lines). The flux 3® and —® penetrate
the dark shaded region and each of the light shaded regions, respectively. For & = /3,
the model is gauge equivalent to having one flux quantum per unit cell. (b) The
chiral-r-flux on the square lattice, where the unit cell corresponds to the shaded
area. The NN hopping amplitudes are t,e™/* in the direction of the arrow (solid
lines) and the NNN hopping amplitudes are ¢, and —t, along the dashed and dotted
lines, respectively. (c¢) The band structure of Haldane’s model for cos ® = ¢,/(4t,) =
34/3/43 with the flatness ratio 1/7. (d) The band structure of the chiral-m-flux for
t,/t, = /2 with the flatness ratio 1/5. The lower bands can be made exactly flat by
adding longer range hoppings.

bands with 6_/A ~ 1/5 [see Figure 5.1 (d)].
The Chern numbers for the bands labeled by + in Eq. (5.1¢) are given by

4’k
Ci = /% €uv <8k#u;fc,i> : (8kyuk,i) . (54)

keBZ

They have opposite signs if nonzero. All the information about the topology of
the Bloch bands of a gaped system is encoded in the single-particle wave functions.
For example, the Chern numbers depend solely on the eigenfunctions. Haldane’s

model (5.2) and the chiral-r-flux (5.3) are topologically equivalent in the sense that
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both have two bands with Chern numbers £1.

It is yet possible to add a sublattice-staggered chemical potential us that competes
with the time-reversal symmetry breaking mass t,. For the chiral m-flux phase model
this is achieved via the substitution By, — Bs, +4p, in Eq. 5.3. Then, defining the
dimensionless ration g = ps/to, the two noninteracting bands have a Chern number
+1 for ¢ < 1 and a vanishing Chern number for ¢ > 1 with a topological phase
transition at the gap closing point g = 1.

In order to allow for the possibility of a strongly correlated state, the kinetic
effects have to be minimized relative to the inter-particle interactions. In this respect,
Landau levels (if one disregards the effects of disorder) form one of the best platforms
for the onset of strongly correlated states. On the lattice, the analog of a completely

degenerate band with a Chern number is obtained via the Hamiltonian

Hilat = "k (5.5)

The lowest energy band of this flattened Hamiltonian is degenerate with eigenvalue
—1. The flattening procedure does not change the eigenspinors (5.1c) and, thus, does
not change the Chern numbers. Typically Hamiltonian (5.1a) is associated with a
problem with a finite number of hopping elements, while Hamiltonian (5.5) contains
longer range hopping elements, however locally is still preserved by the fact that the

longer ranged hoppings decay exponentially due to the non-zero single particle gap.
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5.3 Fractional quantum Hall effect at 1/3 filling

of the lowest Chern band: A numerical study

An exact diagonalization study ! is performed to show the existence of a gapped
topological ground state for the chiral 7-flux phase (5.3) in the presence of interac-
tions. We consider an interaction defined by the repulsive two-body NN potential V/

according to
Hy=VY pp, V>0 (5.6)
(ig)

Directed NN bonds of the square lattice A = AUB made of the open and filled circles
of Figure 5.1 (b) are here denoted by (ij), while p; is the occupation number on the
site 1 € A.

In order to maximally enhance the effect of interactions, we flatten the lowest
energy band of the chiral 7-flux phase (5.3) as in (5.5) and perform the numerical
diagonalization of the interaction Hamiltonian (5.6) projected into the lowest band.

We work in a lattice of 3 x 6 unit cells as depicted in Figure 5.1 (b) having N, = 6
particles, corresponding to a filling v = 1/3 of the total number of states that make
up the lowest band.

Two distinctive properties of such a ground state | V) at filling fraction v (where
v~ is an odd integer) and with periodic boundary conditions (toroidal geometry)

are (i) the v~!-fold topological degeneracy of the ground state manifold and (ii) the

quantization of the Hall conductance o,, in units of ve®/h. The Hall conductance

!The numerical diagonalization presented in this section was performed by Titus Neupert and
appeared in “Fractional quantum Hall states at zero magnetic field,” Titus Neupert, Luiz Santos,
Claudio Chamon and Christopher Mudry, Phys. Rev. Lett. 106, 236804 (2011).
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Figure 5.2: The lowest eigenvalues of Hi' + H, . for the chiral 7-flux phase obtained

int
from exact diagonalization for 6 particles on a 3 x 6 sublattice A (1/3 filling), nor-

malized by the bandwidth E, subject to twisted boundary conditions as a function
of the twisting angle ~y, for yu, = 0, t, = t,/v2 (g = ps/t> = 0). The level crossings
indicate the topological nontrivial nature of the three lowest states.

is related to the Chern-number C' of the many-body ground state |¥) as o,, =
Ce?/h [87]. Conventionally, the Chern-number is evaluated using twisted boundary

conditions
(r+ N,x|V_ ) =e"(rl¥,) and (r+ N,y|V, ) =" (r|V, ), (5.7)

where v* = (v,,7,) is the twisting angle and N. = N, x N, the number of unit cells.

The Chern number is then given by [86]
1
C=_— / Py V AT, |V, | E,). (5.8)

21
~€[0,27)?

The main features of the numerical results displayed in Figure 5.2, which support

the v = 1/3 FQHE are:

e 3 low lying states at the same momentum total momentum Q = k; + --- +
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ky,. Because the Hamiltonian of the system is translation invariant, the many-
body states can be classified according to different momentum sectors, since the
Hamiltonian does not mix states with different momenta. For the 3 low lying
states, however, the fact that they are in the same momentum sector causes

their degeneracy to be split.

e Upon flux insertion, i.e., upon applying twisted boundary conditions, each one
of the 3 topological ground states undergoes two level crossings with the other

topological states, as expected for a manifold of 3 ground states with total

Chern number C' =1 [119].

e Numerical evaluation yields C' = 0.29, where we attribute the deviations from

C = 1/3 to the limitations of the small system size.?

The fact that the three ground states have the same lattice momentum @ rules
out the possibility of a charge density wave, which is a natural competitor of the
FQHE. To see that, with 3 degenerate ground states ]W%}, a =1,2,3, at the same

momentum @, consider forming a linear combination

3

W) = ca|T). (5.9)

a=1

A charge density wave is then described by the spatial dependence of the order pa-

rameter

3
~ ~ 1 * o |~ o —ig-r
) = (Walinlla) = v 3 chcw 3 (WRG . (5.00

a,a’=1 qeBZ

2For a non-degenerate ground state, the the many-body Chern number (5.8) takes only integer
values. The value C' = 0.29 is obtained by “following” one of the three lowest states as +, is varied
from 0 to 27. In this way, the Chern number of the ground state manifold is Ciota; = 3 X % =1.
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where p, is the density operator at position r and pg, its Fourier transform at mo-
mentum g. Momentum conservation implies that the matrix element <\IJ25'|ﬁq|\IJ%) is
non-zero only if ¢ = 0, which then yields a spatially uniform order parameter (p,.),
from which we conclude that |¥Ugq) can not describe a charge density wave state. This,
together with the three features listed gives supporting evidence for a 1/3 fractional

quantum Hall state on a Chern band with Chern number 1.

5.4 Width of the Wannier states in a Chern band

We now prove a relationship between the Chern number and the spread of the
Wannier wavefunctions. We work exclusively with the single-particle eigenstates (5.1¢)
of the band Hamiltonian (5.1a).

We start with the completeness relation

Z Z |7, a) (a,r]| =1 (5.11a)

rcA a=A,B
on the bipartite lattice A = AU B. The normalized Bloch states |¢y, ,) are defined in
terms of the single-particle eigenstates (5.1c) by their overlaps

6+’i k-r

(o, 7 |€0k,,\> = W Up Ao (5.11b)

The normalization and phase factors are chosen so that the orthonormality condition

<<Pk,,\|90k,,\'> = 5,\,,\/ (5.11c)

with A, \' = + holds for any given wavenumber k € BZ. The overlap (5.11b) is

invariant under the translation k — k + K for any K that belongs to the reciprocal
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lattice of sublattice A owing to the periodicity

Uk ro = Uk+K Na- (5.11d)

Wannier states are defined in terms of the Bloch states by the unitary transfor-

mation

Kz Vo Z Zkz|<Pk,\ (5.12a)

kEBZ

The orthonormality (5.11c) of the Bloch states thus carries over to the orthonormality

<¢z,/\’ ¢z,>«> = 5/\,)\’ (5'12]0)
of the Wannier states. For any A and «, the representation of the Wannier state on
the bipartite lattice A = AU B is the overlap

Urzpa = (Mol ,) Z HEG=2) (5.12¢)

Ne keBZ

We want to estimate the profile in space of the Wannier states (5.12a).

For that purpose, we consider the spread functional

RY = (g |7 ¥scon) = | (aon | T10so) |- (5.13)

Here, we are assuming, for simplicity, that there is only one band A that is occupied.
If more bands are occupied, we have to carry out a summation over all the occupied
bands. Observe that by translational invariance RE\Q) is left unchanged under the
global translation r,z — r + R, z + R for any lattice vector R. Hence, the choice

z =0in Eq. (5.13) can be done without loss of generality.
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We rewrite Eq. (5.13), following Ref. [117], as
RY = RY+RY. (5.14a)
B = (Yamon | PPec0n) = D0 {¥amon [ 7leun) P (5.14D)

RY = 3 [(tegirlrl ) 2 (5.14c)
z'#0

Both R T and R are non-negative quantities that can be expressed in terms of

k-space summations as follows. First,

I\)\ Z Z [(akj uLA) (8kj uk,A) - (akj ult:)\ uk,A) <“L,\ akj Uk,\)]

j=x,y ¢ kcBZ
= Z Z [ akjuk:)\ | 6k].uk:,)\> - <akjuk,>\ | uk,A><uk,)\ | akjuk)\ >]
j=zy ¢ keBZ
= Z Z (O, uk)\’ — | ugn) <uk,)\|) ‘akjuk,)\> (5.15a)
j=zy ¢ keBzZ
Z Z (O e | Qu| Oy 1 )
j=zy = ¢ keBZ
=N Z tr gk,\
¢ keBZ

where
Q=1 = Jug) (g, (5.15b)

is the single-particle projector operator on all the Bloch states orthogonal to |u, , ),

the 2 x 2 matrix [g, ,] has the components

Ik i = Re [<ak Up A | Qk,,\| akj U\ >] ; (5.15¢)

labeled by the Euclidean indices i, 7 € {z,y} of two-dimensional space, and tr denotes

the trace over i,j € {x,y}. Second,

RY = Z Z (Apay — Axy) s (5.16a)

Jj=zy
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where
Ak,A|j =1 <uk)\| 8kj U A ), (5.16b)
and
Ay = % > Ay (5.16¢)
k

denote the Berry connection and the average of the Berry connection, respectively.

Under the gauge transformation

[ug ) — e'x U 5 ) (5.17)

(

Rﬂ? remains invariant while Rf) does not.
We will now establish a lower bound on the gauge invariant quantity Rﬁ\) To this
end, we notice that, since @y , is a projection operator with eigenvalues 0,1, then,

for any single-particle state |, ,), it follows that

(Vi a|QrealVin) 2 0. (5.18)
In particular, if we choose
‘\Ij:t,k,A> = |akwuk,/\> + 2'|81<;yuk,x ) (5.19)
the inequality (5.18) delivers
tr [gk,/\] > F <<8k:zuk,)\ ‘ akyuk,/\> - <akyuk:,/\ | akzuk,)\ >> : (5.20)

Summing (5.20) over k and taking the thermodynamic limit N, — oo, delivers

@ _ A
RI|>\ ~ (2r)? /BZ &’k tr [gk,/\]
A, d’k
> =+ o oy o [(akxuk,)\ | akyuk:,)\> - <akyuk:,)\ | akmuk,)\ >] (5.21)
A

=+ <C
o A
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Figure 5.3: Bloch sphere and Wannier orbitals of the chiral 7-flux phase (5.3). (a)
Left: for a non-zero Chern number, unit vector B (k) covers the Bloch sphere as k
varies over the BZ. Right: The Wannier orbitals are delocalized over many lattice
sites, as a consequence of the non-zero Chern number. (b) Left: for a zero Chern
number, the unit vector B(kz) only partially covers the Bloch sphere as k varies over
the BZ. Right: The Wannier orbitals are more localized than in (a). In the special
case ty = 0 and g > 0(< 0), the unit vector B(k) = (0,0, 1) points either to the
north or south poles of the bloch sphere and the Wannier are completely localized on
a given sublattice.

where A, is the area of the unit cell of sublattice A and C, are the band-resolved

Chern numbers. Since Rﬁ\) > 0, it then follows

@ o A
Ry 2 5

CAl, (5.22)

as a lower bound, proportional to the band Chern number, on the gauge invariant
part of spread of the Wannier states (5.12a). The minimum spread encoded by (5.22)
is interpreted as the fact that Chern number does not allow the particles to the local-
ized in a given sublattice, which should be contrasted with the effect of a staggered
chemical potential (a non-topological mass) that tends favor sublattice localization
(see Figure 5.3). The quantity \/m has dimensions of length and plays the same
role as the magnetic length ¢ of the cyclotron orbit of a charge particle in a uniform

magnetic field.
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5.5 Projected density operator and single-mode

approximation in a Chern band

For charged particles in the continuum, the external magnetic field organizes
the single-particle spectrum into degenerate Landau levels, whereby two consecu-
tive Landau levels are separated by the energy gap hw,.. The cyclotron frequency
w, = h/(m%) is proportional to the magnitude B of the uniform magnetic field.

We consider the limit of very strong magnetic fields relative to the characteristic
energy scale V' of the electron-electron interactions, i.e., iw,. > V. Moreover, we con-
sider a filling fraction v = ®/®, < 1 (® the magnetic flux and ®, the flux quantum)
such that the exact many-body ground state |¥,) does not break spontaneously any
symmetry. The translation invariant interacting Hamiltonian H describing a nonva-
nishing density of spinless fermions moving in a plane perpendicular to an external
magnetic field of uniform magnitude B and interacting pairwise with a (screened)
Coulomb interaction is then well approximated, as far as low energy properties go,

by its projection ﬁILLL onto the vector space spanned by the lowest Landau level.

Upon imposing periodic boundary conditions in an area of linear size L, Hy is

given by
Hypp =Y 0,00 407, (5.23a)
q
where
Vg = Uy =V, (5.23b)

is the Fourier transform of the screened Coulomb interaction, while

0Pq = Py — (Vo |Pg | Vo) (5.23c)
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is the Fourier component of the fermion density operator after projection into the
LLL measured relative to its expectation value in the exact many-body ground state
y).

Inspired by the early work of Feynman and Bijl in their study of excitations in

*He [23], Girvin, MacDonald and Platzman in Ref. [37] consider the variational state

|0%) = 0P [9y), (5.24)

whose energy expectation value A, measured relative to the exact ground state en-
ergy F, sets a variational upper bound on the spectrum of charge neutral excitations
above the ground state |U,).

Assuming the inversion symmetry
A=A, (5.25a)

a direct calculation using Eqs. (5.23) and (5.24) leads to

A, = f—: (5.25h)
where
fi = % <11/O ( [5ﬁ_k, [ﬁLLL, 5,5+k” ‘ xp0> (5.25¢)
and
s = (Vo [00_k 6711 Vo) - (5.25d)

One recognizes on the right-hand side of Eq. (5.25d) the static structure factor. The
insight of Ref. [37] was to realize that the density operators projected onto the LLL

close the exact algebra

o .. (1 R
) =205in (5 (0 % 1) €85 ) (5.26)
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({5 is the magnetic length). In turn, the algebra (5.26) implies that
fre ~ |K[* (5.27)

in the small |k| limit. Hence, in the FQHE, a necessary (but not sufficient) condition

for the existence of a finite gap in the thermodynamic limit is to have
s ~ |k|* (5.28)

also hold in the small |k| limit. In fact, Eq. (5.28) was shown in Ref. [37] to be
satisfied when |¥,) is chosen to be any Laughlin state with filling fraction v = 1/m,
where m is an odd integer.

In the spirit of Ref. [37], our starting point is a single-particle Hamiltonian defined
on a 2-dimensional lattice. We also assume that there exists at least one band that
is independent of the lattice momentum, i.e., a flat band, and, furthermore, that
is separated from the other bands by a single-particle gap A. We then imagine
switching on adiabatically a pairwise interaction that preserves the Bravais lattice
point-group symmetry, say a (screened) Coulomb interaction. We shall denote with
V' the corresponding characteristic interaction energy scale. In the regime for which
A > V, Hamiltonian (5.23) can be reinterpreted as the interacting Hamiltonian
projected onto this flat band, provided we identify v, as the Fourier transform with the
lattice momentum g of the pairwise fermion interaction, dp, as the Fourier transform
with lattice momentum q of the projected operator describing density fluctuation
measured relative to the fermion density with lattice momentum q of the exact many-
body ground state |¥,), whereby we assume that |¥,) does not break spontaneously

any point-group symmetry of the lattice.
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The projected density operator on a flat band reads
Pr, = Z UL CUp ik SC\L Xpik = Z My, 4, SC\L Xpt k> (5.29)
p P
where u,, denotes the eingespinors of the flatband, while X, and )?L are the annihi-
lation and creation operators, respectively, of single-particle fermionic eigenstates on
the isolated flat band with lattice momentum k. Hence, they satisfy the canonical

fermionic anticommutation relations

R} ={xbab} =0 {Rxl} = (5.30)

for any pair k and k' of lattice momentum. In carrying out the program laid out
in Eq. (5.25) for a general lattice Hamiltonian with a flat band, one notices two
immediate obstacles.

The first one arises from the fact that the commutator of two (projected) density
operators does not satisfy the algebra (5.26) valid for the LLL. However, it was noticed
in Ref. [89] that, in the limit of small lattice momenta k and k', the commutation
relation between two projected density operators reads

705K = [ [i k) B+ [ RO RERK) (10

p

in the thermodynamic limit I — oo, whereby the short-hand notation

/ E/ (2:2% (5.31b)

p

is used,

B(p) = —i (V A A) (p) (5.31c)
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is the (real-valued) Berry field strength of the flat band, and
A(p) = (u!l - Vu) (p) (5.31d)

is the (imaginary-valued) Berry connection of the flat band, while - -- in Eq. (5.31a)
accounts for higher order terms in powers of k and k’. Consequently, Ref. [89] pro-
posed a relationship between 2D Chern bands and Landau levels on the account
that, because in a 2D Chern band insulator the integral of the Berry curvature on
the Brillouin zone equals the (nonzero) Chern number, replacing B(p) in Eq. (5.31)
by its average, implies the GMP algebra (5.26) in the long-wavelength limit. How-
ever, we would like to stress that for 2D Chern band insulators, the Berry curvature
is generically nonuniform; a fact that should be reflected in the exact many-body
wavefunction.

The second obstacle to applying the SMA to an interacting lattice model is the
fact that no good candidate wavefunction is presently known with which one can
compute the static structure factor s, and compare its small k dependence with that
of f, as was done by GMP in Ref. [37]. Nevertheless, information about the behavior
of f, for small k and the requirement of a finite gap in the thermodynamic limit, i.e.,
A, — Ay # 0 for k — 0, puts a constraint on the static structure factor for small k
and, correspondingly, on the correlations of the exact many-body wavefunction.

In Appendix B.1 we discuss in detail the evaluation of the function f, defined in
Eq. (5.25¢) to lowest order in k. Our main result is that, due to the nonclosure of

the density algebra for any 2-dimensional lattice model, the leading contribution to
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f(k) reads
/ / / (k7 q)-3B(p)| | (knq)-5B@)| (alp) a(p))

// 5 (kAq)-(9,B) (p)k" [<5ﬁ(—q) X'(p)X(p + q)> (5.32a)

~ (P +a) X(p) 67(a) )|

where the summation convention is implied over the repeated index p = 1,2. In
Eq. (5.32a),

(p) = X'(p) X(p) (5.32b)
is the number operator on the projected Chern band, while

6B(p) = B(p) — B (5.32¢)

denotes the deviations of the Berry curvature B(p) away from the uniform background

value B. This uniform background value is defined in such a way that the Chern

d*p _ = [ dp
o= [t =5 [ o 53

T2

number

The result (5.32a) should be contrasted with the calculation in Ref. [37], for which
the order k? term in f(k) vanishes identically as a consequence of the algebra (5.26).
The formula (5.32a) thus establishes a direct relationship, within the SMA, between
the deviations of the Berry field strength away from a uniform configuration and the
order k? contribution to f(k)

F(h) ~ K2 (5.34)
The result (5.32a) also indicates that a prerequisite for the existence of a nonvanishing

but finite many-body gap to excitations above the many-body ground state is that
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the static structure factor s(k) has also to vanish as k? to allow for the possibility
of a nonzero ratio A(k) = f(k)/s(k) and therefore a nonvanishing SMA gap in

Eq. (5.25b).

5.6 Conclusions

We have studied the effect of interactions in flatbands with non-zero Chern num-
ber, focusing on the simplest example of a two-band model with Chern number 1.
Exact diagonalization results on a small system provide supporting evidence of a
fractional quantum Hall state at 1/3 filling of the Chern band. At the single particle
level, the Chern number is responsible for a delocalization of the Wannier orbitas
and the lattice spacing plays the role the “magnetic length”. Finally, the analysis
within the single-mode approximation of the spectrum on charge neutral excitations
above the incompressible ground state in a partially filled Chern band shows that
the fluctuations of the Berry field change the leading behavior of the static structure
factor - compared to the uniform magnetic field scenario -, which in turn should be
reflected in the correlations of the many-body ground state. It remains an interesting
open question to try to find out good wave functions describing the FQHE in partially

filled Chern bands.
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Chapter 6

Time-reversal symmetric hierarchy of

incompressible fluids

Abstract

We provide an effective description of fractional topological insulators that include
the fractional quantum spin Hall effect by considering the time-reversal symmetric
pendant to the topological quantum field theories that encode the Abelian fractional
quantum Hall liquids. We explain the hierarchical construction of such a theory and
establish for it a bulk-edge correspondence by deriving the equivalent edge theory for

chiral bosonic fields.

6.1 Introduction

Laughlin initiated the theoretical exploration of the fractional quantum Hall effect
(FQHE) by proposing wave functions for the ground states of interacting electrons

in the lowest Landau level at filling fractions v = 1/(2m + 1), m € Z. [70] The

114
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experimental observation of a plethora of fractional Hall plateaus at other filling
fractions lead to the construction of a hierarchy of wave functions out of Laughlin’s
wave function, [46, 42,47, 71, 36, 74, 73] and the development of the composite fermion
picture. [59, 60] These approaches were later reconciled, and unified by the effective
description of the FQHE in terms of multi-component Chern-Simons theories in (2 +
1)-dimensional space and time. [92, 136, 11, 12, 29, 137, 138, 28] These topological
effective theories for the hierarchy of the FQHE deliver a correspondence between the
physics in the two-dimensional bulk and the physics along the edges. [69, 45, 129,
132, 131, 27|

It is possible to double the Chern-Simons effective theory representing the univer-
sal properties of the FQHE at some filling fraction v = 1/(2m + 1), m € Z so as to
obtain a time-reversal symmetric theory. This approach has been used to interpret a
fully gaped superconductor as an example of a topological phase, [135, 130, 21] and
— more generally — to explore the universal properties of interacting theories with an
emergent local Z, gauge symmetry (see Refs. [95, 133, 81, 107, 78|) that signals the
phenomenon of spin and charge separation. [26, 48, 101, 100, 145]

A more urgent impetus for the construction of effective time-reversal symmetric
topological field theories in (2+1)-dimensional space and time arose with the theoreti-
cal prediction of time-reversal symmetric topological band insulators, shortly followed
by their experimental discovery. [62, 63, 7, 6, 68] These band insulators realize the
counterparts to the integer quantum Hall effect and their discovery suggests that
a time-reversal symmetric counterpart to the FQHE might emerge from interacting

itinerant electrons in a crystalline environment.
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From the outset, this endeavor follows a different line of logic than the FQHE,
as it is not based on pre-existing experimental evidence. Past experience with the
FQHE has thus guided recent attempts to either construct time-reversal symmetric
edge theories or to construct time-reversal symmetric bulk wave functions supporting
local excitations carrying fractional quantum numbers. [7, 72, 19, 18, 91, 83, 3§]

While numerical support for a time-reversal symmetric topological phase of matter
was given by Neupert et al. in their study of a lattice model for interacting itinerant
electrons, [83] a description in terms of an effective theory is desirable to reveal the
universal properties of such a phase. In Ref. [83], the universal properties such as
the topological degeneracies of the ground state manifold were explored with the
help of a family of edge theories. In this chapter, we are going to construct the
corresponding bulk topological theory by generalizing the hierarchy of Abelian FQHEs
to the hierarchy of Abelian fractional quantum spin Hall effects (FQSHESs) in Sec. 6.2.
We will show in Sec. 6.3 the correspondence between the bulk theory and the edge
theory whose stability to the breaking of translation invariance and residual spin-1/2

U(1) symmetry was studied in Ref. [83].

6.2 Time-reversal symmetric Chern-Simons quan-

tum field theory

Let us start by summarizing some of the results that we will derive in this section.
We shall construct a class of incompressible liquids, each of which is the ground state

of a time-reversal symmetric (2+1)-dimensional Chern-Simons quantum field theory
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that depends on 2N flavors of gauge fields aw(t, x), where i = 1,...,2N labels the

flavors and = 0,1, 2 labels the space-time coordinates z* = (¢, x), with the action

1 e 5
— 2 v
S—/dtd x P (—4—sz aw 8,/61]'7/) +%Q2A 0, a; +%SZB 0, a. )

T w v Yip p v Yip

(6.1a)

Here, K;; are elements of the symmetric and invertible 2N X 2N integer matrix K.
The integer-valued component (), of the 2/ N-dimensional vector () represents the i-th
electric charge in units of the electronic charge e, which couples to the electromagnetic
gauge potential A, (¢, ). Similarly, S; is an integer-valued component of the 2N-
dimensional vector S that represents the i-th spin charge in units of s associated to
the up or down spin projection along a spin-1/2 quantization axis, which couples to the
Abelian (spin) gauge potential B, (¢, ). The operation of time reversal maps a; ,(t, z)
into —g" a;, y,(—t,x) fori=1,--- N and vice versa. Here, g, = diag(+,—, —) =
g" is the Lorentz metric. In Eq. (6.1a) & € , where Q C R? is a region of two-
dimensional Euclidean space, which for the discussion of the bulk theory we consider
to have no boundary, 02 = @. We will show that time-reversal symmetry imposes

that the matrix K and the vectors () and S are of the block form

kA 0 0
K = , Q= , S= , (6.1Db)
AT —k 0 —0
with ¢ an integer N-vector, while Kk = kT and A = —AT are symmetric and antisym-

metric integer-valued N x N matrices, respectively.

The doubled structure of the theory is even more evident if we express it as a BF
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theory, ! [10, 9] i.e., by defining

() _
i

(ai, £ ain,), i=1,...,N, (6.2a)

N | —

a

for p =0,1,2. This basis allows to re-express the effective action (6.1a) as

1 - -
) :/dtdzw e (——%ij ai(:) 0, o) +< p A0 o+ 2 p; B,0 a' )) . (6.2b)
’ T T

T Jsp wov Fip wov Fip

In this representation, the indices in sans serif fonts i, j run from 1 to N. The coupling
between the pair of gauge fields a(*) and a7 is off-diagonal in the BF labels +. This

is a consequence of time-reversal symmetry, which is implemented by

dP(t,x) L F9" ol (-t @), (6.2¢)

that leaves the action (6.2b) invariant. In this representation, the electromagnetic
gauge potential A couples to the +-species only, while the spin gauge potential B
couples to the —-species only. The N x N integer-valued matrix s in the BF repre-
sentation is related to the block matrices x and A contained in K from Eq. (6.1b)
through

x=rKr—A. (6.2d)

The degeneracy of the ground state is obtained for either description, i.e., the one

(+)

in terms of the flavors a, with ¢ = 1,--- 2N or the one in terms of the flavors a

withi=1,--- N, from

0
Ngg = |det = (det %)2. (6.3)

IThis terminology has no deep meaning. It arose historically in the context of topological field
theories and refers to the symbols b and f used to represent a p-form b and the curvature f of a
(d — p)-form in (d + 1)-dimensional space and time. [10]
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If the underlying microscopic theory describes fermions with a residual spin-1/2
U(1) (easy plane XY') symmetry, it is then meaningful to define the quantized spin
Hall resistance

e

g = — X U,.
sH o S

(6.4a)

The filling fraction v, is here defined so that it is unity for the integer quantum spin

Hall effect and therefore given by

1
vy = éQT K'S=o"sx"p (6.4b)

We now turn to the hierarchical construction of the states described by this quan-
tum field theory. As a warm-up, we begin by reviewing how a one-component Chern-
Simons quantum field theory in (2 + 1)-dimensional space and time is related to
the quantum Hall effect. We then construct recursively the multi-component Chern-

Simons quantum field theory in such a way that it respects time-reversal symmetry.

6.2.1 Brief review of the one-component Chern-Simons the-
ory
We start from the Lagrangian density

D €
Los = CAr " a, 0, a, + o e A, 0, ay (6.5a)

in (2 4 1)-dimensional space and time with the action

R Q

and partition function

Zes[A] = / Dla] enSos. (6.5¢)
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The dimensionless integer p is positive. The electromagnetic coupling (electric charge)
e is dimensionfull. It measures the strength of the interaction between an external
electromagnetic gauge field A with the components A* = (A% A) and a dynamical
gauge field a with the components a* = (a°,a). The symbol Dl[a] represents the
measure of all gauge orbits stemming from the Abelian group U(1).

The operation T for reversal of time is defined by
a,(t,x) B +g" a,(~t, ), (6.62)
T v
At x) = +g" A (~t, ), (6.6b)

for 4 = 0,1,2. We also posit that 7 is an anti-unitary linear transformation. If so,
one verifies that L£.g is odd under reversal of time.

Define the electromagnetic current to be the 3-vector

10
Scs — 0, a, (6.7a)

ho=_
Jos =5 §A,  2mh

for 1 = 0,1,2. Because the Levi-Civita tensor with the component €2 = 1 is fully

antisymmetric, this current is conserved,

0,Jtg = 0. (6.7b)
Now, the equations of motions
08,
0= 5aCS - —%eﬂ'/)\ al/ ay + %eﬂvk @V A/\ (6'8)

w

can be used in conjunction with Eq. (6.7) to yield the conserved electromagnetic

current
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which allows us to identify the filling fraction v = p~! in this simple example, so that

the quantum Hall conductance is given by og = v % From now on, we adopt units

in which A = 1.

6.2.2 One-component BF theory

We start from the Lagrangian density in (2 + 1)-dimensional space and time

e s _
LIRS _% a9, o + - AL D, al” + - "B, 9, al”’ (6.10a)

with the action
SIS / dt / 2 LI5S (6.10b)
R Q

and partition function
ZIBS1A, B = / Dia, )] 'S5 (6.10¢)

Equation (6.10) is a BF theory made of two copies of the Chern-Simons theory (6.5)
with the specificity that the integer p enters with opposite signs in the two copies.
We have also introduced two external gauge fields A and B with the couplings e and
s, respectively. For the gauge field A, e will be interpreted as a total U(1) charge. For
the gauge field B, s will be interpreted as a relative U(1) charge. If the underlying
microscopic model is built from itinerant electrons, the gauge field A is the U(1)
electromagnetic gauge field that couples to the conserved electric charge whereas the
gauge field B is the U(1) gauge field that couples to the conserved projection along

some quantization axis of the electronic spin, i.e., s = 1/2.



Chapter 6: Time-reversal symmetric hierarchy of incompressible fluids 122

This theory is invariant under the operation of time reversal defined by the anti-

linear extension of

P (t,x) B Fg" oD (~t,x) = Fa®1({, ), (6.11a)
T v . ~ .

At ) = +g" A, (—t,z) = +A(t, @), (6.11D)
T v o ~

Bu(t7m) — _gu By(_t)w) == _Bﬂ(t7m>, (611C)

for p = 0,1,2. The component A° of the external electromagnetic gauge field A is
unchanged whereas its vector component A is reversed under reversal of time, just as
the vector components of a(~). This behavior is reversed for the components of the
external gauge field B that couples to the conserved U(1) spin current and the gauge
field a(+).

Since this theory is equivalent to two independent copies of the Chern-Simons

theory (6.5), there are two independent conserved currents of the form (6.7),
Jh = geﬂ”*aya(f), (6.12)
for 4 = 0,1,2. Their transformation laws under reversal of time are
Ti(x) B £, J%(#), (6.13)

for p = 0,1,2. If the microscopic model is made of itinerant electrons, we can thus
interpret J/ as the charge current and, if the model has a residual U(1) rotation sym-
metry of the electronic spin, J* represents the conserved spin current. The equations

of motions
SSIES
0=—"5
da,

(6.14a)
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for the dynamical compact gauge fields a(~) and a(*), respectively, deliver the relations
e 9, ag\+) = e 0, B, (6.14b)
p

and

e 9,0l = ge‘“’)‘ 9, A, (6.14c)

for p = 0,1, 2, respectively. We conclude that, on the one hand, the charge current

obeys the Hall response

€ 17
JH =25 x %e“ 20, By, (6.15a)

with © = 0,1, 2 while, on the other hand, the spin current obeys the Hall response

T = 2¢ x ﬁ e A, (6.15b)

with ©=0,1,2.

6.2.3 Time-reversal symmetric hierarchy

The generic structure of the hierarchical construction is the following. Let n > 0
be any positive integer. Define at the level n of the hierarchy the quantum field theory

with the partition function

2[4, B) = / D[l 0l 0l ] xS (6.162)

» ' ) n

where the action is

SIS — / dt / d*x LTS (6.16b)

R Q
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and the Lagrangian density is

n 1 . . n e
LTBS — _ Z = %é ) chvA ai(;) o, aj(,A) 4 Z - Qi( ) chvA A,0, ai(;r)
o = (6.16¢)
+ Z s gi(n) e B# 0, ai(;).
7T 2
i—1

Here, the dynamical gauge fields a(*) are the n-tuplet with the components

-
(ai(i)> = (agi),-~- ,agi)) : (6.17a)

Moreover, the n x n matrix »™ is invertible and has, by assumption, integer-valued

matrix elements. The charge vector o™ has the integer-valued components
o™ =(1,0,---,0)T e Z". (6.17b)

Finally, the compatibility condition

™ ()

(=)5 = (=) (6.17¢)
fori=1,---,n is also assumed.
The operation of time reversal is the rule
T o~p v

=it =—g 7 (6.18a)

together with the anti-linear extension of the rules
o (2) L Fg,, " (7), (6.18b)

for £ =0,1,2 and i = 1,--- ,n that leaves the Lagrangian density (6.16¢) invariant.
The level n + 1 of the hierarchical construction posits the existence of the pair of

quasiparticle 3-currents j, , ., that are conserved, i.e.,

0yt i = 0. (6.19)
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It also posits the existence of some even integer p, ,, and 2n integers li(ﬂ, li(f) with
i =1,---,n such that the constraints

EMVA

=9, a(i) (6.20)

Ji +1 =
n
TPnt1 55

for u = 0,1,2 hold. The constraint (6.20) means that any pair of flux quanta,

(+) (=)

arising when a; "’ and a; ’ each support a vortex, creates a quasi-particle with charge

2li(+)/10nJrl and spin 2li(_)/pn+1 fori=1,---,n

This construction can be achieved from the partition function
ngls A B /D SR 7(1_’_)1,0/5 ),. .. 7a7(’;-)11| X elsnfl (6213)

with the action

SIS = / dt / Pzl ., (6.21Db)
R Q
and Lagrangian density
52518 L1 — an et n+1/,LaV an+1,\
(6.21c)
EWA Zl n—i—l)\ + GW/\ Zl K .(u) 9, an—i—l)\

Indeed, we can then define the conserved quasiparticle currents of type n to be

. L, +
i = — €0, (6.22)

for p =0, 1,2 and use the equations of motion

537? iy Pnt1 _pwn A e +)
(:FJ)r — 7: e aV n+)1 AT T Z ll( : al/ ai(,)\ (623)
5an+1,,u i=1

obeyed by the dynamical gauge fields an +1 u to establish that they indeed obey the

constraints imposed in Eq. (6.20).
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Observe that if we introduce the two (n + 1)-tuplets a'®) given by

T T
(ai(i)> = <a§i), e ,ag&) (6.24a)

of dynamical gauge fields, then the Lagrangian £1%7 defined in Eq. (6.21c) takes the
same form as LIS defined in Eq. (6.16c) after the substitution n — n + 1. The

(n 4+ 1) x (n + 1) matrix 2"V is then given by

2D = : (6.24D)

T Pry1

The (n + 1)-component charge vector o™+ is given by
oY = (1,0,---,0)" € Z", (6.24c)

thus imposing a vanishing coupling of the external gauge fields A and B to afi)l. The
compatibility condition

(6.24d)

fori=1,---,n+1 holds if and only if the integer p, ., is even.

The representation (6.24) is called the hierarchical representation.

The operation of time reversal obtained from Eq. (6.18) by allowing i to run from
1 up to n + 1 leaves the Lagrangian of level n + 1 invariant. Therefore, we have

constructed a hierarchical time-reversal symmetric BF theory.

6.2.4 Equivalent representations

We define an equivalence class on all the actions of the form (6.2b) when there

exists a linear transformation W with integer valued coefficients and unit determinant
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such that
w=WTW (6.25a)
and
o=WT/, (6.25b)
between any two given pairs (s, 9) and (¢, ¢') within an equivalence class.
FExample 1: The lower-triangular transformation
1 0 0
1 -1 0
wT = (6.26a)
1 0 - -1
relates the hierarchical basis characterized by the charge vectors
to the so-called symmetric basis characterized by the charge vector
0= (17 17 ’ ) 1)T (626C>
Example 2: The block-diagonal transformation
]I'm—l
0 -1
T _
W' = 1, (6.27)
+1 0
]IN—n
with 1 < m < n < N that interchanges s, with s, , 5, with —x while it

m nn? mn nm?

substitutes —p,, for g,, and +p,, for g,,.
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6.3 Edge theory

In this Section, we study the quantum field theory for 2N Abelian Chern-Simons
fields as defined in (6.1a) or, equivalently, (6.2b) in a system with a boundary by
following a strategy pioneered in Refs. [22] and [134]. However, before relaxing the

condition 02 = &, we decompose the action (6.1a) of the bulk theory into

Sy = L [a [ a2z i, e 0 6.28b
K — _E & ije ai,y yaj,p7 ( : )
R Q
e
So = —|—/dt /d2:13 o Q; €""a; ,0,A, (6.28c¢)
R Q
S 1%
Sg = —I—/dt /d2a3 o S; €’ a; ,0,B,. (6.28d)
R Q

Notice that we have performed a partial integration in Eq. (6.28¢c) and Eq. (6.28d)
as compared to Eq. (6.1a), so that the gauge fields A and B enter Eq. (6.28) in an
explicitly gauge invariant form. In contrast, we are going to make a gauge choice for
the fields a, with ¢ = 1,--- ;2N to derive the gauge-invariant effective theory of the
edge, once we have relaxed the condition 02 = @.

Let us choose €2 to be the upper-half plane of R?, i.e.,
Q= {(z,y) eR*|y >0} (6.29)

for notational simplicity but without loss of generality. Observe that under the 2NV

independent Abelian gauge transformations of the dynamical Chern-Simons fields

a; = a; , +0,X; (6.30a)

(a7
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for 4 =0,1,2 where y; with¢=1,.-- 2N are real-valued and smooth, the action §

defined in Eq. (6.28) obeys the transformation law

S—>85+0S (6.30Db)
with
—+oo —+o00
58S = / dt / dz (x; J7) (t,2,0) (6.30c)
and
1 e S
2 _ 2v 2v, 2v
J(t,xy) = | — o Kie P (8,,aj’p) +%Qie p ((9VAP) +%5i err (Q,BP)].
(6.30d)
The equations of motion
K;;e""0,a;,=eQ;é""0,A +s5;¢""0,B, (6.31)
for the dynamical gauge field a dictate here that
1 17
T/t @, y) = +EKU "0, a;, (6.32)

fort=1,---,2N and pu = 0,1,2. Hence, the 2N components of the quasi-particle
3-current J; obey the continuity equation d,J/ = 0 if ((’9/L 0,—0, 8u) a; , = 0 holds
foranyi=1,--- ,2N and p =10,1, 2.
We now assume that the 2N-tuplet x is constant along the boundary 02 for all
times,
(0,x:) (4, 2,y = 0) = (0, x;) (1, 2,y = 0) = 0 (6.33)
fori =1,---,2N. In this case, each component x; can be pulled outside the integral

in Eq. (6.30c) yielding
+oo +

IS =y /dt/dx J2(t, x,0). (6.34)
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Gauge invariance, i.e., §S = 0, is then achieved if, in addition to the restriction (6.33),
we demand that there is no net accumulation of quasi-particle charge along the bound-

ary arising from the quasi-particle current normal to the boundary, i.e.,

+oo  +oo
0= /dt/da: T (t, x,0). (6.35)
Observe that the stronger condi;ion _
X; (t,x,y=0)=0 (6.36)
for 2 = 1,---,2N achieves gauge invariance, i.e., 0§ = 0, without imposing condi-

tion (6.35).

Now that we understand under what conditions the quantum field theory with
the action (6.28) is gauge invariant with the choice (6.29) for €2, we are ready to
construct the bulk-edge correspondence. To this end, we are going to extract from
the dynamical gauge field a degrees of freedom that are localized on the edge 02 and
invariant under the gauge transformations induced by Egs. (6.30a), (6.33), and (6.35)

on the edge 0f2.

6.3.1 Bulk-edge correspondence

We start by fixing the gauge of the 2N Abelian Chern-Simons fields through the
conditions

a, =K 'Va,. (6.37a)

We demand here that V' is a symmetric, positive definite 2N x 2N matrix that satisfies

V=%V, (6.37b)
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where the 2N x 2N matrices
Y,=0,81y, p=123 (6.37¢)

are defined by taking the tensor product between any of the Pauli matrices oy, 05,
and o, and the unit N x N matrix 1,. Condition (6.37b) guarantees that the gauge

condition (6.37a) is consistent with reversal of time defined by
a,(t,z,y) 7 —g"' ¥ a,(—t,x,y). (6.37d)
Indeed, the gauge condition (6.37a) then transforms under reversal of time into
—¥,ad°(~t,1,y) = K 'V, a,(~t,z,y), (6.38)

which, upon using K~! = =%, K~' 3, coincides with Eq. (6.37a) if and only if we
impose condition (6.37b).

Next, we use the gauge conditions (6.37a) to eliminate the time components a, of
the dynamical gauge fields from the theory. For that, observe that their equations of
motion

0S8k

day

which require the vanishing of their field strengths, are automatically satisfied if
a; = 0,9, ay, = 0,9, (6.39b)

for

(0,0, — 0,0,)® =0 (6.39¢)

then follows if the 2N components ®, of the vector field & are smooth for ¢ =

1,---,2N.
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We rewrite the kinetic part (6.28b) of the action (6.28a) using the gauge condi-
tions (6.37a) and the equations of motion (6.39a) and subsequently substitute the

gauge fields @ defined in Eq. (6.39b):

“+o00 —+00 “+o00
01/)\
SK:— /dt/dx/dy( a, K 0yay+a) Vdya)
—00 0
OV)\ +oo +oo +oo
= - /dt /d:z: /dy 0,8) (K 8,0,® — V 9, 0,®) (6.40)
—00 0
01/)\ —+00 —+00 “+oo
= — /dt /da; /dya (@T K0y 0,® — @'V 0,0,®).
—00 0

We shall demand that ®(¢, x) vanishes for || — oo, in which case

+oo
Sy = — 417T dt/dx (" K 0,0, — "V 9, 0,9) (t,z,0)
1 e (6.41)
-= dt/dm (9,8)" K 9,® — (9,®)" vacp](t:c())
7I

Under the gauge transformation (6.30a) subject to the constraints (6.33) and (6.35)

the 2N-tuplet ® transforms as
O(t,x) = (L, x) + x. (6.42)

The fact that x is independent of time ¢ and space z implies that (a) the edge
theory (6.41) is unchanged under Eq. (6.42), as anticipated, and (b) (9;9) (¢, z,0)
and (0,®) (¢, x,0) are unchanged under Eq. (6.42) and therefore are physical degrees
of freedom at the edge. Their dynamics are controlled by the non-universal matrix
V', which is fixed by microscopic details of the physical system near the edge.

So far, we have discussed only the kinetic part of the action. Let us now discuss

the couplings to the external gauge potentials A and B given by the actions (6.28¢)
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and (6.28d), respectively. We assume that the external gauge field A is chosen so that

(i) all its components are independent of y, i.e.,
A (t3y) = A, (1,2), (6.432)

for p = 0,1,2 and (ii) they generate the Maxwell equations in a one-dimensional

space defined by the boundary y = 0, i.e.,
Ay(t,x) =0 (6.43Db)

for all times ¢ and for all positions = along the one-dimensional boundary y = 0.

Using (i) and (ii), we can recast S; as
e
So=+ %/dt /dzw Q€ a;,0, A,
R Q
€ 2 2
=+%/dt/deie“ 0, (9,0, A,) 6.4
R Q

€ v
= —%/dt /d:z; (e" A“QTQJ(I)) (t,z,0).

On the last line, the Levi-Civita tensor is defined for (1 + 1) space and time.
Furthermore, the very same manipulations that lead to Eq. (6.44) can be carried

out on Sg to deliver

+o0 +o0
Sy = — 2i dt / dz (" B, ST 0, ®) (t,,0). (6.45)
T

Finally, the operation of time reversal stated in Eq. (6.37d) in the bulk reduces

on the boundary to the transformation law

a,(t,z) = (0,®) (t,2) 5 S, a,(~t,z) = (9,5, D) (—t, 7). (6.46)
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The transformation law of the 2N-tuplet ® under reversal of time is thus only fixed

unambiguously up to an additive constant 2/N-tuplet. The choice

o(t,z) L, d(—t,2) + 7K' SV Q, (6.47a)
with
L1 L1
Xh= 9 (3o + X3), INGES ) (X — X)), (6.47b)

guarantees that at least one Kramers doublet of fermions exists as local fields in the

edge theory, as was shown in Ref. [83].

6.4 Summary

In this chapter, we first derived a hierarchy of FQSHESs, the universal properties

of which are encoded by equivalence classes of BF theories of the form

1 - -
L= —;e’“”\ aff)T x0, af\ ) + ge“” A, 0' 0, af\” + %6“” B, 0' 0, aE\ ), (6.48)

The N x N invertible and integer-valued matrix s couples the N flavors of the
dynamical gauge field a(*) to the N flavors of the dynamical gauge field a(~). The
N-tuplets a!™) and a() also couple linearly to the external gauge fields A and B,
respectively, through the vector ¢ € Z", where the integer g, shares the same parity
as the integer s, for i = 1,---, N. Correspondingly, there exists two independent
conserved currents, a charge current associated to the gauge field a(*) and a spin
current associated to the gauge field a(=).

Time-reversal symmetry implies the vanishing of the charge Hall conductivity

oy =—xv=0, (6.49)
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The non-vanishing spin filling fraction

v, =0"x""o (6.50a)
can be interpreted as the spin Hall conductance

O = 5 X Vs (6.50Db)

if the U(1) conservation law associated to the current of a{~) arises microscopically
from a residual spin-1/2 U(1) (easy plane XY') symmetry. The topological ground

state degeneracy, if two-dimensional space €2 has a toroidal geometry,
(det »)? (6.51)

is always the square of an integer as a consequence of time-reversal symmetry. Equiv-
alent pairs (s, 0) and (57, ¢'), as defined by Eq. (6.25), share the same spin Hall
conductivity and topological degeneracy.

The theory (6.48) is topological when two-dimensional space €2 has no boundary,
i.e., the Hamiltonian density associated to the Lagrangian density (6.48) vanishes.
This is not true anymore if the boundary 0f2 is a one-dimensional manifold. We have
shown that imposing gauge invariance delivers a gapless theory with all excitations
propagating along the boundary 0€2. These excitations can all be constructed out
of N pairs of counter-propagating chiral bosons whose non-universal velocities along
the boundary 0f) derive from a gauge-fixing condition. The stability of this edge
theory to the (time-reversal symmetric) breaking of translation invariance along the
boundary (including the breaking of the spin conservation law associated to the spin

vector S) was studied in Ref. [83].
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Conclusion and perspectives

Modern condensed matter physics makes ever more use of concepts from topology.
Since the discovery of the quantum Hall effect (QHE) in semiconductor heterostruc-
tures, a wide range of physical phenomena in condensed matter are known to be
of topological origin. Recently, band insulators were shown to be divided into two
categories: “trivial” insulators and topological insulators (TT). TI’s, besides a gap
separating valence and conduction bands, have robust gapless surface states, which
are protected from localization by disorder provided time-reversal symmetry is not
broken. Similarly to the topological invariant (Chern number) characterizing the
QHE, an invariant index carrying information about the topology of the band struc-
ture determines whether the insulator belongs to the “trivial” or to the topological
class. The recent extensive classification of topological phases has so far been al-
most entirely within the realm of non-interacting systems, with interactions being
regarded as a small perturbation. It is inevitable, though, to raise the question as
to what happens in the regime where the band structure is topologically non-trivial

and concomitantly the interaction strength is large compared with kinetic effects such

136
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that the single particle picture breaks down. Do interactions stabilize a many-body
ground state that inherits the band’s topological characteristics?

In Chapter 4 we have studied conditions to obtain flat band models as a natural
platform for strongly correlated physics and in Chapter 5 we have began to address
the interplay between topology and strong interactions by demonstrating that models
with partially filled flat bands with non-zero Chern number give rise to the FQHE
without an external magnetic field, despite the fact that no obvious connection a
priori existed between the lattice problem and the FQHE observed in semiconductor
heterostructures in the presence of a large uniform magnetic field. Surrounding this
topic, there are still many open and relevant questions, which deserve further investi-
gation and go beyond the scope of this thesis, such as: What are the similarities and,
more interestingly, the differences between these FQHE states on a Chern band and
the ones observed in semiconductor heterostructures? Are there materials with such
non-trivial flat bands with a hierarchy of energy scales capable of realizing quantum
Hall phases at temperatures much higher than the typically low temperature scales
required in order to observe the QHE in semiconductors with an external magnetic
field? What is the relation between the Chern number, the filling fraction and the
hierarchy of FQHE states that can be achieved?

On another front, a challenge that lies ahead is the search, in theory and in ex-
periment, for strongly interacting phases with time reversal symmetry. In 2D, the
FQHE is the quintessential strongly correlated topological phase and it is sometimes
possible to conceptually visualize time-reversal invariant topological states in 2D in

terms of time-reversed pairs of FQH states. In Chapter 6 we have explored this con-
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nection to establish a hierarchical construction of such time-reversal invariant fluids
with fractionalized excitations. In 3D, on the other hand, the absence of quantum
Hall effect calls for a fresh look at the question of how to think about strongly inter-
acting topological systems. In other words, it remains a vary challenging question to
determine - if it exists - what would be the quintessential strongly correlated system
in 3D playing the analogous role of the FQHE in 2D. Besides, given a time-reversal
invariant interacting Hamiltonian, no guarantee exists that the ground state will also
be time-reversal invariant, for the presence of strong interactions can, in principle,
break time-reversal symmetry spontaneously, which could lead to many interesting
phases.

Topological states of matter have gained a renewed interest in recent years for their
potential applications to Topological Quantum Computation, which proposes to over-
come decoherence effects by working with qubits made out of delocalized excitations
of a many-body quantum state. One of the most discussed realizations of such pro-
tected qubits is via pairs of Majorana fermions in spatially separated superconductor
vortices. Central to the ability of creating qubits immune to decoherence is the parity
of the number of Majorana fermions per vortex. In Chapter 2, we have elucidated
the mechanism behind the stability of Majorana qubits in 2D lattice systems with a
free particle band structure containing “Dirac particles”, similar to that of graphene.
The obstacle imposed by the fermion doubling to the construction of decoherent free
qubits is overcome by fermion masses which break time-reversal symmetry and com-
pete with the superconductor order parameter, thus allowing the possibility of an odd

number of Majorana fermions per vortex. Motivated by the important consequences
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of fermion zero modes, either as Majorana fermions in superconductors, or for the
phenomenon of fractionalization in charge conserving systems, we have developed in

Chapter 3 a method for counting the number of zero modes bound to a point defect.
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Appendix to Chapter 3

A.1 Counting the zero modes with the induced
charge

In this Appendix, we review an identity that relates the total number of zero
modes of any single-particle Hamiltonian H with charge-conjugation symmetry to
its Euclidean Green function G(w) = (iw — H)~'. This identity appears implicitly in
Ref. [112] and explicitly in Ref. [58]. [139] We will only assume that the single-particle

Hamiltonian H has the property that there exists a transformation C such that

C'HC=—H, (A1)

whereby the transformation C is norm preserving, i.e., it can either be an unitary or
an antiunitary transformation. We call C the operation of charge conjugation.

To simplify notation, we take the spectrum
{0, sgn(n) e, |n==+1,£2,---} (A.2)

140
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of H to be discrete up to finite degeneracies of the eigenvalues. This is the case if H
describes the single-particle physics of a lattice Hamiltonian. The spectral decompo-

sition of H thus reads

H = Z Sgﬂ(”)f|n||¢n><?/fn|> €|n\ > 0’ (A3)

n==41,42,.

with the single-particle orthonormal basis obeying

<1/)n|1/)n’> = 5n,n’7 <¢n|a> =0, <O‘|a/> - 5«1,0/7
N

1= la)al+ S [adtal (A4)
a=1 n==+1,£2,..

We have assumed the existence of N zero modes labeled by the index a.. The relation

|¢n> = C|¢—n> (A5)

holds for any finite energy eigenstate labeled by the index n = 4+1,+2,--- as a result
of the charge-conjugation symmetry (A.1).

On the lattice, we denote the value of the energy eigenfunctions at site i by

wsgn(n)elnm = (i|tn), n==41,42, -, (A.6)
for the finite-energy eigenvalues and
Voi = (ila), a=1,--- N, (A.7)
for the N zero modes. For any two lattice sites ¢ and j,
5z‘,j :<i|j>
=(i[1]5) (A.8)

N
= Z ¢i|n\,]w7\n\,z + Z (Cd})imm (Cw>—|n\,z + Z w;,jd}a,h
a=1

n=—1,—2, n=—1,—2,
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where we have used the completeness relation defined in Eq. (A.4). When i = j, we

find the local sum rule

N
1=2 Z Vi + Z Vi (A.9)
—1

n:—17_27... a=

owing to the fact that C is norm preserving.

We now assume that there exists a single-particle Hamiltonian

7_[0 = Z Sgn<n)€?n\‘¢n><¢n’
n=+1,42,- (A.10)

such that H, does not support zero modes. Evidently, the local sum rule

n=—1,—2,-

also applies.
After subtracting Eq. (A.11) from Eq. (A.9), the local local sum rule

N
a=1

n=—1,—2,

follows. In turn, after summing over all lattice sites and making use of the fact that

the zero modes are normalized to one, the global sum rule

5= 2 2 (@ g — V) (A.13)

n=—1,—-2,- 1

follows. The global sum rule is only meaningful in the thermodynamic limit after this
subtraction procedure has been taken.
We now present the global sum rule (A.13) with the help of Euclidean single-

particle Green functions. We thus define the Euclidean single-particle Green functions

(A.14a)
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® complex plane

0000600080
90000000 >

N
J

Figure A.1: Definition of the integration contour ~ that picks up the discrete negative
energy eigenvalues of the single-particle Hamiltonian. The shaded box represents the
Fermi sea. The filled circles represent the discrete energy eigenvalues. The contour ~y
avoids the zero mode.

and

1

iw—H,

Go(w) (A.14b)

for any real-valued and non-vanishing w. Next, we choose v to be the contour in the
complex w plane that runs counterclockwise along the real axis w € R, avoids the ori-
gin w = 0 by an infinitesimal deformation into the upper complex plane Rew > 0, and
closes through a semi-circle in the very same upper complex plane (see Figure A.1).
With the help of the residue theorem, it then follows that

D Vit _/;1—:@!9(&1)\0 (A.15a)

’I’L:—l,— )"

Y

and

> o= [ e G (A150)

’n:—17— )" ~
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Equation (A.13) can now be rewritten in the desired form

N

5 =T [ 52166 - 6. (A.16a)

v

Equation (A.16a) can be expressed in terms of the local “lattice charge” p, through

N
F--Yn=-0

dw (A.16Db)
p= [ oo lilig) - G0,
0l
or the local “continuum charge” through “charge” p(r)
N
5 = —/dd"“P("") = -0,
dw (AIGC)
o) = [ 55 rl0) ~ Gyl ).
T
5
A.2  Zero modes of HY
This Appendix provides intermediary steps for Sec. 3.3.3.
A.2.1 Dirac fermions in one-dimensional space
Definition
When d = 1, Eq. (3.52) simplifies to
HY (P, () = 03P + 0,0, (x) + 090, (x). (A.17)

The (R = 2)-dimensional representation of the Clifford algebra is here generated from

the Pauli matrices 04, 05, and o4. If the doublet of Higgs fields ¢, is constant through
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one-dimensional space (), the single-particle spectrum of Hamiltonian (A.17) has a

gap controlled by the Higgs components adding in quadrature,
eo(p) = P° + & =D + &gy + Do (A.18)
The generator of the chiral symmetry of the Dirac Hamiltonian (A.17) is
Con = 03 (A.19a)
if
¢y =0 (A.19b)
everywhere in Euclidean space x € R.

The operation of time-reversal is implemented by
T, K=0,K (A.20)

where K denotes complex conjugation. It is a symmetry of the Dirac Hamilto-
nian (A.17) for any Higgs configuration ¢, and ¢,.

The operation of particle-hole exchange is implemented by
Con =T KCy, = —ioz K (A.21)

and it is only a symmetry of the Dirac Hamiltonian (A.17) provided ¢, = 0.

The discovery that this model supports zero modes was made by Jackiw and
Rebbi in Ref. [56]. Its relevance to the physics of polyacetylene was made by Su,
Schrieffer, and Heeger in Refs. [113] and [114]. In polyacetylene, the kinetic energy
results from linearizing the dispersion around the two Fermi points of a single-band

nearest-neighbor tight-binding model at half-filling in the left- and right-mover basis.
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The Higgs field ¢; = ¢, realizes a modulation of the nearest-neighbor hopping am-
plitude that is mediated by phonons. A Peierls transition opens up a single-particle
electronic gap through the breaking of the translation symmetry by one lattice spac-
ing down to a residual translation symmetry by two lattice spacings. A domain wall
in ¢, that interpolates between the two possible dimer ground states binds one zero
mode per electronic spin (which we have ignored so far). The Higgs field ¢, breaks
the sublattice symmetry of the tight-binding model. The quasiparticle charge den-
sity induced by a domain wall with a non-vanishing charge-conjugation symmetry
breaking ¢, was computed by Goldstone and Wilczek in Ref. [39] and shown to vary
continuously with ¢,. We are going to reproduce all these results using the adiabatic

approximation (3.23).

Counting zero modes

We start from the expansion (3.20a) of the quasiparticle charge density which,
for a Dirac Hamiltonian, is exact and consider the contribution from n = 1. The

adiabatic approximation to the quasiparticle charge density is

L [dedp 26,(0,6) @6() 6 (0,6,) () 6,(a)
nant@) = [ G RSN S Ty; LA v e a9 M

For a constant ¢, > 0 that breaks the conjugation symmetry, integration over one-
dimensional Euclidean space () gives the adiabatic approximation to the induced

charge

#1 (z=+00)

_ doy by o - 216
Qagia(P2) = / T;m = (2m)! <arctan 1¢2 )
¢’1(4U:—00)

r=-400

(A.23)

T=—00
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The single domain wall with the asymptotic values

¢1(:|:OO) = F+¥os Yo > 0, (A24)

here chosen in such a way that any zero mode is shifted in energy by ¢, > 0 above

the chemical potential, induces the negative charge

ln_Qu(6;) = —. (A.25)

py—0F

Having restored the charge-conjugation symmetry by removing ¢, in Eq. (A.25),
the counting formula (3.14) can, in turn, be used to deliver the positive number of
unoccupied zero modes

N=1 (A.26)

bound to this single domain wall.

Chern number

Whereas the counting formula (3.14) relies on the charge-conjugation symmetry,
the adiabatic approximation to the quasiparticle charge density does not. We are
going to take advantage of this freedom to relate the induced charge to the first
Chern number.

To this end, we compactify the base space x € R to the circle z € S! by impos-
ing periodic boundary conditions. We then parametrize the doublet of Higgs fields

according to the polar decomposition

1z sin 6(x
o(x) = #i() =m @) : (A.27)

() cos 0(x)
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We have thus compactified the target space ¢(x) € R? to the unit circle §(x) € S*.

In the adiabatic approximation (3.23), the charge is

27 27
1 N oG~ _aG—' oG aG~!
Qadia_m/dw/dp/dx(_l)a_xXtr(Q ap g 90 G—-¢§ 90 g ap g>0.
0 0

(A.28)

The integrand can be written in a more compact and symmetric form by observing

oG\ . (.06
(%), =+ 19=(e%), (8.29)

and by introducing the three-momentum

that

K, = (w,p,0) e Rx S"x S (A.30)

Equation (A.28) is then nothing but the first Chern number, [123] for

1 3 oG=t oG~ oG~
Quiin = 247T2/d Ke,ptr (g i G e G oK )0. (A.31)
RxS1xS1t

We infer that the charge induced by the adiabatic winding of the Higgs doublet around
the circle takes integer values.

Moreover, the domain wall from Sec. A.2.1 is a half-winding of the unit circle
S1. More precisely, evaluation of the trace in the integrand of the first Chern num-

ber (A.31) gives the adiabatic approximation to the charge

1
Qadia = o / dz % = winding number in ¢. (A.32)
7r

The integrand is nothing but the space (x) and time (¢) dependent quasiparticle

charge density

1
0.
J = 2ﬂ_|¢|2€ab¢aam¢b (ASB&)
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that obeys the continuity equation [39]
d,5" =0 (A.33Db)

with

v 1 v’
Jj’ = 27T¢26 €ag 020, P (A.33c)

A.2.2 Dirac fermions in two-dimensional space
Definition
When d = 2, Eq. (3.52) simplifies to
HY" (D, @ () =y + gy + 16y + Body + B33 (A.34a)

The (R = 4)-dimensional representation of the Clifford algebra can be chosen to be

generated from the five traceless and Hermitian matrices

I, = (ay, a9, By, By, B3) (A.34D)

with
) = 03 & Ty, g = 04 @ Ty, (A.34c)

and
B, =0, & Ty, By = 0y @ Ty, By = 05 @ T3. (A.34d)

A second set of Pauli matrices 7, 7, and 7; has been introduced, together with the
unit 2 x 2 matrices o, and 7,. If the triplet of Higgs field ¢, is constant throughout
two-dimensional space (x), the single-particle spectrum of Hamiltonian (A.34) has a

gap controlled by the Higgs components adding in quadrature,

Eg(p) =p2+¢3 =p2+¢31+¢32+¢33. (A.35)
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The generator of the chiral symmetry of the Dirac Hamiltonian (A.34) is
Con =3 = 03® 3 (A.36a)
if
¢35 =0 (A.36b)
everywhere in Euclidean space & € R2.

The operation of time-reversal is implemented by

where K denotes complex conjugation. It is a symmetry of the Dirac Hamilto-
nian (A.34) for any Higgs configuration ¢, ¢,, and ¢,.

The operation of particle-hole exchange is implemented by
Cohn =T, KCy, = —0, @7, K (A.38)

and it is only a symmetry of the Dirac Hamiltonian (A.34) provided ¢4 = 0.

The discovery that this model supports zero modes (Majorana fermions) was made
by Jackiw and Rossi in Ref. [57] within an interpretation of Hamiltonian (A.34) as
a relativistic superconductor. Weinberg shortly thereafter proved an index theorem
in Ref. [128] for these zero modes. The effect on the induced charge by a triplet
of Higgs fields was investigated by Jaroszewicz in Ref. [61] (see also Refs. [16, 50,
146]). It was proposed by Hou, Chamon, and Mudry in Ref. [52] that graphene
could realize Hamiltonian (A.34) with the Higgs doublet ¢; and ¢, responsible for a
Kekulé bond-density-wave instability and the charge-conjugation-symmetry-breaking

¢4 responsible for a charge-density-wave instability (see also Refs. [14, 15, 98]).
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Counting zero modes

We start from the expansion (3.20a) of the quasiparticle charge density induced
by a static triplet of Higgs fields ¢ which, for a Dirac Hamiltonian, is exact. We
compute first the contribution from n = 1. It vanishes. The adiabatic approximation

to the quasiparticle charge density is in fact given by Eq. (3.24)

,Oadia(fl?) _ / de2p 86abc (81¢a) (82¢b) ¢c _ €a£ (al¢a) (82¢b) ¢c ] (A39)

2m)3 w2+ p? + ¢2(x)]? T 4 p(z)]?
For a constant ¢, the integration over @ gives the adiabatic approximation to the

charge

AO
1 ¢
Qadia((bZS) :E/d@/dppm (A40a)
0

where the parametrization

10) p(r) cos OO

) [e)eoser) o
¢2 p(r)sin ©(0)

is assumed for the charge-conjugation-symmetric doublet of Higgs fields with r and

6 denoting the polar coordinates of € R% In the limit in which ¢, tends to zero,

the induced charge

sgn(gb3)
2

Quaia (05) = x winding number in (¢, ¢,) (A.41)

follows. To compute the number of unoccupied zero modes N with the counting
formula (3.14), we choose the sign of the charge-conjugation-symmetry-breaking ¢,
such that it shifts the zero mode in energy above the chemical potential, i.e., with

the opposite sign to the winding number of the Higgs doublet (¢, ¢,). We then take
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the limit ¢; — 0. If so, for a unit winding
N =1. (A.42)

Observe that the number of zero modes (A.40a) agrees with Weinberg’s index theorem

in Ref. [128] applied to a single vortex with unit vorticity.

Chern number

We use the notation G = (iw — HP¢)~! and compactify both space and the

order-parameter space,

xeS  ¢0)ecS*CR (A.43)

where 6 = (6,,0,) are the spherical coordinates on the two-sphere S? C R3.

With the general manipulations of Appendix A.2.3, it is then possible to write

—i(2m)2 3 3
Qadia = 1(607T) /€V1'~~V5tr4 (galﬁg b gal/5g 1>0 (A44a)

K

where we have introduced the family of indices v
yl’...7]/5:]_7...’5’ (A44b)

the momentum
K, = (w,p1,p9,0,,0,), (A.44c)
and the domain of integration

[-J3 %[5

peS2 6c.S2

The “surface” element of the sphere S? is here denoted by d2,. The subscript 0
refers to the semi-classical Green function (3.22). Equation (A.44) is the second

Chern number. [90] It takes integer values only.
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A.2.3 Chern number for Dirac fermions in d-dimensional
space

To prove Eq. (3.58), imagine that we integrate out the Dirac fermions in the
background, not necessarily static, of the Higgs fields in Eq. (3.52d) subject to the
constraint

¢(0) € S* C R, (A.45a)

where 0 are the polar coordinates of the d-sphere S¢ C R%*!. The conserved current of
the fermionic single-particle Dirac Hamiltonian must induce a conserved current j7;;.
with v = 0,1,--- ,d for the Higgs fields. Its time-like component jJ;. enters in the
counting formula (3.14). Relativistic covariance, current conservation, dimensional

analysis, and the constraint (A.45a) all conspire to bring this current to the form

.j;/dia X 6wjlmyd6:111---adadJrl (’bad+1a”d¢ad T ayl (bal' (A45b)
Here, summation convention over the repeated indices
V,Vy, - >I/d:0717"' >d7
(A.45¢)

ay, - hag g =d+1,---,2d+ 1,
is implied. (Compared to our convention in the definition (3.52d) of the Dirac Hamil-
tonian, we have shifted the values taken by the family of indicesa =d+1,--- ,2d+1
to stress that it differs from the family of indices i = 1,--- ,d.)
If we compare Eq. (A.45) with the gradient expansion (3.26), we deduce that the
leading non-vanishing contribution to the gradient expansion (3.26) must be of order

n = d and, for a static Higgs background, given by

Joa®) = ()T, o (8,65,) -+ (8,6,,) (@), (A.462)
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The summation convention over the two distinct families of indices

(A.46D)
ay, -,a;=d+1,-,2d+1,

is implied and the expansion coefficients are

dw oG=! _9g1 oG~ _oG~! oG~!
o o] () - () 0]

0

(A.46¢)
Any permutation of the indices on the left-hand side is defined by the same permu-
tation of the differentials in the trace of the right-hand side.

We are first going to prove that

d,, 0 (=) A=z ()
Qadia = /d T Jadia(T) = dl /Ez‘dbd~--i1b1~7z‘dbdmi1b1(0) (A.47a)

g 6esd

where the target space S C R¥! of the order-parameter is parametrized by the

d-independent spherical coordinates

0 = (9d+1a T 792d)a (A47b)
the integral
/ = /de (A.47c)
0cs Sd

with d€2, the “surface” element of the d-sphere, and

dw agfl oG—1 oG~ _0G~! oGt
=[5 [l (5% ) - (oo, ) (%5 .

0

(A.A47d)

Again any permutation of the indices on the left-hand side is defined by the same

permutation of the differentials in the trace of the right-hand side.



Appendix A: Appendixz to Chapter 3 155

Proof. To evaluate the trace in the integrand (A.46¢), the semi-classical Green func-

tions are re-massaged so as to bring all the Dirac matrices in the numerator,

B 1 w4+ Ip, + ,0,(x)
B T S NN R R

Multiplying out all Green functions in the trace from the integrand in Eq. (A.46c¢)
yields in the numerator terms made of the product from 2d I'-matrices, 2d + 1 I'-
matrices, ..., 2d 4+ 27 ['-matrices, 2d 4+ 25 + 1 I'-matrices, ..., 2d 4+ 2d ['-matrices, and
2d + 2d + 1 I'matrices. Any trace over an even number 2d + 25 of I'-matrices is odd

2d+1-2j i the numerator.

under w — —w since it comes multiplied by the power w
Such a trace does not contribute to the w integration since the denominator is an
even function of w. Any trace over an odd number 2d 4+ 2j + 1 of I'-matrices is even

2d+1-2j—-1 " GQyuch a trace can

under w — —w since it comes multiplied by the power w
only be nonvanishing if I';,- - - ,I'y, . ; all appear in the trace and all an odd number of

times. [147] For such traces, the Clifford algebra delivers another key identity in that

1y <r2d al, ruw) = R(+)%, .. (A.49)

if p; =1,--- ,2dfor j =1,---,2d. Here, R = 2% and Iy, ; was defined in Eq. (3.55b).
The coefficients (A.46¢) inherit the antisymmetry of Eq. (A.49) in that they are fully
antisymmetric under any exchange of the indices (A.46b).

We need to overcome the fact that the ranges of ¢ and a are unequal in cardinality.
To this end, we change variables on the target space and introduce the spherical coor-
dinates (A.47b) of the target space S¢ C R, The adiabatic approximation (A.46a)

to the quasiparticle charge density becomes

Foia(®) = (<)o i, (00,0,) -+ (01,05, ) (@). (A.50)
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Now, it is the summation convention over the two distinct families of indices

(A.51)
by,---,by=d+1,---,2d,

that replaces (A.46b), whereby the expansion coefficients (A.50) are related to the

expansion coefficients (A.46¢) through the chain rule for differentiation, i.e.,

T, -7 ad)ad e (%bal (A 52)
idbd'“ilbl - idad"'ilal aeb aeb . '

Here, any permutation of the indices of J on the left-hand side is defined by the same

permutation on the indices of Z on the right-hand side.

By linearity, the antisymmetry (A.49) thus carries over to

T byiby Nd €i bwiyb, (A.53)

d

where N is a normalization constant. We will not need the explicit dependence of
the normalization N,;. We will only make use of the fact that it obeys the identity

1
Ny(6) = Weidbd-~z‘1b1~7z‘dbd~--i1b1(0)' (A.54)

This follows from contracting the Levi-Civita antisymmetric tensor €, , .;p, With
itself and observing that the two sets of indices ¢ and b run over d distinct values
each.

The Jacobian of the map from & € S% to 8 € S C R*! is

‘g_z’ = 6id~~-ilaid92d e 'ailed-i-l
! 0 0, 0
_?eid~--i1€bd--~b1 i,"b, " Yi, Vb, (A.55)
= aeid---ilbd---bl idebd T ai19b1
(—)dd-D/2

- d! Eidbd"‘ilblaidebd o aﬁebf
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The charge then becomes

_ -0
Qadia - / Jadia

xcsd
:(_i)dH / k7idbd~--ilblaid‘9bd"'8i10b1
xrcsd
[ \d+1
=(—1)"" / Na € wiyp, 05,06, 0i Oy, (A.56)
xcSd
(=) [ xe)
6cSd
i
- d‘ Eidbd"'ilbl‘zdbd"'ﬁm(0)
6csd

with the help of Eq. (A.54) to reach the last equality.

O
For convenience, we introduce another family of indices p through
[iy - g =1, ,2d,
iy, iy =1,--- .d, (A.57)

by,---,by=d+1,---,2d.
For any tensor 7, ., that reduces to the fully antisymmetric tensor T byiby> WE

have the identity
(2d)!

€ptyotingg Tyt = zzﬁja'Eidbdndlbl iybyeeeiq by 2 (A.58)
since the contraction on the left-hand side of this equation yields a combinatorial

factor of (2d)! whereas the contraction on the right-hand side yields a combinatorial

factor of d! x d!, i.e., one d! for the family 7 of indices and another d! for the distinct
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family b of indices. In particular, we can choose

Ty = / / trg (69,97 +-69,,6760.97) (A.59)

w pesd
where the subscript 0 refers to the semi-classical Green function (A.48).
At last, we add the non-compact imaginary-time label with the introduction of

the family v of indices,

(A.60)
i, g =1, ,d,
by, -+ .,by=d+1,---,2d
Define
K, =(w,p1, s PaOarrs 5 059),
L= | [ n(@0.67 00,97, (A61a)

w peSd

//// [ [ [er

w pesd gesd

The “surface” element of S¢ is here denoted by d€,. It follows that

(_)d(d—l)/2(_i)d+1d!

Qadia = (2d i 1)|

d -1 -
(27T) X /6V1"'V2d+1trR (gal’lg o ga’/2d+lg )0
K

(A.61b)

thereby completing the proof of Eq. (3.58). This is the d-th Chern number in (2d+1)-

dimensional Euclidean space and time.
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Appendix to Chapter 5

B.1 SMA for a flat band

We present some of the intermediate steps needed to derive Eq. (5.32a). (For ease

of presentation, we use Latin instead of Greek indices for the momentum components

in what follows. Summation convention over repeated indices is also implied.)

Our aim is to evaluate Eq. (5.25¢) up to order g*k?. The commutator in Eq. (5.25¢)

can be conveniently broken into four contributions,

Joe=Tikt+ Jor+ far + fag

each of which read

fur =5 2 U { (094 07_g] [07:0P] ).

q

For =5 D2 va ( [07-q:0P] [07-s 98] ).

q

f3,k = 2 Z Uq <5ﬁfq [5ﬁfk:7 [6I/O\+q75ﬁ+k:]] >7

q

159

(B.1a)

(B.1b)

(B.1c)

(B.1d)
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and

1 ~ o en ~
f4,k = 5 Z Uq< [6p—ka [5p—qa5p+kj|} 5p+q>‘ (Ble)

q

The commutator of two projected density operators can be expressed, with the

aid of Eq. (5.30), as

[’/O\q’ ﬁk] - Z vaqvk 55;[9 >?p-Fquk? (B.Qa)
P
where
Rp,q,k = Mp,q Mp+q7k - Mp+k,q Mp,k‘ (B.2b)

The nested commutators of three projected density operators can be expressed,

with the aid of Eq. (5.30), as

|:l/0\k:7 [ﬁq’ I/O\k:| :| = Z Ap,q,k 55; X\p—i-q) (B3a)
P
where
Ap,q,k =Ry parxMp k= Bpar Mpiqir k- (B.3b)
Observe here that the identity
o~ ~11f ~ [~ o~
[pka [anpk] :| = |:p—k7 [p—qvp—k} :| (B4)
implies that
;,q,k = Ap+q,fq,fk- (B.5)
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Needed is the expansion of R, ,; and A up to order g?k?. We start with

p,q,k

M

b.q

T
Up " Upyiq

i Iy

. (B.6a)
:1+qiui,-(9iup+ iqiqjul,-ﬁiajup—l—---
i L
=1+4+g¢ Ai7p+§qq]ui,-8i6jup+---
where we have introduced the (imaginary-valued) Berry connection
_ ot
and the summation convention over repeated indices 7,7 = 1,--- ,d is implied. The
symbol 0, with ¢« = 1,--- ,d is to be regarded as a derivative with respect to the

argument of the function on which it acts. Similarly,

My g =1+k A +¢'F0, ut - d;u+ 9 ('K +2¢'K) ul - 0, Oju

+ 5 (PR + KR ) ub - 0,0,0,u+ 5 (KK q™ +2¢"¢'K) 9,u' - 0,0,0,,u

2

N =

o 1 . .
+ 3 q¢E™ O, 8juT -0, u+ 1 ¢PEE™ Ul 0, 0;0,0,,u

1 .. 1 ..
+ 5 k'l gtq™ 0, u' - 0, 0;0,,u + 3 q'¢kE™ 0, ajuT -0,0,,0,u+ -

where the summation convention over the repeated indices ¢,7,[,m = 1,--- ,d is
implied.
We multiply Eq. (B.6a) by Eq. (B.7) and antisymmetrize with respect to the

interchange of g and k. We obtain

R(p,q,k) =¢'F (T(f)> (p) + (KK q™ — ¢'¢k™) (T(ﬁ)n) (p) + k'K q'q™ (T(f?m) (p),

(B.8a)



Appendix B: Appendiz to Chapter 5 162

where the summation convention over the repeated indices 7,7,[,m = 1,--- ,d is

implied and we have introduced the short-hand notation
(T2) () = (7)) (0) = (2, A, — ,4,) (). (B.8h)

(T;g?;;n) (p) = % (amuT L0,0,u — 0,0,u’ - O,u— 20, - 0,0,,u— 24,0, Am) (p),

(B.8c)

(T.@ ) (p) = i [al O, - 0,0,u — 0,0,ul - 9,0,,u+ 24,8, (ul - 9,0,u)
— 24,0, (ut - 0,0,u) + 20,ut - 9,0,0,,u — 20,u’ - 9,0, amu] (p)
(B.8d)

fori,j5,l,m=1,--- ,d. We evaluate

A(p,q.k) = R(p — k,q,k) M(p,—k) — R(p,q,k) M(p + q + k, —k)
= [R(p, q,k) - k*0,R(p,q, k) + -- ] [1 — KAy (p) + - }
— R(p,q.k) [1 — kA, (p) = k"¢"9, A, (p) + -- ] (B.9)
= — 'Kk (5‘(17}22)) (p) + ¢’k E" (%Ti(jf?n) (p)
+ 'K 10, A,(p) (TS) (p) + -+
where the summation convention over the repeated indices a,b,7,7,m = 1,--- ,d is
implied.

At last, we are in a position to evaluate the terms contributing to the function f
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in Eq. (B.1). We start with
1 -~ ~ ~ o~
Foie =5 O v (1071 05_) 673 07) )
q

- % > U < > R, ~k,—q)XbXp kg RP a. k)X yp,+k+q>

q P 4

=20, Y Rlp. k. —a) B K) (%) Ry kg K Ty ira)
q p.p’

=3 2w (1) @)+ [0 (1) @)+ ]
qa pp

PRAPN ~F ~
x <XI, Xp—tk—q Xp Xp’+k+q>
=—c v, k" (Fy) (p)| |K'd (Fy;) (P) (XD X R T
q q ab) \P q ij b Xp prqu Xp/ Xp’+k+q

=3 2 v kn ) BO)| [0 BO](RhRpa T Tyrvaca) =

a,p,p’

(B.10)
where we used that B' = €70, A, = 5¢7™F,  or, equivalently, F; = ¢, B™. We

now break the Berry field strength into two contributions, i.e., B(p) = B + § B(p).
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If so,

o~ o~ /\T ~
<X;Xp—k—qxp’xp’+k+q> +o

(B.11)

In a uniform liquid-like ground state we have (p, ) x d, o and, due to the relation
k¢’ F,, = (kA q) - B, we can replace .., by 0pipr, As a consequence, we can
drop the first three terms on the last equality of (B.11) up to order g*k*. We are

then left with:

f=—5 S v, [ kA a) 5B [ (kA ) 0BG iy )+, (B12)

q pp

where 7n,, = )?L Xp 18 the number operator projected on the lowest band. Similarly,

Fo =5 2 g (1550 52674 52,])

q
1 e e
=3 > v <[5:0k:7 6p_ql[0py 5p_k]>
q (B.13)

=S v [kna) 5B [ kA ) SBE)| (i )+

q pyp
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while

f3k: - Z Uq 5 —q 5p k> 5Pq75pk:H>

<
q
Z Vg <5,3 q Z A p,q, XI)SC\p+q> (B'14)

q

1
_ S oo
=3 2D v AP a k) (97 X V)
q P

[\')IH

[\DI»—l

The matrix element <5,/0\_q 5{; Xp +q> vanishes in the limit ¢ — 0 and, therefore, the

only term that contributes to f;, up to order g*k” is
fon = Z X | AW (D,F) ()] (07 K Rra)
3T T u[kr (52) )] (5 %y T
The condition (B.5) implies that f, , = f;, which then delivers
=y T X [ tna) (5) @] (Gain,). (B0

where we have used that (B(p))" = —B(p).

(B.15)

Putting together all the contributions, we obtain

DI [’Mq 5B(P)][(k/\Q)'5B(p')]<ﬁpAp,>

q pp
ke OB L
+5 22 % [(k: Aq)- (apa) (p) (07_q Xb Xp+q) (B.17)
q p
oB N
—(kAq)- (apa> (P) (Xhvq 007, ) |
where the summation convention over the repeated indices a = 1,--- ,d is implied.

Finally, the analytical continuation B = —iB delivers Eq. (5.32a).
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