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Overview

A recent research activity in theoretical condensed matter physics concerns the topo-
logical phases of matter, that are many body collective states with strong quantum effects
occurring e.g. at very low temperatures and/or under high magnetic fields. In these states,
the interacting electrons give rise to fascinating quantum macroscopic phenomena, whose
understanding involves fundamental aspects of quantum field theory, mathematical physics
and geometry. Therefore, the topological phases of matter are interesting and relevant for
theoretical physics in a very broad sense.

The Ginzburg-Landau theory provides the framework for understanding the phases of
matter such as ferromagnets, superfluids and superconductors. In the early eighties other
states have been found that cannot be explained by this theory. The topological states realize
a new kind of order, the so called Wen’s topological order, which measures the influence of
the topology of space on the collective behavior of correlated electrons. In mathematics,
topology concerns properties that are preserved under continuous deformations, such as
stretching and bending, but not tearing or gluing. In condensed matter, topology specifies
the robustness of the quantum phenomena under deformations of the Hamiltonian as well
as the Aharonov-Bohm phases that are associated to excitations.

The best known example of a topological phase is given by the quantum Hall effect
(QHE), a two-dimensional electron system subjected to strong magnetic field and placed
at very low temperatures. In these conditions, the system shows constant plateaus in the
transverse conductivity op, called Hall conductivity, which takes very precise quantized
values in units of e?/h. These can be integer or fractional, corresponding to the integer and
fractional QHE, respectively. The Hall states possess an energy gap for bulk excitations,
but also massless excitations at the edge of the system that are chiral due to the magnetic
field. Furthermore, the fractional states display anyon excitations with fractional charge and
fractional exchange statistics.

Recently many other topological phases of matter have been discovered; these are also
gapped in the bulk and possess massless boundary excitations. A classification of these states
in ten universality classes has been achieved for free electron (band) systems. This follows
from the analysis of general quadratic Hamiltonians, constrained by time-reversal symmetry,
charge-conjugation and chiral symmetry. The ten possible phases are characterized by topo-
logical numbers. The present challenge is to extend the classification to interacting electron
systems. For example, the integer Z classification of topological superconductors of class
DIII in three spatial dimensions is known to reduce to Zi¢ in presence of interactions.

The aim of this thesis is to describe the topological phases of matter by means of effec-
tive field theories. In many cases, this approach provides an hydrodynamics picture of the

topological excitations that is valid at energies below the bulk gap, realizes the underlying



symmetries and is independent of microscopic details. The field theory approach reproduces
the classification of non-interacting phases and, moreover, allows to discuss the effect of
interactions.

We begin this thesis by reviewing the effective field theory description of the QHE. This
involves the Chern-Simons theory, a topological gauge theory that accounts for the responses
of the system, such as the Hall conductivity and the fractional charge and statistics of anyonic
excitations. In presence of a boundary, the Chern-Simons theory is not gauge invariant and
needs additional massless degrees of freedom located at the boundary. These are described
by a conformal field theory (CFT) in (14 1) dimensions, whose relation with the bulk Chern-
Simons theory is well established. The boundary modes of the QHE states are stable: owing
to their chirality, they cannot self-interact and acquire a mass.

We first review the edge theory of QHE states, the CFT of a compactified free boson,
whose canonical quantization provides an exact description of interacting Hall states with
Abelian fractional statistics. Moreover, we recall that the Hall current is described in the
CFT by the non-conservation of the boundary charge, namely by a chiral anomaly. On the
other hand, the charge is conserved in the whole theory of bulk and boundary: thus, the edge
anomaly is cancelled by the bulk current of the Chern-Simons theory, through a mechanism
called anomaly inflow. We remark that in this thesis we will often make use of anomalies, i.e.
of classical symmetries broken by quantum effects. Being related to topological quantities,
anomalies allow to explain and characterize the robustness of topological phases of matter.

The main topic of this thesis is to understand, by means of effective field theory, the stabil-
ity of boundary excitations of two and three dimensional time-reversal invariant topological
insulators. In these systems, the boundary massless states can self-interact and become mas-
sive, leading to a decay of topological phases onto trivial insulators. In literature, systems
like these are called symmetry protected topological phases, due to the central role played
by symmetry. In particular, time-reversal symmetry forbids interactions that give mass to
excitations when certain conditions are met.

Two-dimensional topological insulators have been first analyzed in free fermion systems
using band theory: they are characterized by a Zs index (—1)", where N is the number
of energy-level crossings between different bands. In the pioneering works of Fu, Kane and
Mele, the odd (even) N cases were shown to be stable (unstable) by means of symmetry
argument based on an adiabatic flux insertion. The stability analysis was then extended
to interacting Abelian systems by Levin and Stern, which related the Zs index to certain
properties of edge excitations.

One result of this thesis is the generalization of the previous analysis. Using CFT tech-
niques, we derive the partition functions of edge states in the space-time geometry of the
torus. The antiperiodic and periodic boundary conditions in space and time give the four
spin sectors of relativistic fermionic theories, such as the Neveu-Schwarz and Ramond sec-
tors. Next, we reformulate the flux insertion argument due to Kane and coworkers in terms
of transformation properties of partition functions. We then prove the general validity of

the Levin-Stern Zs index for interacting Abelian and non-Abelian topological insulators. In
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particular, our analysis clarifies that the stability is associated to the anomaly of the Z,
spin-parity, that is the fermion index of edge excitations. Furthermore, we point out that
partition functions of stable topological insulators have interesting geometrical properties.
Under modular transformations, the discrete coordinate changes respecting the periodicities
of the torus, the four partition functions transform among themselves. We show that the
stability is associated to the impossibility of combining these functions into a modular in-
variant expression. Thus, a discrete gravitational anomaly is accompanying the spin-parity
anomaly.

Summarizing, an anomalous system possesses massless protected boundary excitations.
This leaves open the question of whether a non-anomalous system does become fully gapped.
In this thesis we find the interactions that completely gap the edge modes of unstable non-
Abelian topological insulators: for example, we analyze the time-reversal invariant Pfaffian
topological insulator, that is made of two copies of the Pfaffian QHE state with opposite
chiralities.

Time-reversal reversal invariant topological insulators in three space dimensions have also
been analyzed using band theory. Extending their flux argument, Fu, Kane and Mele showed
that they are classified again by a Zs topological index. These phases have a bulk energy
gap and surface states protected by time-reversal symmetry consisting of an odd number
of massless Dirac fermions in (2 + 1) dimensions. At first glance this results might seem in
contradiction with the known parity and time-reversal anomaly in (2+ 1) dimensions. How-
ever, we verify that a cancellation between bulk and boundary terms of the effective action
restores the symmetries. This cancellation is different from the anomaly inflow mechanism
occurring in two dimensions.

Another result of this thesis is the reformulation of the Zo stability criterion for three-
dimensional topological insulators by studying the partition functions of boundary fermions.
In the geometry of the three dimensional space-time torus we find eight partition functions,
corresponding to periodic and antiperiodic boundary conditions. These are the spin sectors
of the fermionic theory, among which we recognize the corresponding Neveu-Schwarz and
Ramond sectors. Studying their transformations under the modular group and flux inser-
tions, we show that the stability is again associated to the anomaly of the Zs spin-parity.
Furthermore, a modular invariant partition function cannot be constructed.

Recently, interacting three-dimensional topological insulators were also introduced and
theoretically analyzed, showing that they possess fractional charge and vortex excitations.
The final part of this thesis is dedicated to the effective field theory description of interacting
topological insulators provided by the BF gauge theory. This is a time-reversal invariant
topological gauge theory depending on two hydrodynamic fields, describing particles and
vortex excitations. The theory depends on a coupling constant K, that is an odd integer.
We first verify that the stable K = 1 bosonic theory matches the fermionic description for
the topological properties.

In presence of a boundary, an additional surface action should be introduced to compen-

sate for the gauge non-invariance of the BF bulk theory, in full analogy to what happens in
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lower dimension. We thus study the corresponding bosonic surface theory and the dynamics
it can support, respecting time-reversal invariance. We identify the fermionic excitations
within the bosonic theory by studying the partition functions, and thus we are able to ex-
tend the stability argument to this theory. Of course, an exact map between fermions and
bosons cannot be achieved in (2 + 1) dimensions; nonetheless, we obtain some exact results
that do not depend on the details of interactions.

After the canonical quantization of the compactified bosonic surface field, we calculate
the partition functions on the three torus. We find a set of eight functions that transform
under the modular group and flux insertions exactly as the fermionic functions. Although
the bosonic and fermionic expressions are different in three dimensions, they become equal
under dimensional reduction, owing to the exact map between bosons and fermions in (1+41)
dimensions. Upon comparison, we can assign fermionic numbers to the bosonic states and,
thus, define the corresponding bosonic Neveu-Schwarz and Ramond sectors. Using this iden-
tification, we reformulate the Zs stability criterion explained before and extend it for K > 1,
namely for topological phases possessing fractionally charged particles and vortex excita-

tions.

This thesis is organized as follows: In Chapter [I] we recall some general aspects of QHE
and discuss the effective theories of bulk and boundary. In Chapter [2] we introduce the
Fu-Kane-Mele stability argument of two dimensional topological insulators; then we present
our reformulation in terms of transformations properties of partition functions for edge ex-
citations (see work [I] in the following list of publications). Next, we discuss the extension
of the stability criterion to Abelian and non-Abelian topological states [I]. In Chapter
we find the edge interactions that completely gap the edge spectrum of non-Abelian topo-
logical states, such as the Pfaffian and Read-Rezayi states (see work [2]). In Chapter
we discuss three-dimensional fermionic topological insulators and the anomaly cancellation
between bulk and boundary. Next, we show our reformulation of the three-dimensional ver-
sion of the Fu-Kane-Mele stability argument: we calculate the partition functions of the
surface excitations and relate the Zy stability criterion to their modular transformations (see
work [3]). In Chapter [5| we discuss the topological BF theory in three space dimensions.
We calculate the surface effective action, the bosonic partition functions and their modular
transformations; thus, we present our results on exact properties of bosonization in (2+1)
dimensions concerning fermion parity and spin sectors (see work [3]). Using these results, we
extend the Fu-Kane-Mele stability analysis to interacting topological states in three space

dimensions [3]. In Chapter |§| we give our conclusions.
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Chapter 1
The quantum Hall effect

This chapter is devoted to a brief introduction of the quantum Hall effect (QHE). After
showing the main properties of this quantum phenomenon, we will focus on its low energy
effective field theory description. We will see that the topological Chern-Simons gauge theory
describes excitations with fractional charge and fractional statistics.

The QHE is a quantum system of electrons in a planar geometry which is characterized by
a gapped insulating bulk and conducting massless degrees of freedom living at the boundary.
We will analyze these boundary modes using conformal field theory methods and construct
their partition function. We will show that these excitations have two descriptions, one
bosonic and one fermionic, owing to the bosonization map in (1 4 1) dimensions.

In the final part of this chapter we will show that a quantum anomaly is associated to the
edge effective field theory. Actually, this provides another way to characterized the QHE and
its relation to topological invariants. It turns out that similar arguments based on anomalies
are also useful for other topological phases of matter and will be used very often throughout
this thesis.

1.1 Integer and fractional QHE

The classical Hall effect is observed in a conducting strip subjected to an orthogonal magnetic
field Byg. When an electric current I flows in the strip, a difference of voltage Vi, the Hall
voltage, is detected in the direction orthogonal to the current, see Fig.[I.1] If p indicates the
electron density in the strip, we can define the orthogonal resistance, or Hall resistance, as

Vu  Bo

Ry = — = , 1.1
a 1 pec (1.1)
This linear dependence on the magnetic field is modified by quantum effects when the
system is placed at extreme low temperatures (~ 100 mK) and high magnetic fields (~ 10
Tesla) [5]. In these conditions, the Hall resistance shows some constant plateaus at the values
h 1 12
Ry — — = 1,2, =, e
H v ) 3’5

where h is the Planck constant and v is the filling fraction, an integer or rational number,

62 ;7 (12)

that is equal to the ratio between the number of electrons and the degeneracy of the Landau
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Figure 1.1: Set-up for the Hall effect

levels, see Fig.[I.2] At the same time, the longitudinal conductance vanishes, because the
system is insulating in the bulk. At the beginning only integer values of v were observed,
but later fractional values of v were found, among which the Laughlin sequence v = 1/p,
p odd [5]. These phenomena were called, respectively, integer and fractional QHE and,
in both cases, the experimental results showed an high precision of the quantized values,
independently of the sample details (universality) [6l [7, §].

To describe this kind of behavior, the main idea due to Laughlin [9] is that the electrons
form an incompressible quantum fluid, namely that the density is constant in the bulk,
p(x) = po, and there is a gap for density waves. In the following, we shall see this picture
clearly applies to the case of n completely filled Landau levels, i.e. for integer QHE with
v = n. For fractional fillings, the idea is that the Coulomb repulsion puts the electrons in
the most symmetric configuration compatible with their density, such that the ground state
has a gap and is again an incompressible fluid.

For integer filling, we can neglect the Coulomb interaction and also omit the constant
Zeeman term for spin polarized electrons. Then, the hamiltonian H for electrons with charge

e and mass m is

1 e 2
H=—(p—--A 1.3
5 (P—-A) (1.3)
in the symmetric gauge A = %B(—y,x,O). The classical motion of cyclotron frequency

w = eB/mc gives rise to quantization of the kinetic energy £ = hwn and to quantized radii
ri. The corresponding orbits enclose a flux multiple of the quantum unit of flux ®y = hc/e,
ie. 7T’I”£B = k®g. The flux quantization implies that the magnetic field has associated a
unit of length, the magnetic length £y = \/m. In the following, we shall mainly use the
units h = ¢ = e = {3 = 1, which imply w = 2 and &y = 2.

At the quantum level, the hamiltonian and canonical angular momentum can be written
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Figure 1.2: Longitudinal (R) and Hall (Ry) resistances as function of the applied magnetic field [8].

in terms of a pair of independent harmonic oscillators [10] [11]:
1
H=w (aTa + 2> ; J =0b'b—ala, (1.4)

satisfying the commutation relations [a,a!] = 1,[b,bf] = 1, with all other commutators
vanishing. Starting from the vacuum, satisfying a |0) = 5|0) = 0, one finds energy (a')
excitations, the Landau levels, which are degenerate with respect to the angular momentum
(b') excitations. The degeneracy Ny of levels occupying an area A is equal to the flux passing
through it in quantum units, N, = ®/®, = BA/27.

When n Landau levels are completely filled, the number of electrons is an integer multiple

of the degenerate states for each Landau level, N = nN,. The filling fraction v is then

N & p
— =N— =52 —p. 1.5
TN, e "B " (1.5)

In this case, when the Fermi energy is placed between the last occupied and the first empty
Landau levels, the electrons can not jump in the higher level due to the energy gap w ~ B
and the system has vanishing longitudinal conductivity. From Eq., we express p in
term of v, and substituting this in (1.1) we find the quantized values of the Hall resistance
Ry =2m/v.



For v = 1, the ground state wavefunction is given by the Slater determinant of N
one-particle states of the lowest Landau level, that takes the form of the Vandermonde
determinant [10] [11]

V({zhAzh) = ] (—2)ep(=)lal7/2), (1.6)

0<i<j<N i

where z; are the positions of the n-th electrons. In this state, every orbital angular momentum
[ is filled. The total angular momentum L is related to the number of electrons N by
N = L +1, and the density is constant with the shape of a droplet of radius R ~ v/L. The
angular momentum can be decreased by moving electrons to the second Landau level: these
transitions are forbidden at low temperatures due to the large gap w o< B. Therefore the
fluid is incompressible.

The states corresponding to fractional values of v are incompressible due to the Coulomb
interaction between electrons, and the gap is a non perturbative effect. One should use
effective approaches and trial wavefunctions. For v = 1/p, with p an odd integer, Laughlin
proposed the wave function [12]

Uzt {zh) = I Gi—z)ep(=)lal/2), (1.7)

0<i<j<N i

that describes very well the physics of the fractional QHE states. It approximates accurately
the numerical ground state for a large class of repulsive interactions, and the excitations
have a finite gap. Laughlin developed the incompressibility picture, as well as the properties
of the excitations, by interpreting |¥|? as the classical probability distribution for a two
dimensional Coulomb gas of charges, the so called plasma analogy. For v = 1/p, it is know
that this plasma is a liquid and that the charge is screened, thus providing a gap; furthermore,
the excitations have fractional charge e/p [12]. We shall describe these properties by using

effective field theories in the following subsections.

1.2 Chern-Simons bulk effective action

We have seen that the electrons gas forms a state of incompressible quantum fluid that is
characterized by universal and robust quantities; in such a system, we expect that the phys-
ical properties can be deduced from general considerations of symmetries and conservation
laws, that are independent of the detailed microscopic theory. It is then natural to formulate
the problem in terms of the effective field theory for low-energy excitations [10} [11].

If we consider a system of N fully polarized electrons, with coordinates {x;} and veloc-
ities {v;}, with ¢« = 1,--- | N, we can define a local density jo(x) and current j;(x) by the

expressions
N

N

Jo(x) = Z 0@ (x - x), Ji(x) = Zvi5(2) (x —xi). (1.8)
=1 =1

The condition of local charge conservation means that the 3-vector j,(z) = (jo,j), with

x = (t,x), obeys the continuity equation

0" =0 <= 0ijo+V-j=0. (1.9)

4



Since the current j* is conserved, it can be expressed as the dual of a gauge field a,(z),
called the hydrodynamic field,

1
gt = %ijpaz/apa (1.10)

where e#? is the completely antisymmetric symbol. This current is invariant under a gauge
transformation of the a, field, i.e. a, — a, + 9, A.

In the effective field theory approach, the main step is to guess the form of the low
energy action with the desired symmetries, in this case an Abelian gauge theory for the field
a, . Since the external magnetic field breaks parity and time reversal symmetries, the
leading term with lowest number of derivatives in the (2 + 1) dimensional action is of the
Chern-Simons type. This captures the main physical properties of the QHE with v = 1/p.

We write:

Sla, A] = —p/ B Pa,0,a, + — / & P A,0,0a,, (1.11)
T Jo o

where the first term is the Chern-Simons action for a, and the second term is the coupling

between the matter current j# and the external electromagnetic field A,. The Chern-Simons

action for the a, field is a topological action, because it does not depend on the metric and

does not describe propagating degrees of freedom in the bulk. Therefore, this description is

valid for energies below the bulk gap in the Hall system.

Upon integrating the field a,, we find the induced effective action

1

Sind [A] 477]7

/d3x P A0, A,, (1.12)

that describes the response of the system to varying the external field A,. The induced
electromagnetic current is given by
0Sind[4] 1 y _ 6Sial4] 1

i_ _ ijeo ije. - = __ B= 1.1
J A, —ompt Gi=onc’Ey  p=—pg = =g B=ou(By+0B), (113)

where & = 0;Ag — OpA; and B = 0;A; — 0;A;, are, respectively, the electric and magnetic
field. One recovers the Hall conductivity oy = v/27, v = 1/p, and the density of Laughlin
states.

The quasiparticles/quasiholes are the low-energy excitations of the incompressible fluid,
whose world-lines can be represented by a set of currents J,,, that couple to the hydrodynamic

field a,. Including these excitations, the effective action becomes
— p 3 nuvp 1 3 nvp 3 o
Sla, Al = i d’x €"Pa,0,a, + o d’x e""PA,0pa, + | d°x T a,. (1.14)
™ T

Integrating out the a,, field, we obtain the induced action for the excitations and the external
field,

Sind[A]Z/d?’a: <41 e"PAL0,A, + Auj — Tepwo gulv j”) (1.15)
Q p p
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Figure 1.3: The confining potential modifies the Landau levels at the edge. The edge excitations
(green line) are massless and chiral.

Computing the electromagnetic current for the case of one static quasiparticle at the origin,

ie. JH =Ek(6(x),0), we obtain
k

—d
p
where k is the charge of the quasiparticle/hole with respect to the hydrodynamic field.

p= %B +25(x), (1.16)

Besides the ground state density, the additional term corresponds to the increase of the
electron density due to the excitation: its electric charge is Q4 = ek/p and, moreover, it
carries k/p units of flux with respect to the a, field. The third term in the induced action
describes the Aharonov-Bohm phase ), that arises upon carrying one excitation around
another. This is given by

Op = 2m—. 1.17
k ” (1.17)

For identical excitations, half of the monodromy defines the statistics phase of the quasipar-
ticles. For k = 1, this is fractional, /7 = 1/p, thus showing that the effective Chern-Simons
theory describes anyons [13], 14]. Next, the excitation with £ = p has a charge and statistics
respectively equal to @ = e and /7 = p. Thus for p odd this is nothing but that the
electron. Experiments on fractional Hall states have accumulated a definitive evidence of
fractionally charged excitations, see for example [I5]; the observation of fractional statistics

has been announced but it has not been definitely confirmed yet[16].

1.3 Bulk-edge correspondence in the QHE

In a finite geometry, like a disk or an annulus, the confining potential V(|x|) modifies the
structure of the Landau levels such that the energy eigenvalues are not longer degenerate,

see Fig.[L.3| [I7]. Due to incompressibility, a Fermi surface is created at the boundary. Upon



expanding the energy around the Fermi surface, one obtains a linear dependence on [, the
rescaled boundary angular momentum J = L + [, with L = R?/2v > [ and R the disk
radius, Fig.[1.3] The energy spectrum takes the form E; ~ vl/R = vk of massless excitations
propagating on the edge in one direction only, i.e. they are chiral [I7].

The presence of a non-trivial boundary physics can be explained using the effective field
theory and the connection between bulk and boundary [10, 18]. We consider the QHE
system in the geometry of a disk, with boundary circle of length 27 R, that form the space-
time cylinder C = S! x R. In such a geometry, the Chern-Simons action S[a,0] (1.14]) is not

gauge invariant: under a, — a, + d,A, it gives the term

55 =L / &z A (Fpa1 — Drag), (1.18)
C

™

where 2! = R is the coordinate along the boundary of the disk. In order to cancel this
term and make sure that the matter current is globally conserved, one introduces boundary
degrees of freedom and a boundary action whose gauge transformation cancels 4.5 in .
At the edge of the system the gauge field a,, can be expressed in terms of a scalar degree of
freedom ¢ by a, = 0,¢, that acquires a dynamics Seqge[¢] [10]. The correct theory is that of

the (14 1) dimensional chiral and massless scalar field with Floreanini-Jackiw action [10} [19]

Suawld) =~ 2= [ &z (@0 +01) 9010, (1.19)
T Jc
The equations of motion,
(G0 + 01) 019 = 0, (1.20)

shows that the field is chiral as required (we fix the velocity vy = 1). The gauge invariance
of the complete system, 65 + dSeqge = 0 is checked by transforming ¢ — ¢ + A and fixing

the boundary gauge condition ag + a3 = 0.

1.3.1 Conformal field theory of the compactified chiral boson

In this section we study the chiral boson action . This quadratic action, once quantized,
gives rise to a sets of conformal fields with fractional dimensions appropriate to describe the
universal long-range properties of the fractional QHE [20].

Rescaling the space-time coordinates as © — Rf and ¢t — Rt, the action , the

Hamiltonian and the higher moments read:

+o0 27
Suageld) ==L [ e [ o @0+ 35) 6000, (1.21)
—o0 0
v P 27 9
H = fLo, with LO = - df (agqb) 5 (122)
R 47 0
P 2
L, = / df (99)* exp (—in (8 — vt)). (1.23)
47 0



We impose the following compactification condition
o(0,t) = o(0,t) + 2mnr, n € Z. (1.24)

Namely the field ¢(0) maps the edge circle into another circle with radius r.

The following field expansion solves the equations of motion (|1.20))
$(0.t) = do —ap (0 —vt) + Y %exp (ik (6 — vt)) (1.25)
k0

with o) = a_j and ¢9 = ¢g + 271 to satisfy the constraint . Note that the field
expansion contains zero modes ¢q, ag and oscillating terms that are periodic for 8 — 6 4 27.
Imposing canonical commutation relations of the field and its momentum I1(6,t) = 6£/0¢ =
—p/4moyo, i.e. [19, 20] _
[6(0,1),T1(6, 1)] = %5(9 —9), (1.26)
we infer the corresponding commutation relations of the modes, that are
i n

[¢07 aO] = ];7 [Oén, am] = 55n+m70- (127)

Upon quantization, the coefficients ¢q, ap and a,, become operators acting on a bosonic Fock

space, whose ground state |(2) is defined as
an ) =0, n>0. (1.28)

Once defined the ground state, the Hamiltonian Ly (1.22) takes the following normal

ordered form in terms of the oscillating modes
p - 1
Lo="Pa3+pY apan— o (1.29)
k=1
The higher moments of the Hamiltonian density (|1.23]) similarly read:
_ b
Ly=5% Y on_pau. (1.30)

By using (1.27)), we find that the free compactified boson gives rise to a representation of a

chiral algebra defined by the following commutation relations

[, ] = g5n+m707 (1.31)

[Ln, 0| = —maytm, (1.32)

c
(L, Lin) = (0 —m) Lyt + —n(n? — 1)8n 1m0, c=1 (1.33)

12
The first relation is the U(1) Kac-Moody algebra for the generators ay,; the third expression

is the Virasoro algebra for the generators L,, of local conformal transformations [21], 22]. As

is well known in the CFT literature, the c—number term in the right-hand side comes from
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the conformal anomaly and defines the central charge ¢, that takes the value ¢ = 1 for this
model [21], 22].
We now discuss the quantization conditions on the zero modes of the field ¢, that at
= 0 takes the following form [20]

3(0,0) = do — aph +1y %exp (ik0) . (1.34)
k40

Owing to the compactification (1.24)), ¢g is periodic of 27r. Another condition comes from
the fact that ¢g9 and pag are canonically conjugate (1.27)): actually, their wave function

U(¢o) = exp(ipagdp) should be periodic, implying the quantization

pagy = m, m € Z. (1.35)
r
Altogether, we obtain two periodicities
o(2m) = P + 2w <rn + m> , n,m € 7, (1.36)
pr

whose commensurability requires pr? to take rational values [20].
A further physical condition is that the edge action Seqge[¢] in (1.21)) should reproduce
the bulk physics, in particular the excitations with fractional statistics (1.17)), for v = 1/p.

Therefore
_ 2mn

%audx”’ =¢(2m) —¢(0)=——, neZ. (1.37)
p
This gives the spectrum of «ag ((1.35)) and fixes the compactification radius to » = 1 due to

(1.36)). Thus, the fractional charges of the bulk excitations are [20)]

m m m
Qlag=—)=—]ag=—), meLl. (1.38)
p p p

The corresponding conformal dimensions are given by the eigenvalues of Ly ([1.29) [20], i.e.

m m m
Lo |Oéo = 7) = hm ‘O&o = 7>7 hm = —. (1.39)
p p

In particular, the spectrum contains electrons excitations with integer charge and odd
integer statistics for p odd. It can be shown that more general quantizations of zero modes
of this theory are possible for r # 1 but would not have electron excitations and thus should
be discarded [20)].

We now compute the euclidean grand canonical partition function at the outer edge of
the annulus: this circle and the euclidean time period [ realize the geometry of a torus
(see Fig.. Owing to the knowledge of the spectrum of edge excitations for the Laughlin
states with v = 1/p, and , the trace on the Hilbert space can be decomposed
into orthogonal sectors H™), corresponding to the basic anyons plus any number of electrons

[23]. There are p sectors, for A = 1,...,p, which contains representations with charges



Figure 1.4: Space annulus with indicated the torus geometry of periods (27 R, 3).

Qn = \/p+ n of the U(1) current algebra of the ¢ = 1 CFT with conformal weights h,, =
(A + pn)?/2p. The partition function for each sector takes the following form [23]:

K\(7,¢p) = Tryo[exp (1277 Lo + i27¢Q)]

_ FU?ZTM3Z%am<mw<7mp£fy%wfw;A>>, (1.40)

where 7(7) is the Dedekind function
n(r) = ¢*/% H (1-4"), with ¢ = exp(2miT), (1.41)
n=1

and F'(Im7,Im() is a pre-factor explained in [23]. The function K is parameterized by the

two complex numbers,
i p
= — t = —
TT %R th ¢ 2

that are the modular parameter 7 and the “coordinate” ¢. Im7 > 0 is related to the euclidean

(Vo + 1), (1.42)

time period 3, while Re 7 is the parameter conjugate to momentum P; ¢ contains V, and u,
respectively the electric and chemical potentials. These functions K have the periodicity
Kx4+p = K, corresponding to the p anyon sectors [23].
The primary fields of the CFT with ¢ = 1 are the vertex operators [2I), 22]. These have
the form [20]
Vin(2) = : e™PE/P . meZ, 2 =exp(or +if), (1.43)

and satisfy the following commutation relations

0 m2

0, V()] = (5 + 50 ) Vi), (L1
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mmwﬁzgwwy (1.45)

The vertex operators V,,(z), m > 0, describe the insertion at point z on the boundary
of a quasi-hole excitations with fractional charge @,, = m/p and conformal dimension h,, =
m?/2p. Moreover, the operator product expansion (OPE) of two vertex operators is [21], 22]

Hm Vin, (21) Vi, (22) = (21 — 22)™ ™2/ PV, o (22), (1.46)

Z1—r22

whose phase gives the value of the fractional statistics [20]. The operators V,, m < 0,
describe the insertion of quasiparticle excitations at the boundary having opposite charge.

These results are in agreement with those obtained from the bulk effective action, i.e.
Eq.. Because p is odd, the spectrum always allows the excitation V), with the quantum
numbers () = 1 and 6,, = 27p, that is the electron. These results indicate that the ¢ = 1
CFT of the chiral edge excitations is in agreement with the Laughlin’s theory with v = 1/p
of Section |1.1] as it describes the long-range universal properties at the boundary of the
fractional QHE.

We remark that the same bosonic CFT theory can also be applied to describe bulk
wavefunctions [I1]. Indeed, the Laughlin function is basically the same function as the
N —point correlator of vertex operators V),(z) for electrons , now located at the points
z = x + iy of the plane [24]. The description of quasi-hole and quasi-particle wavefunctions
requires some modifications of the conformal fields that are described in the works [25] [26].

In this thesis, we will not discuss this subject because we will not make use of wavefunctions.

1.3.2 The free fermion theory: bosonization in (1 + 1) dimension

The v = 1 integer QHE is a system of non-interacting electrons and the corresponding edge
theory involves one Weyl fermion [27, 28]. Choosing the parameter p = 1, the CFT of the
compactified boson is the same as that of the Weyl fermion, due to bosonization in (1 + 1)
dimensions [29]. The two theories have the same conformal charge ¢ = 1, satisfy the same
chiral algebra , and the bosonic vertex operators represent the fermion fields ) and ¢t
as follows [20]:

V(O,t) =Voy =000 . yl0,4) =V = 0D (1.47)
Indeed, these fields satisfy the usual anti-commutation relations:

{wi6,0,00.0} = {v'6.0.010.0} =0, (1.48)
{¢(9, 1), 41 (9, t)} = 278(0 — 0'). (1.49)

The charge density p =: ¥ : can be accordingly expressed in terms of the bosonic field
once subtracted the short-distance divergent part using ([1.46) [20]; the result is

1
p=—5-010. (1.50)

11



This implies the mapping p, = «, among the moments of the fields; in particular, the total
charge pg is represented in the bosonic theory by «y, in agreement with the previous results
[20].

The equivalence between the bosonic and fermionic theories also amounts to the equiva-
lence of their partition functions on the torus geometry and of the spectra of excitations. We
first clarify a property of the normal ordering of the fermion field ¢ (6,t) (1.47) [29]. Using
the relation ede? = eA+Be%[A’B], if [A, B] = ¢ is a number, and the definition of the vacuum
state , the normal ordered fermion field is expressed in terms of the bosonic modes as

follows

¥(0,t) =exp (— Z %exp (in (0 — t))> ei%e_i(a“%)(a_“exp (— Z %exp (in (6 — t))) .

n<0 n>0

(1.51)

We see that the integer or half-integer quantizations of ag determines the antiperiodic (A)

and periodic (P) spatial boundary conditions of the fermion field [29]:

(O + 2m,t) = —v(6,%), (4) it a0 ez, (1.52)
»(0,t), (P) if ap€Z+ 3.

In the double periodic geometry of a torus, a fermion may have two types of boundary
conditions along the space and time directions, i.e. antiperiodic (A) and periodic (P). These
correspond to the spin sectors known as the Neveu-Schwarz (NS) and Ramond (R) sectors
and their tildes, as follows [21] 22]:

NS, NS, R, R, respectively: (A,A), (A,P), (P,A), (P,P). (1.53)

The partition functions of each sectors can be constructed via the operator formalism, namely

expanding the Weyl field in terms of rising and lowering operators as follows

P(0,8) = dye™ 00, (1.54)
k

with the modes operators satisfying the anti-commutation rules {by, b;} = 0y, and acting on

the vacuum as

dp|) =0, k>0, (1.55)
di Q) =0, k<o (1.56)

As shown in Appendix the Neveu-Schwarz sector corresponds to choosing k € Z+1/2;
for k € Z we obtain the Ramond one. The Neveu-Schwarz sector has a unique ground state
I©2) yg- Instead, owing to the presence of the zero modes operators d(T) and dp, the Ramond
sector has two degenerate ground states; they have eigenvalues +1 with respect to the fermion
number operator (—1)%, that is (—=1)7 Q) p = £|Q) . p.
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The charge operator assumes the following normal ordered expression [20] (see Appendix [A))

Z T 2 k>0 (ditdk - d—de_k) ; if keN+ %,
Q= Ddydy = (1.57)
k
Sio (dhde —dpd' ) +djdo — 5, if keEN,

from which follows that the Neveu-Schwarz ground state is neutral, that is @ |2) yg = 0. On
the other hand, the Ramond ground states are charged and satisfy @ (), , = +1/2|Q), p.
On the space-time cylinder the hamiltonian operator Lg is written in terms of the

fermionic modes by the following normal ordered expression [20]

—L, if keN4 1L
Lo=>k:dldy:= >k (djdy+dya' ) +{ ™ 2 (1.58)
k

>0 +%, if kel

where the vacuum energies are determined by the (-function regularization procedure.
Once we know the spectrum and the properties of the ground states of the fermionic

theory, we can construct the corresponding partition functions on the torus geometry. Intro-

ducing the variable w = exp(27i(), with ¢ the coordinate of the torus , the partition

functions of the Weyl fermion are given by the following expressions in each spin sector [211, 22]

NS _ Lo, @ _ 1 _ n n—1/2 “1 n-1/2y _ 03(7,0)

Zy” = traqw _7](7')};[1(1 q")(1 +wgq J(1+w ¢ )—777(7) , (1.59)

NS _ \F.Lo,Q_ L1 omNe1 aon—1/2y(q1 _ . —1 n—1/2 _ 04(7, Q)

Zy® = tra(=1)" ¢"ow —U(T)gl(l (1 —wg" A —wT gt = 2 e,
(1.60)

Zl = trpghow? = 77(1T)w1/2q1/8 }_[1(1 — "1+ wg)(1+w g™ = 0277((:’)0, (1.61)

R _ CNFoLo, QL 12 18 onN(1 L aomy(1 o —1 n—1 _ (7. Q)

Zyy =trp(—1)" ¢ °w _U(T)w q nl;[l(l q")(1—wg")(1—w g )—771(7_) .
(1.62)

Here, tr4(p) means the trace over the states of the Hilbert space with antiperiodic (A) and
periodic (P) spatial boundary conditions. The temporal periodic boundary conditions are
obtained inserting the fermion operator (—1)¥ [21], 22].

The equivalence of the fermionic partition functions with the corresponding bosonic ex-

pressions follows from the Jacobi’s triple product identity [211 22]:

[T =)@ +wg )1 +w g2 = 37 g P, (1.63)
n=1 ne”L
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This gives a representation of each theta functions 6(7,¢) in (1.59)-(1.62)) in term of sums

instead of products, leading to the bosonic representation in each spin sector as follows

03(T, () 1 2
ZNS _ U\’ _ - qao/QwaQ’ 1.64
V=Tm T (164
NS 94(7—7 C) 1 2
ZNS — — _1 Oé()qOéO/QwOCO’ 165
e P P (169
02(7-7 C) 1 2/2
zf = == > ", (1.66)
77(7') 7](7’ Qo€Z+1/2
ZR _ ’L'91(7—a C) _ 1 Z (_1)a071/2qag/2wa0. (167)
7](7’) 77(7—) ao€Z+1/2

We make the following remarks:

i) The equivalence of the partition functions between the fermionic and bosonic picture shows
that the parameter « is quantized to integer (half-integer) values in the Neveu-Schwarz (Ra-
mond) sectors, respectively. This result is in agreement with the expression of the fermion
field in terms of bosonic modes, Eq., where integer (half-integer) values of ag imply

antiperiodic (periodic) spatial boundary condition.

ii) The bosonized version of the Neveu-Schwarz spin sector ZVA‘;S in (1.64) coincides with
the partition function K in (1.40)) with parameters p = 1 and A = 0 corresponding to the
v =1 QHE. In the following chapter we will see that the other spin sectors play an important

role in the discussion of topological insulators.

1.3.3 Flux insertion and anomaly inflow

The full theory of bulk and boundary, i.e. the Chern-Simon and the chiral boson actions in

(L.12) and (1.19), takes the following form in presence of an external electromagnetic gauge

potential A,:

1
SoraalA, ¢ = I /Q Bx P AL, A, — % ” d’z (9y + 01) pO10 +
1 1
+— | dz(Ag+A1)do — — | d*x(Ag+ A) Ay (1.68)
27 Joq 4mp Joq
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Figure 1.5: Laughlin’s flux argument: the insertion of a flux ®( inside the annulus moves a charge
AQ = ve from the inner to the outer edge.

This action is left invariant by the gauge transformations ¢ — ¢+A/p when A, — A,+0,A.
The gauge non invariance of the bulk Chern-Simons term is cancelled by the non-conservation
of the electric charge for the edge states, which is nothing but that the chiral anomaly [20} 2§].
Altogether, the Hall current is conserved in the whole system. This mechanism by which an
anomaly is cancelled by a classical effect in a higher-dimensional theory is called anomaly
inflow [30]. The anomaly of the edge theory can be calculated by using the Hamiltonian
equations of motion, which actually give the non-conservation of the charge density at the
edge [20], 28]

(0o + Oh) <_217181¢) = —%51. (1.69)

Eq.(1.69)) describes the edge density overflowing due to a tangential electric field &, i.e. the
v = 1/p Hall effect from the point of view of the edge theory. We can also integrate the

anomaly equation to obtain the adiabatic charge accumulation at one edge

Foo 2R " v 9 v
Q(t:oo)—Q(t:—oo):/_oo dt/o dx0,J :—%/dﬂ:é’l:—zﬂ_/}'zyn,
(1.70)
where F is the (1 4+ 1) electromagnetic field, and n € Z. Eq. relates the charge
accumulated to the index of the Dirac operator in (1+1)-dimensions [31]. The index theorem
establishes that the first Chern class, i.e. the quantity 1/27 [ F, is an integer topological
number; namely, it is independent of continuous deformations of the geometry of the sample
and of the background field. Therefore, this explains the robustness of the quantization of
the Hall conductivity experimentally observed.
The anomaly inflow mechanism is actually equivalent to the Laughlin’s flux insertion
argument used to explain the charge transport from the inner to the outer edge in the

annulus geometry, as shown in Fig.[1.5| [32]. The adiabatic insertion of a quantum unit of
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magnetic flux @9 = he/e through the hole induces a Faraday electric field d® /dt going around
the annulus, which in turn generates a radial Hall current I = oyd®/dt. At the end, a net
charge oh/e has been transported from one edge to the other. When ® = ®, the vector
potential can be eliminated by a gauge transformation, so the Hamiltonian has returned
to its original form at & = 0. Although the spectrum does not change, the states in the
spectrum drift one into another, leading to the so-called spectral flow and the quantization
of the transferred charge.

The fractional quantum Hall effect states are topological fluids made by strongly interact-
ing electrons, that are different from standard crystals and liquids: they represent new states
of matter [5), [10, 11]. As it is clear from the low-energy field theory description, there is no
order parameter associated with broken symmetries as in the Landau-Ginzburg description.
Every QHE state has the same symmetries, but they are characterized by different filling
fractions v and different Hall conductivities o, that are topological and robust quantities.

For these reasons, these new states of matter were called topologically ordered by Wen [10].

1.4 Transport properties and the Hall viscosity

The incompressible Hall fluids have been recently analyzed by coupling them to non-trivial
metric backgrounds, in order to study the heat transport [33] 34] and the response of the fluid
to strain. In particular, the Hall viscosity has been identified as a new universal quantity
describing the non-dissipative transport [35], 36, [37].

In the study of the quantum Hall system, the low-energy effective action has been a
very useful tool to describe and parameterize physical effects, and to discuss the universal
features. Besides the earlier Chern-Simons term leading to the Hall current, the coupling
to gravity was introduced by Frohlich and collaborators [38] and by Wen and Zee [39]. The

resulting Wen-Zee induced action takes the following form

SindlA,w] = — / d*xe? (A0, A, + 28A,0,w, + 57w, 0,w),) , (1.71)

:47r

where w, is the Abelian spin connection relative to the invariance of the system under local
O(2) rotations in space. This action describes the Hall viscosity and other transport effects
in term of the parameter s, corresponding to an intrinsic angular momentum of the low-
energy excitations. Since 5 does not depend of the relativistic spin, it suggests a spatially
extended structure of excitations. The predictions of the Wen-Zee action have been checked
against the microscopic theory of electrons in Landau levels (in the case of integer Hall effect
[40]) and corrections and improvements have been obtained [41], 42]. Further features have
been derived under the assumption of local Galilean invariance of the effective theory, see
for example [43], [44].

In our doctoral work, we studied the dependence on the metric background and we wrote
the paper [4], that will be not reviewed in this thesis for lack of space. Summarizing, in
this work we rederived the Wen-Zee action by using a different approach that employs the

symmetry of Laughlin incompressible fluids under quantum area-preserving diffeomorphism
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(Woo symmetry) [45, 46]. We studied the bulk excitations generated by W, transformations
in the lowest Landau level. We disentangled their inherent non-locality by using a power
expansion in (h/Bp)", where By is the external magnetic field. Each term of this expansion
defines an independent hydrodynamic field of spin ¢ = 1,2,---, that can be related to a
multipole amplitude of the extended structure of excitations. The first term is just the Wen
hydrodynamic gauge field, leading to the the Chern-Simons action [10]. The next-to-
leading term involves a traceless symmetric two-tensor field, that is a kind of dipole moment.
Its independent coupling to the metric background gives rise to the Wen-Zee action and other
effects found in the literature. The third-order term is also briefly analyzed. The structure of
this expansion matches the non-relativistic limit of the theory of higher-spin fields in (2+ 1)
dimensions and the associated Chern-Simons actions developed in the Refs.[47].

Our approach allows to discuss the universality of quantities related to transport and
geometric responses. We argued that the general expression of the effective action contains
a series of universal coefficients, the first of which is the Hall conductivity and the second is
the Hall viscosity. In principle, all the universal quantities can be observed once we probe
the system with appropriate background fields, but so far our analysis is complete to second
order in h/By only.

We believe that the multipole expansion developed in [4] offers the possibility of in-
terpreting the physical models of dipoles [48] and vortices [49] developed by Haldane and

Wiegmann, respectively.
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Chapter 2

Two-dimensional topological

insulators

In this chapter we will analyze the topological insulators in two space dimensions. These
are symmetry protected topological phases occurring in systems that are invariant under time
reversal symmetry. Actually, the presence of this symmetry allows the existence of massless
counter-propagating spin polarized edge states.

We will construct the partition functions of edge modes, that turns out to be useful tools
to analyze the stability of the topological phases. Moreover the stability will be associated
to a discrete Zy anomaly.

Among the models discussed in this chapter, there are the fractional Laughlin topological
insulators and, moreover, the Pfaffian and Read-Rezayi topological insulators, i.e. phases of

matter with non-Abelian statistics.

2.1 The quantum spin Hall effect

The quantum Hall effect is characterized by the breaking of time-reversal (TR) symmetry
due to the presence of an external magnetic field. In the last ten years, it became clear that
topological phases supporting edge states are also possible in absence of external field, that
are TR invariant [50, 51]. The most relevant examples are the topological insulators. These
phases of matter exist in two and three spatial dimensions and occur in certain materials
with strong spin-orbit interactions.

The possible existence of 2d topological insulators was first noticed in a model of graphene
by Kane and Mele [52]. They showed the existence of “spin filtered” edge states, where
electrons with opposite spin orientation propagate in opposite directions. The edge states
of this system are the same as those of two copies of a v = 1 Hall effect having opposite
spin and chirality as pictorially shown in Fig. Each chirality gives a quantized Hall
conductivity +e?/h and an applied electric field leads to Hall currents for the opposite spins
that chancel each other, but generate a net spin current Jg = 1/2(J4 —J) corresponding to
a quantized spin Hall conductivity ogg = 1 (we use h = ¢ = 1) and the symmetry U(1)g.
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Figure 2.1: Edge states with opposite spin and chirality of a two dimensional topological insulator

This explain the name quantum spin Hall effect.

The original model of Kane and Mele was not realistic because graphene is made out of
carbon, a light element whose spin-orbit interaction is too weak to generate a considerable
energy gap. Subsequently, Bernevig, Hughes and Zhang considered materials made of heavy
elements with strong spin-orbit interactions, such as compounds of Tellurium with Cadmium
and Mercury [53].

These authors analyzed a quantum well structure where HgTe is sandwiched between
layers of CdTe. They studied the band structure of the compound as a function of the
thickness of the quantum well dgw. The theoretical model predicted a phase transition
from a conventional insulator, for dgow < 6.3 nm, to a topological insulator with massless
counter-propagating opposite spin edge states for dgw > 6.3 nm. The authors showed that
the phase transition is due to the inversion of the conducting and valence bands of the
compound when the thickness of the quantum well exceeds the critical value dgw = 6.3 nm,
thus causing energy level crossing at the edge and massless excitations. Within a year of
the theoretical proposal, the Molenkamp’s group made the devices and performed transport
experiments showing the first signature of the quantum spin Hall effect [54].

We remark that the quantum spin Hall effect is a rather academic model of topological
insulator: in general the U(1)g symmetry is explicitly broken by relativistic effects and only
the total angular momentum is conserved [51]. In these systems, however, the TR symmetry
is still present and continues to map the two counter-propagating edge channels one into the
other. We will see that this symmetry is crucial to the existence of the topological phase.
When TR symmetry is present, it forbids some edge interactions that would lead to massive
modes. If the symmetry is absent, as e.g. in presence of magnetic impurities, the edge modes
interact and become massive, leading to a trivial insulating phase at low energies. Due to
this property, these systems are called symmetry protected topological phases [55]. They must
be contrasted with the quantum Hall effect which is absolutely stable, because its chiral edge

states can never interact.
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The main issue of TR symmetric topological phases, such as the topological insulators,
is to establish the conditions of their stability, namely under which conditions TR symmetry
acts to keep low-energy modes massless.

Topological insulators protected by TR symmetry have been first analyzed in free fermion
systems using band theory [51] 52, 56, [57]. These systems were found to be characterized by
a topological bulk quantity equal to the Zs index (—1)V, where N is the number of fermion
edge modes of each chirality. It was proven that the odd (even) N case corresponds to a
stable (unstable) topological phase.

For a quadratic Hamiltonian, this Zs classification can be understood by studying the

action of the anti-unitary TR operator 7 on edge electrons with up and down spin [58]:

T 1/JT — ¢¢, 1ﬂ¢ — _wT' (21)

In the system in Fig.[2.1] made of two copies of v = 1 Hall effect with opposite spin and

chiralities, the mass term coupling the two chiralities is odd under TR [50], namely
T: Hint. = m/wiz/g + h.c. — _Hint. . (22)

Therefore, a topological insulator with N = 1 is stable because the edge modes cannot
become massive without breaking TR symmetry. In the case of two fermionic modes per
spin, namely N = 2, a TR invariant mass term can be written that lets them interact and
decouple from the low-energy spectrum. In general, in a system with N modes of each
chirality, a single mode remains massless if N is odd [50]. Of course, if TR symmetry is

broken all edge excitations become gapful and the insulator trivial.

2.2 The Fu, Kane and Mele flux argument

The analysis of more general, non-quadratic interactions compatible with TR can be done
in some cases, but we describe here a criterion for stability that follows from a Zo discrete
symmetry that is valid for any TR invariant interactions [I]. This is the Fu-Kane-Mele flux
insertion argument called the “spin pump” (a cyclic adiabatic process) [52], 56l 57]. We

mostly follow the presentation of Ref.[59, [60].

The Kramers theorem

Here we briefly review the Kramers theorem in quantum mechanics, that is at the heart
of the stability argument. The theorem establishes that states with half-integer spin are
two fold degenerate in interacting systems that are TR symmetric [58]. This is called the
Kramers degeneracy.

The theorem follows by studying the action of the TR transformations 7, that are anti-

unitary and whose square turns out to be

T W) = (-1)" [9). (2.3)
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Figure 2.2: Flux insertion in the QSHE: up and down spins are displaced w.r.t. the Fermi
surfaces at L and R edges of the annulus (dashed-dotted lines).

Here F' is the fermion number, also equal to twice the spin of the state. The relevant case is
when 72 = —1. In this case, if we consider the two states |¥) and its time reversal partner
T |¥), it turns out that they are independent states, orthogonal and degenerate. The pair
of degenerate states (|U),7 |¥)) is called Kramers doublet.

The flux insertion argument

Consider a system made of two copies of the v = 1 Hall effect having opposite spin and
chiralities, as in Fig.[2.1] in the annulus geometry. The insertion of magnetic flux breaks TR
symmetry, owing to:

TH([®T '=H[-9] . (2.4)

This relation together with the periodicity H[®] = H[® + ®¢] (see Section. [1.3.3), implies

that the bulk Hamiltonian is TR invariant for a discrete set of flux values:

d P
Lo g, 3% (2.5)

®=0
"2 2

The Fu-Kane-Mele analysis of band insulators allows to define an index called “TR

Po = +1, that enjoys the following properties [56} [57]:

invariant polarization”, (—1)
i) It is a bulk topological quantity, conserved by TR symmetry.

ii) Its value is equal to the spin parity (fermion number) at the edge,
(D)7 = (1M TN = (—1)* (2.6)

iii) In a stable topological insulator, it changes value between TR invariant points
separated by half flux A® = &y /2.

The stability argument goes as follows: adding a ®¢/2 flux in the center of the annulus
moves spin-up (see Fig. and spin-down electrons in opposite directions with respect to
the Fermi surfaces at each edge (see F ig.. From the point of view of the theory at one
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Figure 2.3: Kramers degeneracy at half flux quantum.

edge, say the outer one, the effect is to create a neutral excitations with spin one-half, i.e.
1
2 )
where AQT = —AQ' = v1/2 = 1/2 is the chiral charge moved by the flux insertion [61].
This excitation has a TR partner locally at the boundary, the configuration with flipped

AQ = AQT + AQY =0, AS = % (AQT - AQ¢> - (2.7)

spin. Actually, the latter would be obtained with the insertion of the opposite flux —®/2,
(see Fig.. Upon using the Kramers theorem at the TR invariant point ® = $¢/2, it
follows that the two spin one-half edge excitations are degenerate in energy and orthogonal,
this degeneracy being robust to addition of TR symmetric interactions.

The energy change of the edge ground state as the flux is varied from zero to ®g/2
is shown in Fig.2.3] At ®(/2, the evolved ground state |€2) necessarily meets with one
excited state |ex) owing to Kramers theorem. Going back to ® = 0, the excited state must
have an energy O(1/R) equal to the work done by adding a flux quantum in a system of
size R; thus, it cannot have a gap in the thermodynamic limit. It then follows that the
existence of a Kramers (spin one-half) pair at the edge for ® = ®y/2 implies the presence
of a gapless excitation at ® = 0. In the case of two fermion modes, the corresponding
spin one excitation created at the boundary would not be protected by Kramers theorem.
The argument then extend to odd and even numbers of fermion modes, leading to the Zy
classification of topological insulators with T = n, with n integer. Note that our setting
is that of non-interacting pairs of Hall states but we are discussing properties that remain
valid in presence of interactions.

Let us add some remarks:
i) The existence of a Kramers pair is signaled by the change of spin parity of the ground

state upon adding half flux,

d=0: (-1)¥=1 — o= % c (1) = 1. (2.8)
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ii) The spin parity is conserved by TR symmetry, being just another way to state the
Kramers theorem. This Zs invariance is the remnant of the continuous U(1)s symmetry of
the quantum spin Hall effect broken by relativistic effects.

iii) At the two TR symmetric points, ® = 0, ®(/2, the spin parity takes different values
while the Hamiltonian remains TR symmetric. Therefore, the quantity (—1)2° is no longer

conserved at the quantum level and the associated Zs symmetry is anomalous [1I, [62].

2.3 Partition functions of topological insulators

The flux insertion argument was generalized by Levin and Stern to systems built from pairs
of fractional Hall states with T = —v that are generalizations of Laughlin states with
Abelian fractional statistics of excitations [59] [60]. The Zo index was show to extend as

follows:

(—1)225 2AS = UjH = (2.9)
where ogp is the spin Hall conductance, also equal to the filling fraction of the chiral com-
ponent v', and e* is the minimal fractional charge, in units of e. Therefore, an odd (even)
ratio correspond to excitations with half-integer (integer) spin, generalizing the number of
fermions of the previous case. Repeating the argument based on the Kramers degeneracy,
one find corresponding stable (unstable) states [59] [60].

Here we will expose the main results of our work [I], that is the generalization of the
stability analysis to any interacting topological insulators through the study of partition
functions of the associated conformal field theory of edge excitations. We will recover the
Levin and Stern index for Abelian states. Moreover, we will extend the index to systems

made of pairs of Hall states possessing excitations with non-Abelian fractional statistics.
2.3.1 Partition functions for Laughlin topological insulators

The chiral edge system

We recall from Section the multiplet K)(7,{), A = 0,---,p — 1 of chiral partition
functions of ¥ = 1/p Laughlin states. These functions are defined on the double periodic
geometry of the torus, see Fig.[1.4] and assume the following form [23]:

T n 2 n
Ky (7,Cp) = F;(T’)C) Y exp <z’27r <7'( p;;A) +¢ p;”)). (2.10)
neE”L

They are parameterized by the two complex numbers,

_ip _h
727TR+t7 = T

r (Vi + 1), (2.11)

where 7 is the modular parameter and ¢ the “coordinate” of the torus. These functions K

have the the periodicity K, = K, corresponding to the p anyon sectors.
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From the CFT literature it is known that the torus geometry is left invariant by the
modular transformations, that are discrete coordinate changes that respect the double peri-
odicity [2I]. These act on 7 and ¢ as follows [23]:

_, artb S
cr+d’ et +d’

a,b,c,d € Z, ad —bc =1, (2.12)

and span the modular group I' = SL(2,Z)/Zs. This group is generated by two transfor-
mations, 7' : 7 - 7+ 1, ( - Cand S : 7 — —1/7, ( — —(/7, obeying the relations
S? = (ST)3 = C, where C is the charge conjugation matrix, C2 = 1 [2I]. In addition, there
are the two periodicities of the coordinate { at 7 fixed, respectively the U : ( — ( + 1 and
V : ( — ¢ + 7 transformations [23].

The modular transformations belong to the group of two-dimensional diffeomorphysms of
the torus, being the global transformations not connected to the identity: they are the “large”
gauge transformations of the theory placed in a gravitational background. In a similar way,
the flux insertions discussed earlier are large gauge transformations of the electromagnetic
background. In a generic system both symmetries are faithfully realized and the partition
function is invariant. As shown in the following, stable topological states correspond to cases
where the partition function transforms non-trivially, signaling the presence of gravitational
and gauge anomalies. Anomaly in quantum field theory do not led to inconsistencies if the
backgrounds are not quantized, as in our case, but actually can be used to characterize the
topological universality classes [63] [64].

The multiplet of K transforms linearly under the modular group; each generator has
physical significance as we now review [23]. The S transformation reads:

S: Ky (1, C) =¥ Zp: S K u(1,Q), Sy = Lexp <i27r>\'u> ) (2.13)
T T ] /P P
where Sy, is the modular S-matrix and ¢ is an overall phase. This transformation of space
and time implies a consistency condition on the spectrum [21].
The T2 transformation do not change the sector K but is represented by a phase factor

as follows

)\2
=5
From the expression of the conformal dimensions of the edge excitations (|1.39)), we see that

this property follows from the fact that each anyon sector contains electron excitations having

T2 K/\(T + 2, C) = €Xp (Z47Th>\) K)\(T7 C)) hx (214)

odd integer statistics, i.e. half-integer conformal dimension.

Finally, the V' transformation,
Vi K\(1,(+7)=¢eKy1(r,0), AP = P, (2.15)

(with ¢ another global phase) realizes the change of the electric potential due to the ad-
dition of one flux quantum ®y. The change A\ — X\ + 1 expresses the edge chiral anomaly,
corresponding to the spectral flow ) — @ + v discussed in Section [1.3.3
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Altogether the single edge is described by a multiplet of partition functions Ky, that is
not modular invariant but covariant. This means that the chiral anomaly, i.e. the spectral

flow, implies a discrete gravitational anomaly [23].

The non-chiral edge system

In our work [I], we have obtained the partition functions for edge excitations of topological
insulators. We start by considering systems made of pairs of Laughlin states with v = 1/p,
p odd, having chiral and antichiral sectors for up and down spins, respectively, thus realizing

the quantum spin Hall effect. We found the expressions:

P
ZNS (1,0 =Y Kl &Y, . (2.16)
A=1
This partition function is invariant under S, 72, V. It turns out that this quantity is formally
equal to the QHE partition function for the two edges of the annulus [23]. The physical
interpretation in the case of topological insulators is rather different, since it only describes
a single edge.

ZNS is not fully modular invariant. As already said in Chapter partition

The expression
functions of fermionic systems always involve four terms corresponding to the four spins
structures on the torus [29]. These amount to choosing antiperiodic (A4) and periodic (P)
boundary conditions for fermion fields in the space and time directions (in general there are
229 terms on a genus g surface). The expression is identified with the Neveu-Schwarz

sector since the natural fermionic boundary conditions are antiperiodic:
ZNS = Try [exp (1207 Lo + i27CQ + h.c.)] . (2.17)
The other expressions are defined as:

ZB = Trplexp (i2n7Lo + i21¢Q + h.c.)],
Try [(—1)NT+N$ exp (i2n7Lo + 127¢Q + h.c.)]
z% = Trp [(-1)NMT N exp (i2n7Lo +i27¢Q + h.c.)] , (2.18)

where periodic conditions in time introduce the sign (—1)f = (=1)M*M . We note that
for p = 1 these Z-functions become the modulus square of the bosonic functions given in
Chapterl|l] i.e. Eq.. Indeed a massless Dirac fermion is made of a pair of Weyl fermions
with opposite chiralities [21] 22] 29].

The modular transformations among the four terms are depicted in Fig.[2.4{a) and are
explicitly checked in the Appendix They form a triplet, ZV9, AL ,Z% and a singlet,

Z. Each one of the four spin sectors is made of p “anyonic” sectors:

p
z°=3"K['K”,, s=NS,NS,RR. (2.19)
A=1
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Figure 2.4: Actions on the four spin sectors ZN%, Z ﬁg, AL R of (a) modular transforma-

tions, (b) p/2 flux insertions for p odd, (¢) for p even.

The NS sector is defined as follows,

2V (r,0) = ZVS(r+1,0),
K5 (r,¢) = €™ Ky (1+1,¢). (2.20)
In this expression, the phase 6, = 27 <% — % + i) is included for convenience in the

following. We also write K f\v S = K, and omit spin arrows for simplicity.
The Ramond sector is similarly obtained by acting with ST on ZV° and Z% is defined
by inserting the (—1) sign into the Ramond expression.

2.3.2 Stability analysis

We observe that the addition of p fluxes creates an electron excitation within the same anyon

sector, since it corresponds to a symmetry of each K,
VP K, = Ky = K, AQt=L=1. (2.21)
p

On the other hand, the addition of p/2 fluxes is not a gauge transformation. It corresponds
to a strong perturbation that modifies its spectrum and, in particular, creates a spin one-half
excitation at the edge, AS = AQT = 1/2 [59,160]. Under the action of V% the Neveu-Schwarz
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sector is mapped into the Ramond sector as shown in Fig.[2.4|b):

ya
2

VE RO = K (1 0+ ) ~ Koy (1,0 = KE(7,0), (222

2N (r,¢) = 2V (1.¢+ B0) = 27 (7). (2.23)

We can understand this kind of behavior looking to the non interacting case with p = 1.
The insertion of one half-flux quantum can be reabsorbed in the Hamiltonian by a gauge
transformation but, at the same time, gives a non trivial phase to the electron wave function
changing the spatial boundary condition from anti-periodic to periodic and vice versa. As
shown in Section this corresponds to modify the values of ag from integer to half-
integer, modifying the spectrum of the excitations and changing the spin sector from the
Neveu-Schwarz to the Ramond one and vice versa.

We can now extend the stability analysis discussed in the vT = 1 case. Upon applying
p/2 fluxes, the Neveu-Schwarz ground state |Q2) 5 ¢, the lowest state in KoKy, evolves in the
Ramond ground state |{2), present in K(%QKOR = KP/QKP/Q. Inspecting Kézfé% to lowest
order in ¢g, with ¢ = exp(i277), and checking the terms of O(w'w?), w = exp(i27(), i.e.
not involving additional particles, it is easy to see the existence of the Kramers pair and the

behavior of the spectrum shown in Fig.[2.3] Indeed, inspecting the Neveu-Schwarz partition

Ns L
z mww@* )’ (2.24)

where the first term of the expansion corresponds to the ground state |§2) . Instead, in the

function we find

Ramond case,

1
2<qp/8w1/2q‘p/8w1/2 + qp/Swl/qu/Sw—l/Q

R ~
7 n(q)|

R BN VS LW Ve S VR ) (2.25)

In this expression, the first and fourth term correspond to the neutral and degenerate ground
states [Q2)p and |Q)%; they are TR partners, i.e. |Q)5 = T |Q) 5, and thus give rise to the
Kramers doublet. We conclude that these models describe stable topological insulators for
odd integer p values.

We remark that the spin parities of the Neveu-Schwarz and Ramond ground states change

as follows:

(1P Rys = Dys =+ CUP0)p=—12p,  AS=AQT=3.  (220)

The Levin-Stern stability index discussed at the beginning of Section is thus reacquired:

OAS =2AQ" = TH — 1 (—1)285 =, (2.27)

6*
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with os = vT = 1/p and 1/e* = p is the number of charge sectors, i.e. the periodicity
of K. The (would-be) spin transport AS involved in this index, equal to the Hall current
of one chiral component, is relative to half of the number of fluxes needed for creating an
electron excitation within any given anyon sector.

In conclusion, we have found that the spin parity of the Ramond ground state is different

from that of the Neveu-Schwarz ground state. This is the manifestation of the discrete

Zs anomaly: different sectors of the path integral (Eq.(2.17) and (2.18)) have associated

different quantum numbers [I].

2.3.3 Stability and modular invariance

In a fermionic non-chiral system composed of the four spin sectors (2.17)),(2.18)) it is always

possible to find a modular invariant partition function by summing over all sectors,
Zismg = ZV5 + ZN5 1 ZR 4 7R, (2.28)

This is the so-called Ising partition function because it describes conformal field theories
applied to statistical models like the Ising model, its supersymmetric generalizations etc.
[21), 22]. The quantity Zisng is indeed S, T, V5 invariant.

However, the theory defined by Zigng is not consistent with TR symmetry, that implies
spin parity conservation. In presence of the Zo anomaly , the partition function ([2.28))
sums spin sectors with different values of the ground state spin parity and violates TR
symmetry. If we want to preserve it, we should not sum over spin sectors and let the

partition function form a four-dimensional vector,
Zorp = <ZNS, NS 7R, Z§> . (2.29)

Since the modular group acts non trivially on these components, the path integral will depend
on the coordinates chosen to describe the torus, namely the system possesses a gravitational
anomaly. In this theory, the partition function ZV represents the unperturbed edge system,
while the other functions, Z NS A ﬁ, are excited states of the system in presence of

electromagnetic or gravitational backgrounds. We thus obtain the following result [I]:

TR symmetry + anomaly < no modular invariance <> topological insulator,

TR symmetry + modular invariance <> mno anomaly <> trivial insulator. (2.30)

An analogous study of the modular invariance of the partition function was done by Ryu
and Zhang in their analysis of the stability of two dimensional topological superconductors
[64].

We remark that in a physics setting as the annulus geometry, there should not be any
anomaly for the whole system, as in the case of the quantum Hall effect. Thus, the Zo
anomaly should cancel between the two edges by combining the relative partition functions

in a global modular invariant expression.
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2.4 Non-Abelian topological insulators

2.4.1 CFT and non-Abelian anyons

In Chapter [I we saw that the fractional QHE supports excitations with fractional charge
and fractional statistics; for example the » = 1/p Laughlin states have @, = n/p and
0,,/7 = n?/p. These phases arise in the wave functions ¥ when excitations located at ny, 72
are exchanged in their positions. Thus, under (71 — n2) — (9 — 12) the wave function
transforms as

(1, M5 21, 5 2n) — €OW (o, 21, 0, 20), (2.31)

where {z;} are the electrons coordinates. For n excitations, those exchanges give rise to a
one-dimensional representation of the group of n braids B,,.

Non-Abelian statistics is associated to higher dimensional representations of the braid
group that can occur when there is a degenerate set of g states for the excitations at fixed
positions (91, ,m,). Let us define an orthonormal basis ¥,, a = 1,2,---,g of these
degenerate states: the element of the braid group o; that exchanges the particles ¢ and 7 + 1

is represented by a g X g unitary matrix p(o;) acting on these states as
Yo = [p(0i)]ap¥s. (2.32)

If the matrices p(o;) and p(o;) do not commute for i # j, the particles obey to non-Abelian
braiding statistics (for a review see Ref.[65]).

The CFT literature offers a large number of models that realize this phenomenon [21]
and, starting with the pioneering work of Moore and Read [24], they were applied to the
QHE physics.

Briefly, to describe a CFT we need its conformal data, including the set of primary
fields, each with a conformal dimension h, a table of fusion rules of these fields and a central
charge c. The fusion rules are the selection rules for the Operator Product Expansion of the
fields. Given a primary field ¢, and indicating with [¢] its representation containing all its
descendant fields, the fusion rules encode the possible channels that can be created when

two fields ¢, and ¢g are brought together to form a composite state, i.e. [21]

[ba] X (5] = > Nslo4], (2.33)

yePk

where PF is the set of labels of primary fields and the integer N;’B counts the number of time
that the representation [¢,] appears in the OPE between ¢, and ¢g.
The OPE between vertex operators [21],
lim Vi, (21) Vi (22) = (21 — 22)™"* Vi 1y (22), (2.34)

Z1—>22

is a fusion with only one term in the r.h.s, i.e. the case of Abelian statistics. In the CFT
language, the edge theory of the compact chiral boson studied in Chapter [l gives rise to a

rational CF'T, i.e. the spectrum of the charges is given by a multiple of a basic fraction, say
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1/p, and the theory has a finite number of (generalized) primary fields V,,, withn=1,--- |p
[21]. The OPE between the two vertex operators in represents the addition of charges
Qn, + Qn, mod p since the theory, being invariant under the U(1) (extended) symmetry,
has to conserve the electric charge. Thus, in this case the fusion rules realized the Abelian
group Zj, [65].

The conformal theories of general quantum Hall edge states possess not only charged
excitations but also neutral modes that can be Abelian or non-Abelian. These theories have
the affine symmetry U (1) x G/H, where U(1) is the charge symmetry and G is another (non-
Abelian) symmetry characterizing the neutral part (possibly a coset G/H). The simplest
example giving rise to non-Abelian statistics is for G/H = @2 J/U(1), that is the Ising
model with central charge ¢ = 1/2 [21], 24].

The primary fields of this model are (1,1, 0), respectively the identity with dimension
hr = 0, the Majorana fermion with h,, = 1/2 and the spin field with h, = 1/16. These fields

satisfy the following fusion rules [21]]
Y x =1, o XY =o, oxo=1+1. (2.35)

The non-Abelian statistics is due to the two possible channels in the third fusion rule
and can be exemplified as follows [65]. Suppose to have four quasiparticle excitations of o
type. The correlator (o(wi)o(w2)o(ws)o(wy)) can be obtained by fusing o(w;) with o(ws)
and o(ws) with o(wy), thus obtaining pairs of intermediate channels that should match. In
the present example there are two intermediate channels corresponding to I and . The
correlator is given by the linear combination of the two possible resulting amplitudes, called
conformal blocks. Putting the excitations at w; = 0, we = z, wy = 1, and wy — oo for
convenience, this can be written as [21]

lim (0(0)o(z)o(1)o(00)) = ayFy(2) +a_F_(z), (2.36)

wW—r00

where F'+ are the two conformal blocks that are given by two independent Hypergeometric
functions. Now, transporting the coordinate z around 0 or 1 by analytic continuation makes
a rotation within the two dimensional vector space. It acts on the basis of the conformal

blocks through the following non commuting matrices, i.e.

F, (10 (F: F, ey (O 1) () L,
(= o (o= ) 3o o

hence the term non-Abelian.

2.4.2 General partition functions

In the CFT characterizing the quantum Hall edge states with symmetries U(1) x G/H, the
electron field is represented by the product of a chiral vertex operator for the charge part
and a chiral neutral field 1. of the G/H theory:

U, = e, . (2.38)
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In any non-Abelian theory, the field v, should have Abelian fusion rules with all fields in the
theory; this property is needed for the electrons to have integer statistics with all excitations
and non degenerate wavefunctions [66].

The field 1., called a simple current in the CFT literature [2I], can be used to build
a modular invariant that couples neutral and charged parts non-trivially and fulfills the
physical conditions on charge and statistics of the edge spectrum. The general expression of
the partition function for the Hall edge states obtained in this way is determined uniquely
by two inputs: the choice of neutral G/H theory and of the Abelian field v, that represents
the electron neutral part. These simple-current modular invariant partition functions were
shown to reproduce earlier results obtained by physical insight in many models and to build
new ones [60].

The construction starts from the partition sum of one anyon sector, generalizing the K
of the ¢ = 1 theory introduced in Section (Eq.): this involves again a basic anyon
plus any number of electrons added to it, with charge Q@ = A\/p+n, n € Z. It is characterized

by A, and the neutral quantum numbers (m, «). Such partition function takes the form [66]:

k
O%(7.¢Q) = > Knvap (T:KC: kD) XS ap mod (7, 0)- (2.39)
a=1

The K)(7,k(;kp) are the earlier characters for the charge part , while the x% (7,0)
are the G/H characters for the neutral part, that are labelled by the Abelian number m
associated to the simple current and other, possibly non-Abelian, quantum numbers collec-
tively denoted by «.. The explicit form of the neutral characters x¢, is not needed, only their

symmetries and modular transformations are relevant in the following.
Equation can be explained as follows. The basic anyon has quantum numbers

(A, m, «), with m modulo k£ and A\ modulo kp owing to the periodicity:

K (7, kG kp) = K yip(T, kG5 kp) - (2.40)

After adding one electron, the quantum numbers changes into (A + p, m + p, «); then, after
adding k electrons these numbers return to those of the basic anyon. This explains the k
terms in the sum . The difference with respect to the ¢ = 1 case is that n-
electron states couple to different neutral parts for n modulo k; actually, each Ky (7, k(; kp)
in only sums electrons with @ = A/p + kn, owing to the different { dependence.

We can use chiral-antichiral pairs of these edge theories to model interacting topological
insulators. The functions ©¢ (7, () enjoy similar properties under modular transformations
as the K, of Section and the partition function ZV° can be written accordingly that

couples the up/down spin modes at one edge:

ARE DIy (2.41)
P e

In this sum, the allowed range of (A, «) values gives the value of the Wen topological order.
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Stability argument

The charge part K of the sectors ©F in is parameterized by two independent numbers
(k,p), whose meaning can be understood from the expression ((1.40)):

i) The values of the fractional charge are Q@ = kA/kp = A/p, A = 1,...,p, and the
minimal charge is equal to e* = 1/p.

ii) the Hall current (spin current) is obtained by applying the V transformation on ,

that acts on the charge part K, causing the shift of quantum numbers:

V(= (+T, A= AN+ k, AQT:yT:E, (2.42)
b

while the neutral characters in (2.39)) are not affected.
As in Section owing to the periodicity of K in (2.40), the Fu-Kane-Mele flux
argument is obtained by the insertion of p/2 fluxes, that gives rise to a variation of the spin

of excitations as follows

Vi AS=AQ" = g = g (2.43)
Therefore, the Levin-Stern index (2.9) for the spin parity in this case is:
_ Vl _ CN2AS _ 1k
2A8 = — =k (—1) = (—1)". (2.44)
e

The stability analysis then continues by observing that for odd values of k, the action of Vs
creates a Kramers pair at the edge that is protected by TR symmetry; then, the spectrum
cannot be gapped and the topological insulator is stable.

The action on the anyon sectors is,

k
E @())\4(7_7 C) — Z K)\+ap+kp/2 (Ta k(a kp) X§+ap mod k(Tﬂ 0) ~ 6())\[’/ (7—7 C)v (245)

a=1

V

where the values of (X, o’) depends on the specific theory considered through the symmetries

of its characters. Looking at the expressions (2.39) and (2.45)), it is clear that the neutral

characters x& do not enter in the stability argument, i.e. in the determination of the index
(2.44]). Thus, the result (2.44]) holds for topological insulators with TR symmetry having
both Abelian and non-Abelian edge excitations [1].

Stability and modular non-invariance

The stability of general topological insulators, corresponding to the Zso spin parity anomaly,
is again accompanied by modular non-invariance of the partition function. However, electro-
magnetic and gravitational responses are not always equivalent as in the ¢ = 1 case (neutral
modes are clearly sensible to coordinate changes but not to flux additions).

We should distinguish the following cases, according to the parities of (k,p):

i) For p odd, the action of V% is not a symmetry of each spin sector and maps them one
into another. The transformations between Neveu-Schwarz and Ramond sectors and among
their tildes are the same as those of the ¢ = 1 theory (see Fig.2.4(b) and Eq.(2.22)). The
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anyon sector O containing the NS ground state is naturally mapped into O including
the Ramond ground state. The modular invariant and non-invariant partition functions are

constructed as in the ¢ = 1 case and read:

Llsing = ZN5 ¢ va‘é_’_ zh4 ZE, k even, unstable,
Trn = (ZNS,ZNS,ZR,ZE), k odd, stable. (2.46)

ii) For p even, the action of %] maps each spin sector into itself and thus differs from the
previous case (see Fig.[2.4{c)). For k odd, the Z; anomaly manifests itself within each spin
sector, as a difference in spin parity between the ground state and another “anyon” ground
state (actually degenerate). The TR symmetry of the theory then requires to splitting each
spin sector in two sub-sectors, Z7 — (Z7,Z§), 0 = NS, ]VS’, R, fi, that are related by vV
Z3 = yr/2 (Z¢) and collect anyon sectors of same spin parity. These sub-sectors carry a eight-
dimensional representation of the modular group instead of four-dimensional . Finally,
for k and p both even, there is no anomaly and the Zig, partition function is consistent with
TR symmetry. Summarizing, in all cases modular non-invariance is associated to stability

and Zo anomaly.

2.4.3 Pfaffian topological insulators

The Pfaffian state is the simplest example of non-Abelian quantum Hall states [24]. In this

case the Hall conductivity and the minimal charge are

el e = i, 2AS =2, (1) =1. (2.47)
Thus the topological insulators made by pairs of these Hall states are unstable. The param-
eters entering the stability analysis are (k,p) = (2,4). In this model, the neutral and charge
quantum number (A, m,«) = (A, a,) mentioned before are defined as: A\ mod 8, a mod 4
and £ = 0,1,2. Moreover, the Abelian charge A and the neutral charge a obey the selection
rule A = a mod 2, also called Parity Rule.

It turns out that the characters of the charge part are given by Eq. and will be
denoted as Ky = K)(7,2¢;8) with A = 1,---,8. The neutral system, instead, is described
by the characters of the Ising model, i.e. the Zs parafermions Xfm non-vanishing for a = ¢
modulo 2, and obeying x/ o = X%J [66]. The three independent character, denoted as their
corresponding conformal field are X8 =x3=1xi= X;l), =0 and X = X% = 1.

The construction of modular invariants obtained before [66] leads to the following anyon

sectors (NS sector):
0% = Ko x4 + Kata Xoro, a=0,1,2,3, £=0,1,2, a=/¢mod 2. (2.48)

The NS partition function reads [66]:
2 2
ZP]X"S = Z ‘KaX2+Ka+4X2+2| + ‘KGX2+2+KG+4X2‘
a=0,2

‘(Kl—I—K_g)XHQ—F|(K3+K_1)Xﬂ2. (2.49)

+
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Note that each charge sector appears twice, coupling to two neutral states, and the Wen
topological order is equal to 8. The expressions of the other spin sectors for the Pfaffian
state are given in the Appendix

As explained earlier, this unstable theory is characterized by (k,p) both even, and flux
insertions and modular transformations act on the four spin sectors as shown in Fig.[2.4]
(a) and (c). There is no Zy anomaly, and the standard modular invariant Zs,g partition
function is consistent with TR symmetry.

2.4.4 Read-Rezayi parafermionic topological insulators

In our work [I], we also considered the stability of topological states built by the Read-Rezayi
states [67]. These are generalization of the Pfaffian state involving neutral modes of the Zj

parafermions, that can be described by the coset SU(2),/U(1) [66]. The quantities entering
in the stability index ([2.9) are

f .k . 1

YT M2 C T kM2 205 =k, (1) (=1)%, (2.50)

where k =3,4... and M =1,3,.... In this case, (k,p) = (k, kM + 2), thus the topological
insulators made by pairs of these states are stable (unstable) for & odd (even) [I]. Note that
k and p have the same parity:

i) For k and p odd, the flux insertions and modular transformations follow the same
pattern of the stable, odd p Laughlin states and of the ¢ = 1 theory (Fig.[2.4] (a) and (b)).
The modular non-invariant partition function takes the form Zrg in .

ii) For k and p even, they have a common factor of 2 and the flux insertions and modular
transformations are the same as those of the Pfaffian case (Fig.[2.4](a) and (c¢)). The modular
invariant partition function is Ziging-

All partition functions and modular transformations are described in Appendix Let
us briefly discuss their expression in the Neveu-Schwarz sector, taken from Ref.[66]. These
read:

k
@f; = Z Kotvp (1,kC; kp) X£+2b(7" 0,2k), a=/{ mod?2, p=2+kM. (2.51)
b=1
The charge characters K with periodicity kp, are coupled to the Zj; parafermion characters
x%,, that are specified by the SU(2); quantum number ¢ = 0,1,...,k, and the Abelian
number m modulo 2k. There is a Zj parity rule between the two Abelian numbers, that
is A = m modulo k (note that p = 2 modulo k). The parafermion characters obey the
periodicities \!, = an ok = an—fk and vanish for m + ¢ = 1 modulo 2. Taking into account
these properties, one finds the periodicity 6% 4p = Ok~ implying p(k + 1)/2 independent
anyon sectors, the value of the topological order.

The Read-Rezayi parafermion theory with £ = 3 is, then, the first non trivial stable

topological insulator supporting non-Abelian excitations, owing to the fusion rules of the

parafermionic field € with itself, i.e. exe = I4+¢e. The non-Abelian anyons are called Fibonacci
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anyons, since the dimension of the braiding matrices grows as the Fibonacci number F;, for
the correlator of n e excitations [67].

The system of Fibonacci anyons is very important: it realizes the simplest unitary trans-
formations that can model universal quantum gates, the building blocks of quantum compu-
tation algorithms [68] [69]. An advantage of using topological insulators for the realization
of a quantum computer is given by the fact that topological excitations do not decay due to
the local interactions with the environment and thus they are coherent for long time. This
field of research is called “topological quantum computation” [68]. The challenge of finding
experimental realizations of non-Abelian topological insulators is very important; these sys-
tems could actually be simpler to realize than the corresponding quantum Hall states, owing

to the larger gaps and the absence of strong magnetic fields [65].

36



Chapter 3

Edge interactions of non-Abelian

topological insulators

In Chapter [2| we extended the validity of the Levin-Stern index to non-Abelian topo-
logical phases through the study of their partition functions [I]. We found that the stability
of the topological phases is associated to the presence of a Zo anomaly and depends on the
Z9 index ([2.39))

4
(1?28 oA =TH T _ (3.1)

e e
For k odd the index (—1)2AS = —1 indicates the presence of degenerate Kramers pairs at

half-integer fluxes, implying a gapless spectrum. For k even, instead, an open question of the

1)225 =1 does become

previous analysis is whether a non-anomalous system with index (—
fully gapped.

In a series of papers, two different groups answered this question. Levin and Stern in
Ref.[59] 60], and Neupert at al. in Ref.[70} [71], analyzed the possible TR invariant electron
interactions of the general multicomponent Abelian topological insulators discussed in Sec-
tion m They found that the stability is based again on the index (3.1): when this is
positive, that is k even, there are enough interactions for gapping all edge modes; otherwise
one mode remains gapless.

In this chapter we present the corresponding analysis of interactions for non-Abelian
topological insulators that we derived in Ref.[2]. We have not found a general result valid
for all non-Abelian topological phases, but analyzing some well-known non-Abelian models,
we were able to find a sufficient set of interactions satisfying all physical tests, that gap all
edge excitations of topological insulators characterized by the index (—1)F = 1.

Before explaining our result, we will review the study of interactions that gap the mul-
ticomponent Abelian topological insulators [59, [60} [70] [71]. After that, we shall introduce a
“projection” that maps Abelian to non-Abelian states and use it to obtain the corresponding

gapping interactions [2].

37



3.1 Time-reversal invariant interactions in Abelian theories

In Chapter [2| we modeled the fractional topological insulators with vT = 1/p by pairs of
Laughlin Hall states carrying opposite spin and chirality. These states can be generalized to
2N layers with chiral central charge ¢! = N and their interactions can be described by using
the so called K-matrix formalism [59, 60]. To this end we introduce the 2N x 2N symmetric

invertible matrix K with integer entries, that has the following form

K= (V[]/{T Z{) , (3.2)

where K is a N x N matrix and W7 = —W. This matrix parametrizes the couplings of the
N components chiral-antichiral bosonic theory that is TR symmetric [70]. The spectrum of
the excitations is characterized by a 2N-dimensional Lorentian lattice of conformal weights
and charges whose Gram matrix is given by . The electron excitations are specified by
vectors A with 2N integer components, such that their exchange statistics and charges, given
by 6/ = ATKA and Q = AT p respectively, are integer valued. Note that p is the so-called
charge vector, made of two N-dimensional vectors, p = (p', p%), pT = p* = (1,...,1) within
our conventions of lattice coordinates. The elementary electron excitations correspond to
the basis vectors A = e;, that are equal to one in the i-th position and zero elsewhere,
i = 1,...,2N. The electron fields are given by normal ordered vertex operators of the
2N-component bosonic field ®(t,z) = (¢1(x,t), -, pan(z,t)), as follows:

\Ilz(t,x) =: exp (—ie;fFICCIJ(t,a:)) :7 i=1,---,2N. (3.3)

If W =0 in (3.2), the first N operators, i = 1,---, N, represent chiral spin-up electrons
and the second N ones antichiral spin-down electrons; if W # 0, the first (resp. second) N
operators describe electrons with spin up (down) with mixed chiralities.

The time-reversal T transformations act on the bosonic field as follows [60]:

T ®(t,z) T 1 =1®(—t,2) + 1K' p, (3.4)

01 00
S (P s (1) o

are 2N x 2N block matrices. Time-reversal symmetry implies = =% K %1, and p = Xqp.
From ([3.4) we derive the following TR transformation of the basic fermionic fields (3.3)) [60]

where

T: ol - vl

v vl o Ul i=1,...N, (3.6)

generalizing the one-component case of Eq.(2.1)).
The Hamiltonian Hi, of electronic edge interactions is expressed in terms of vertex

operators Uy, as follows:

Hiy = /dt Z gi UAi + h.c.,
Up,(t,x) =: exp (— iAL K®(t,2)) (3.7)
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where A; are integer vectors subjected to the conditions specified below. The coupling
constant g; can be complex and space dependent to account for interactions at impurities,
possibly leading to g; — oo, such that both relevant and irrelevant interactions, in the
renormalization group sense, should be considered.

The condition on A; for realizing admissible TR symmetric interactions are [60, [70]:

i) charge neutrality,

Q=Ap=0; (3.8)
ii) mutual locality of interactions (Haldane null vector criterion [72]),
0
—=A'KA; =0, Vi,j; (3.9)
v

iii) time-reversal invariance of Hiy [60],
YA =+A;, Al X p=even, Vi (3.10)

iv) linear independence of the A; and, more strongly, the following minimality, or “prim-
itivity”, condition, requiring that products of interactions are not polynomials of simpler
interactions [60]:

niAy + -+ npAp #mA, with m > 1. (3.11)

Actually, solutions to this equation with integer A vector and m > 1 could imply spontaneous
symmetry breaking of TR symmetry. For example, in the one component case, the square
of the mass term U = (@T\If)2 is TR invariant, but it would also induce an expectation value
for the more primitive interactions <§T\I/> # 0 that is TR breaking. Since we do not allowed
explicit and spontaneous breaking of TR symmetry, these kinds of interactions are discarded.

The stability analysis of Refs.[60, [70] showed that for the general non-anomalous Abelian
theory, there always exist IV interactions that obey the previous conditions and gap all N
edge modes. Let us recall the main steps of this proof.

First, observe that (N — 1) gapping interactions can always be found for any matrix IC,
such that only one massless mode is possible, at most. These (N — 1) solutions to conditions
— are the eigenvectors of the ¥; matrix with eigenvalue one, that can be

taken of the form:

Ay = (Al,A}) = (1,-1,0,---,0,1,—1,0,---,0), (3.12)
N N

Anor= (A AL ) = (1,0,--;,0,—1,1,0,-~- ,0,—1). (3.13)
N N

These vectors are globally neutral, Q); = AZ-Tp = 0, but they also have neutral chiral compo-
nents, AZTTpT = AiiTpi =0.

The N-th solution for the gapping interactions depends on the form of K. We consider,
for simplicity, the diagonal case, i.e. with W = 0, and define the vector [70]

_ K1yt
K=r( " 7] (3.14)
—K1p
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where 7 is the smallest integer such that all components of A are integers. It turns out

that (3.14]) is a eigenvector of 3 with eigenvalue —1 obeying the conditions (3.8)), (3.9) and
(3.11). There remains the condition (3.10)), that is actually related to the Levin-Stern index

B.1) [70]
9AS = K" X p= rp*TK=1pb = even. (3.15)

Namely, the condition for the remaining N—th interaction to be TR invariant is the same
as that coming from the flux insertion argument. It then follows that the Zs anomalous

2A5 — _1) posses a massless edge spectrum due to the flux in-

topological insulators ((—1)
sertion argument, while the non-anomalous systems ((—1)22% = 1) have enough interactions

to become gapful.

3.2 Invariant interactions in the Pfaffian topological insulator

In this section we review the analysis of TR interactions in non-Abelian topological insulators
[2]. Our approach uses the known result that some non-Abelian Hall states can be obtained
from certain Abelian systems, called “parent states”, by a projection of degrees of freedom
[73]. Since this projection does not spoil the TR symmetry, one can use it to export the
general analysis of interactions in the Abelian states to the non-Abelian models. Let us start
from recalling the relation between the Pfaffian state and its Abelian parent state, the so
called Halperin (331) state. We shall describe the map of fields and interactions between the

two theories.

3.2.1 From the (331) to the Pfaffian state

The (331) and the Pfaffian states have the same filling fraction, minimal electric charge and

Levin-Stern index, i.e.
v == ef == 2AS =2. (=125 =1, (3.16)

from which follows that both are expected to be unstable topological states. Let us show
how the Pfaffian state can be described as the projection from its “parent” Abelian (331)
state [73].

The (331) ground state wavefunction is

N N N
Uigany (i wy) = [ [ 25 [Twd [z — w), (3.17)

1<j 1<j 1,J

where z;; = z; — 2, w;j = w; — wj and it corresponds to the following K-matrix

3 1
() .
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The two sets of coordinates z; and w;, ¢ = 1,..., N, pertain to electrons that are distinct by
an additional quantum number, say isospin up and down, and thus the wavefunction is only
antisymmetric for exchanges of coordinates of the same kind [73}, [74].

The Abelian theory possesses two kinds of electrons . We shall use the basis where
neutral and charged components are separated [73] [74]; both parts are expressed by vertex
operators of chiral bosonic fields, ¢ and ¢, that are linear combinations of earlier field ® in
B3):

V = exp (i), F =exp (i¢) , (3.19)

with @ = /2. The dimensions of the fields are hy = o?/2 = 1 and hy = 1/2. The field
F' is actually a Weyl fermion whose charge does not contribute to the electric charge but
accounts for the isospin [73]. The two edge electrons with spin up, can be written in the

decomposition as follows
U, =VF, Wy =V FT. (3.20)

The corresponding topological insulators are obtained as usual by doubling the edge
modes; thus the two antichiral electrons with spin-down are represented by the following
vertex operators

Uy =VF, U, =VF, (3.21)

where V = exp(—iap) and F = exp(—iad). Note that in our notation the bar denotes
antichirality, e.g. ¢ = ¢(z), ® = P(Z), while the dagger refers to Fock space operators.
The two TR invariant interactions of the (331) Abelian theory are obtained by the methods
described in Section the first one is associated to the lattice vector Aj and the
second one is obtained by specializing the expression of the vector A for the K matrix

(3.18). They read:
Ay =(1,-1,1,-1), A=(1,1,-1,-1). (3.22)

These vectors determine the edge interactions (3.7) that can written in terms of normal-

ordered product of fermionic fields:

Uy = 0 Oy Ul W, : +hec., (3.23)
Uo =00l w30, : +he. (3.24)

The labels N and C in refer to the fact that Uy exchanges a particle and an antiparticle
(Q,Q) = (0,0) in each chirality (chiral neutral), while Ux exchanges two chiral particles
and two antichiral antiparticles (Q, Q) = (2, —2) (chiral charged). According to the earlier
discussion, the two TR invariant interactions Uy and Ug are sufficient to completely gap
the (331) state.

We now introduce the projection that leads to the Pfaffian state [24]. The wavefunction of
the Pfaffian theory can be obtained from the (331) wavefunction by antisymmetrizing

with respect to all 2N electron coordinates, such that the isospin quantum number is washed
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out. Indeed, the following relation holds [73]:

Uptaft (2, 2in) = A [¥(331) (213 w;)] HZ” pPf ( > (3.25)

— Zj
1<j J

where A[..] denotes antisymmetrization over all the 2N coordinates (2, w; = zn4j, @, =
1,---,N).

At the operator level, the projection from the Abelian to the Pfaffian states is obtained
by identifying the two species of Abelian fermions ¥y ~ Wy [73]. This amounts to projecting
the Weyl fermion to a neutral Majorana fermion, F — ¢ and F! — 1

U o Ve, Ty - Vi (3.26)

The corresponding map between conformal theories relates the Abelian U(1) x U(1) to the
non-Abelian U(1) x Ising theory, with central charges ¢ = 2 and ¢ = 3/2, respectively [24].
The analogous map between the Abelian and Pfaffian topological insulators is done remem-
bering that, besides the chiral spin-up Hall states discussed so far, there are corresponding
antichiral spin-down states, whose electrons fields W; 9, ¢ = 1,2 are similarly projected into
antichiral Pfaffian fields: 34 — V. Summarizing, we have the following map between

electrons in the two theories [2],

\Ilj —  rexp(—iap):yp = Vi, i=1,2, (3.27)
v, —  cexpiap):yp = Va,
\IJZ+2 —  :exp (iap) : @ — v 1),
Uiio  —  cexp(—iap):y = Vb

The TR transformations of the electron fields (3.6)) are left invariant by the projection (3.26]),
and act on the fields of the Pfaffian theory as follows:

T: ol = viy - wl, =7y i=1,2,
v, = Viy - —ul ——viy (3.28)

These correspond to the following transformations of the charged V' and neutral v fields [2]

7. vt o ¥, v vt

Y= 1, Y = . (3.29)

3.2.2 Projected interactions

The projection does not affect the TR symmetry of states and operators, then, follow-
ing our work [2], it will be employed to find the gapping interactions for the Pfaffian state
from the known expressions for the Abelian (331) state, i.e. (3.23]) and (3.24)).

Since the maps apply to individual fermion fields, we should first undo the normal
ordering in by point splitting, then apply the projection and finally re-normal order
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the result in the Pfaffian theory. Let us consider the two interactions Uy and Ug in turn.
Upon using the normal-ordering ([2.34)), the point splitting of Uy reads:
Uy = lim M Z Wl (21) Wy(20) Uh(z1) Wa(Z2) + hec.. (3.30)

Z1— 2

Applying the projection (3.27) to each field in this expression and using once again ([2.34)

to normal-order the vertex operators VV T, we obtain:
Pfafft _ 1. 1 t _
Uv — U™ = lim |— V' (21)V(22) : ¥(z1)¢(22) X |z—2Z|. (3.31)
reg

We now consider the expansions of the two vertex operators and the Majorana fields for

z1 — z2. They are (omitting constants),
V() V(0) := 1+ 0y + €2 ((09)* + 0%¢p) + O(£®), (3.32)

and
() x(0) = é e xOx s +O(E). (3.33)

Owing to the fusion rules VI -V ~ I and ¢ - ¢ = I, taking the first finite terms in U]F\),faﬂ
for z; — 2y correspond to take descendant fields in the conformal representation (sector) of

the identity field I of both the charged ¢ = 1 and neutral Majorana ¢ = 1/2 theories [21]:

schematically, U}\leaﬁ = I ]021/2'

Uflfaﬁ is obtained by selecting the finite terms for ¢ — 0 in

The final expression of
the product of (3.32)) and (3.33), that is the normal-ordering procedure for general CFT.

Neglecting total derivatives, we finally obtain [2]:

UM = (2T, + o* T,) (2T, + 2 T), (3.34)

where T,, = —101/2 and T, = —(dp)?/2 are the stress tensors of the Majorana fermion and
bosonic theory, respectively [21].
Following similar steps, for the interaction U in (3.24]) we find the expression:

Uo — UERT = lim [212 V(2)TV(20) 1/)(21)1/)(22)] X [z — z] +h.c.. (3.35)
reg

21—>22

The conformal sectors now involved are US@T = [V12] [] .1 2, since the original Abelian

c=1
interaction had charged chiral/antichiral parts, i.e. @ = (2,—2). After re-normal ordering,

we finally obtain [2]:
2 __
URfaf _. (vT) (V) : +hec.. (3.36)

3.2.3 Properties of non-Abelian interactions

Using Eq.(3.29) we can verify that both Uf\),faﬁ and Ugfaﬁ are TR invariant expressions.
Actually, they cannot break TR symmetry spontaneously either. As discussed in Section
the quartic interaction (\IIT\I/)2 must be discarded, because it would imply the symmetry
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breaking expectation value of the “square-root” (UIW) =£ 0 [59, 60, [70]. Note that Uﬁfaﬂ
is quartic in the Majorana field, but it is the minimal or “primitive” interaction, since the
simpler quadratic interaction in the (331) theory [59], U = \IJI Uy — \Ilg U3 + h.c., vanishes
when projected to the Pfaffian. Ugfaff is quartic as well, but the corresponding TR breaking
quantity V1TV cannot acquire an expectation value owing to the non locality with respect to
some excitations. For example, we consider the chiral quasiparticle V,o of minimal charge
@ = 1/4. The operator product expansion between the charge part V,, = exp(il/ \/gcp) and
VTV is given by V, VT ~ 2712 Therefore, the following correlator involving two o has a

square-root branch-cut and nontrivial monodromy:

VIOV (0) Vo (2627 Vo(w)) = = (VIOV(0) Vo ()Vo (w))
£ (VHOV(0)) (Ve () Va(w)). (3.37)
Equation implies (VT V) = 0.

The interaction Ugfaﬁ, with chiral and antichiral charges (Q, Q) = (2, 2), is non-vanishing
for the correlator that describes scattering with charge transfer between the two chiralities,

as e.g.
(" (21) X" (22)X(Z3) X(Z2) UN™T) #£ 0. (3.38)

The excitations y realizing this process must be charged electrons or quasiparticles. It follows
that all them acquire mass.

The Pfaffian theory further possesses neutral quasiparticle excitations that do not couple
to Ugfaﬁ. Indeed, their scattering processes do not involve charge transfer and correspond
to vanishing chiral correlators, as e.g. (xT(z1) x(22) UKPfaﬁ> = 0. Neutral excitations couple
to the other interaction UY®™T with (Q, Q) = (0,0), since (x'(21) x(22) UL™T) # 0. However,
this coupling cannot give mass to neutral excitations; this is an established fact in the
literature of perturbations of the Ising model [75]. Actually the interaction UL = ¢T,, T,
with T}, ~ 9, describes the renormalization group flow from the tricritical to the critical
Ising model, as viewed from the low-energy end point. All along this flow, the Majorana
field ¢ stays massless, thus this interaction breaks conformal invariance but leave a massless

Uﬁfaff cannot cause the instability of the Pfaffian

neutral state at low-energy. Therefore
topological insulators.
In Section [2.4.3] we described the partition function of the Pfaffian topological insulator;

after summation of the Neveu-Schwarz and Ramond sectors (B.13)), it takes the form
Zptm1 = ZNs+Zygt+Zr+Zp

4
= 2> (Kl + [Kat]* + Ko ). (3.39)
a=-—3

In this expression, the K, are characters of U(1) representations corresponding to the Abelian
parts of excitations, carrying charge QQ = a/4 + 2Z, while the characters I, ¢ and o describe
the neutral non-Abelian parts, being the identity, fermion and spin of the Ising model,

respectively [21].
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In presence of the charged interaction Ugfaff with large coupling, all charged excitations
become highly massive, such that K, — 0,0 in (3.39) (up to an irrelevant factor). Therefore,

there remain the neutral excitations of the Ising model,
2 2 2
ZPf TI — ZIsing — ’I| + ’w} + ’0'| ; (340)

that are time-reversal invariant and non-chiral.
We now remark that the Ising model (3.40) possesses another relevant interaction,

Uyp = md, (3.41)

that generically gives mass to the theory. This corresponds to a quasiparticle interaction in
the original Pfaffian topological insulator that was not considered before. Actually, earlier
discussions were limited to electron interactions, because they are local with respect to all
chiral excitations of topological insulators and can easily implemented in microscopic models.
Quasiparticle interactions, such as , were discarded because they can be non-local with
some chiral quasiparticles. However, in the reduced theory , electrons and charged
chiral quasiparticles have disappeared, thus Uy, is local with respect to the remaining neutral
(non-chiral) excitations and is acceptable.

In conclusion, in the Pfaffian topological insulator we introduced a quasiparticle interac-
tion for gapping the neutral non-Abelian modes that is allowed when the charged excitations
are infinitely massive. This argument requires a separation of scales between heavy charged
excitations and light neutral excitations, that is not required in the corresponding analysis
of Abelian systems. Moreover, such quasiparticle interaction is generically unavoidable, but

its microscopic origin is yet unclear.

3.3 Invariant interactions in the Read-Rezayi topological in-

sulators

3.3.1 Projected interactions

The Read-Rezayi Hall states describe the binding of identical electrons in clusters of &
elements, extending the & = 2 case of the Pfaffian [67]. In the conformal field theory
description, the electrons are represented by the Zj parafermion field y1, whose k-th fusion
with itself yields the identity, (Xl)k ~ I, leading to a non-vanishing correlator at coincident
points. The parafermion conformal field theory can be realized by the coset S?](\Q) &/U(1)
[66]. As usual, excitations also have a charge part expressed by vertex operators, leading to
a theory with central charge ¢ = 1+ ¢, ¢ = 2(k —1)/(k+2). The fusion of n parafermions

x1 define the parafermion field y,,; these fields obey Abelian fusion rules among themselves:
Xi* Xj ~ Xt ¢ =1+ j mod k, (3.42)

that conserve a Zj; quantum number. Moreover, they obey le = Xk—n-
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The parent Abelian theory of the Read-Rezayi state is a k-fluid generalization of the
(331) state with the following K matrix [67, [73]:

M+ 2  =45=1,--- .k
K, = teor=s=henk (3.43)
M e

The Abelian and non-Abelian systems share the same spectrum of charges: the filling fraction
and minimal charge are,

k 1
v kM + 2’ ¢ kM + 2’ S=Fk (=1) (=1) (3.49)

Thus, the Levin-Stern index tells us that the topological insulators made by pairs of Read-
Rezayi states, as well as their parent states, are stable (unstable) for k£ odd (even).

The general study of interactions of the Abelian theory described earlier yields £ TR
invariant gapping interactions specified by (k — 1) vectors A; and by A, given in -
and (3.14)), respectively. In particular, the interaction corresponding to A is TR invariant
only for k even, in agreement with the Levin-Stern index.

We now proceed to describe the projection to the non-Abelian state by studying its action
on the conformal fields. In the present case the projection maps k different chiral species
into a single one and the corresponding electron fields ¥;, i = 1,...,k in go into the
Read-Rezayi electron ¥ = Vx1, where V is the charged vertex operator and x; the first

parafermion. More precisely, the correspondence is as follows:

\Ilj — :exp(—zago) X1 :VTxl, i=1,...,k

W o ew(ion)id =V,

\IILIC —  rexp (za ) = VT X1

Uik — texp(— 2a<p) =V Xp_1 (3.45)

where o = (2 + kM) /k and ¢ = p(2), § = ().
From the map of the fields we obtain the expressions of the non-Abelian interactions as
follows. The Uy, are quartic in the fermion fields as in the k = 2 case, Eq. (3.24)), and their

projection follows similar steps. After point splitting and projection, one obtains:

2122

Ur, — URR = lim 21—22/k VT(21) Vi(zo) : Xl(Zl)Xkl(ZQ)] X [ z2—Z ] (3.46)
reg

These interactions, for ¢ = 1,...,k — 1, are all projected into the same expression U}?R,
that involves the identity sectors for both the charged and neutral Zj parafermion theories,
owing to the fusion rules V-V ~ I and x1 - xx—1 ~ I, respectively. The normal ordering of
vertex operators is the same as in the Pfaffian case. For the parafermions we use the general

operator expansion of descendant fields in the identity sector [21],

o
x1(8) xp_1(0) = e~ 2+2/k 4 7}:52/’“ T (0)+ 1 x1(0)xp_1(0) t 4+, (3.47)
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where T, is the stress tensor of the parafermion theory, ¢ its central charge and h; = (k—1)/k
the conformal dimension of x;. Combining all together, we obtain:

Ut = (2th 2Tc> <th +a Tc>. (3.48)
Ck

This interaction takes the same TT form of descendent of the identity already found in the
Pfaffian case, and fulfills the same properties. In particular, it cannot provide a mass for
neutral excitations of these topological insulators.

The projection of the Abelian interaction corresponding to A is slightly more difficult,

because it involves 2k fermionic fields:

k k
Uy = H\Ifj : :H\Ilk+i:+h.c.

i=1

= Hexp(—zellC(IJ > Hexp <w,/cq>( )) . +h.c.. (3.49)

The operators in each chiral part should be split in k different points {z1,..., 2}, with
|zi — zj| = € Vi,j, and later brought back to a common point, ¢ — 0. We use the formula

for the normal ordering of k vertex operators [21],

k k k
H exp (—ie, KD(z;)) == 1_[(,2z — 2™ exp [—i (Z e7;> K®(z;)

i=1 i<j i=1

; (3.50)

where the exponent M is given by the K-matrix element. Upon performing the projection
1' on individual fermion fields, we re-normal order the k vertex operators V1, and obtain:

k k k
UK — U%R = lim Hzfj/k : (VT(z)) : HXi(Zi) X |:Z — Z:| + h.c.. (351)
=1

e—=0 | *+4
1<J
The normal ordering of parafermion fields uses the operator product expansions [21],

Xe(2)xe(0) ~ 27200k () + - L+ <k), (3.52)

Xe(2)xp—e(0) ~ 2207k <1+ 2 Che (0)+--~>, (3.53)
e

where hy = ¢(k — ¢)/k is the dimension of x,. The coincidence limit of the first (k — 1)
coordinates z; — z = € — 0, creates the parafermion field x;_1 with singular behavior given
by the sum of exponents in (3.52)); for the k-th limit we use (3.53|) involving the stress tensor,

and obtain,
k

2h
: (5 — -k 244
;1_13(1] il_ll Xi(z) =€ (1 +e n(z)) : (3.54)

Ck

This singularity exactly cancels that coming from the product of vertex operators in (3.51),
leading to final result:
—k
U = VI (2)V"(2) + hc.. (3.55)

47



3.3.2 Properties of interactions

The TR transformations of Read-Rezayi fields is again inherited from the Abelian fields ([3.6)
through the projection ([3.45)) and read:

T vV vl vt
Xi = Xi Xi ™ Xi (3.56)

in complete analogy with . It follows that the neutral interaction U /{%R ~ TT is time-
reversal invariant for any k, while the charged interaction U%R is only invariant for k even,
as in the parent Abelian theory. We stress that this result is in agreement with the Levin-
Stern index (3.44) [1]: for k odd, U%R is forbidden by TR symmetry and some charged edge
excitations remain massless.

For k even, the Read-Rezayi topological insulators are unstable according to the flux
argument [I]. The charged interaction U%R is allowed and gaps all charged excitations. We
should again consider the possibility that U%R breaks spontaneously the symmetry, but this
cannot happen because VIV is non-local, for example, with respect the field operator of the
smallest charge e* in . Regarding the neutral modes, U f’R ~ TT it is not sufficient
to give them mass, owing to the arguments discussed in Section for kK = 2. We then
consider a quasiparticle interaction that is allowed in the reduced neutral theory where
all charged states have acquired very large masses. In this limit, the single-edge partition

function of Read-Rezayi topological insulators becomes the following expression [1]:

k 9 k
Z RN RN P VR

(=0, even =0, E—% even

2
: (3.57)

that contains a subset of the excitations of the Zj, parafermion statistical model [66]. The
parafermionic characters x%, describe neutral excitations with quantum numbers (¢,m) =
(¢,m+2k)=(k—{,m+k)and m ={ mod 2.

The quasiparticle interaction,
URR = 3x§ + hec., (3.58)

with dimension 2h3 = 4/(k + 2) < 2, is relevant and couples to all sectors, since the fusion
rules x2x§ and X%X@ are different from zero for any allowed value of ¢ [21]. It turns out that
this interaction drives the systems with k even into a completely massive phase.

In our paper, the analysis of gapping interactions was also extended to the non-Abelian
spin singlet states (NASS) [76]. Applying the same procedure of projection from their parents
Abelian states, we found that there exists enough interactions to completely gap the edge of

these systems [2]. It follows that these topological insulators are all unstable.
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Chapter 4

Three-dimensional fermionic

topological insulators

In this chapter we will discuss three dimensional topological band insulators, namely gapped
systems of non-interacting fermions that are characterized by massless Dirac fermions at
their boundaries. We can divide this chapter in three parts.

In the first part we will analyze the effective field theory description of these TR invari-
ant topological phases. We will show the dimensional reduction argument that gives rise
to massless boundary degrees of freedom and explain the anomaly cancellation occurring
between bulk and boundary.

In the second part we shall discuss the stability of the fermionic topological phases using
the partition functions of the surface fermions and the generalization of the flux insertion
argument discussed in the previous chapter.

In the third part we shall study the 3D modular transformations of the partition func-
tions. Once again, we will associate the stability of the topological insulators to the impossi-

bility of writing a modular invariant partition function that is consistent with TR symmetry.

4.1 Ten-fold way classification

In the above chapters we discussed two different topological phases of matter, the quantum
Hall effect and TR invariant topological insulators. In literature, the analysis of these phases
was first developed in the case of non-interacting electrons through the use of band theory
[11]. The analysis showed the existence of topological quantum number characterizing each
phase. Indeed, the integer quantum Hall effect is classified by the first Chern number, namely
the Hall conductivity, that is an integer number [77]; TR invariant topological insulators,
instead, are characterized by the Zy TR invariant polarization [56].

In Chapter [1] and Chapter [2| we discussed the generalization of these two-dimensional
phases to the interacting case. In presence of interactions, band theory is not longer valid;
thus, using effective field theory methods [10, 111 59, [78], we found that both systems continue

to be classified by the same Z and Zsy topological numbers.
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class\é| T C s, o 1 2 3 4 5 6 7
A o o o0 Z O zZ 0 Z 0 Z 0
AIIT | 0 0 1| 0 Z O Z 0 Z 0 Z
Al + 0 0] Z O 0 0 2Z 0 Zo Zo
BDI | + + 1| Z2 Z O 0 0 2Z 0 Ze
D 0 4+ 0| Zo Zo Z O 0 0 2Z 0
pir | - 4+ 1 0 Zo Zo Z 0 0 0 2Z
AllI — 0 0| 2Z 0 Zo Zo Z O 0 0
cir | — — 11 0 2Z 0 Zo Ze Z 0 O
C 0O — 0} O 0 2Z 0 Zo Zo Z O
CI + — 1| 0 0 0 2Z 0 Zes Zo L

Figure 4.1: Periodic Table of topological insulators and superconductors. The ten symmetry
classes are labeled in the first column using the notation by Atland and Zirnbauer [83]; the
following three column specify the 7Tsymmetry, C symmetry and S chiral symmetry: (+1)
and (0) denote the presence and absence of the symmetry, respectively, with (£) specifying
the values of 72 and C? equal to =+1.

In nature there are many other topological phases of matter beyond the quantum Hall
effect and topological insulators in two dimensions; all together fit into an elegant mathe-
matical structure called ten-fold way classification of topological insulators and superconduc-
tors[79, [0, 8], 82]. The symmetry class depends on the presence (“=+ 1”) or absence (“0”)
of time-reversal symmetry 7 with 72 = 41, and/or charge conjugation C with C?> = £1 and
chirality & = TC, that can be present (“1”) or absent (“0”). There are ten distinct classes of
gapped non-interacting fermionic systems; their classification, shown into the Periodic Table
in Fig.[AJ] is closely related to the classification of random matrices by Atland and Zirn-
bauer [83] and is periodic in the space dimension d for d — d + 8. The symbols in the table
“17, “Zo", ‘277 and “0” represent whether or not the phase exists for a given symmetry
class in a given dimension, and if exists, what kind of topological invariant characterizes the
topological phases. For example, “27Z” means the topological phase is characterized by an
even integral topological invariant, and “0” means the topological phase is absent.

The quantum Hall effect belongs to the class A in two space dimension and is character-
ized by Z, namely by the first Chern number [77]. TR invariants topological insulators have
T2 = —1, belong to the class AIT and in d = 2 are classified by a topological Zs number
[56]. As shown in Chapter 2| and Chapter [3| the Zo classification continues to be valid also
in presence of interactions.

In this chapter we will discuss TR invariants topological insulators of class AIl in d =3
that, as shown in Fig.[l.1] are classified by a Zy number. In the last chapter of this thesis

we will show that this classification remains valid in presence of interactions.
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Eg(eV)

Figure 4.2: (a): Dirac cone between the valence and conduction bands in BisSes found by
using ARPES technology [89]. (b): Spin texture of the conduction band of the surface states
in momentum space. The arrow represent the z — y planar spin polarizations while the color

indicates the z component of the spin polarization [91].

4.2 Massless surface fermions

In 2006 three groups independently found that the characterization of topological insulators
state has a natural generalization in three dimensions [84, 85 [86]. They showed that the
stability is described in 3D by four Zsy invariants (vg; v1, ve,v3) = £1, which are determined
by the topology of the band structure.

The three indices v1,v9,3 = 41 characterize the weak topological insulators; these
phases are not particularly relevant in the following because they can be represented by
stacks of 2D topological insulators, whose surface states interact in pairs and are usually
gapped in presence of disorder.

The index vy = +1 characterizes the strong topological insulators that correspond to the
novel 3D topological states. These systems have a gap in the bulk and gapless surface states,
that are protected by TR symmetry and consisting of an odd number of (2 + 1) dimensional
massless Dirac fermions, or Dirac cones. The case where there is only one of such cones is
the simplest non trivial surface state, see Fig.(a). The existence of an odd number of
stable massless Dirac cones on the surface is ensured by the Zs topological invariant of the
bulk, introduced by Fu, Kane and Mele extending their flux insertion argument to the 3D
case [84]. In the same work, the authors show that the surface state is an helical fermion,
namely the spin is located on the surface and is orthogonal to the momentum direction, see
Fig.[4.2b).

Kane and coworkers also indicated a candidate system of 3D topological insulators as the
crystal Bi,Sby_,; its Dirac cone and spin texture were observed experimentally by the use of
the ARPES technology (angle-resolved photoemission spectroscopy) [87, [88]. The Bi;Sbi_,

system is however too complicated to study, both theoretically and experimentally. For
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these reasons other crystals have been then considered, such as BisSes, SboTes [89] [0 O1].
In particular, the BisSes has a large band gap of ~ 0.3 eV (3600 K), and can exhibit the
topological behavior at room temperature, greatly increasing the potential for applications
[51].

4.3 Effective field theory of fermionic topological insulators

The Zs classification of 3D topological insulators can be understood by means of the field
theory of massless fermions at the surface. In this theory a mass term breaks explicitly
the TR symmetry [92]. We can have a TR invariant massive theory for pairs of fermions
for which an invariant mass term can be written. In the odd case, at least one excitations
remains massless.

A well understood result is that the massless surface fermion interacting with the elec-
tromagnetic field generates a Chern-Simons induced action in (2+ 1) dimensions that is odd
under TR transformations [93, 94) 95]. This TR (and parity) Zg anomaly is cancelled by the
bulk theory by a mechanism that is different from the anomaly inflow of Chapter |1} and will
be explained in the following [3].

4.3.1 Jackiw-Rebbi dimensional reduction

The bulk states of 3D topological insulators can be described by a continuous field theory of
a massive (3 + 1) Dirac fermion at low energies with respect to the bulk energy gap, whose
mass m vanishes near the boundary. If the surface is given by the plane z = 0, separating
the bulk of the material (z < 0) from empty space (z > 0), we can take a mass profile of the
form M(z) = —Mptanh(z/{), where My is of the order of the bulk gap and ¢ of the lattice
spacing (see the blue line in Fig.[4.3).

The Dirac theory with this mass profile possesses massless fermionic surface excitations
that are obtained by the so-called Jackiw-Rebbi dimensional reduction [96]. To show how
the method works, we consider the following representation of the Dirac v matrices in in
(34 1) dimensions

0 03 ., 0 o1 X 0 09 . 1 0
0 1 2 3
, 2 , 7 5 "}/ =1 5 41
((73 0 ) ,y ((71 0 ) /Y <02 0 > (0 —1> ( )

where the o’s are the Pauli matrices. The Dirac hamiltonian takes the form
H = —ir4'a, — ivo'yQ@y — 79930, +4°M(2) = Hy + H.. (4.2)

The surface fermion corresponds to a low-energy solutions localized near z = 0. These are

the zero-energy eigenstates of H,, obeying the equation
(i0. + v M(z)) ¢ = 0. (4.3)
We look for a solution of the type
(@Y, 2) = fe(2)ux(z,y). (4.4)
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Figure 4.3: (blue line): Mass profile M = M(z); (red line): amplitude probability of the

zero modes of the Hamiltonian H..

If uy is such that y3uy = 4iug, then Eq. (4.3) becomes
(0, £ M(2)) f+(2) =0. (4.5)

The normalizable solution to Eq.(4.3]) and (4.5)) are those corresponding to the (—) negative

eigenvalue of v3, i.e.

b(z,y, 2) = exp <— / C M(z’)) u_(z,y). (4.6)

0

This zero mode is localized to the surface, where the mass m(z) changes sign, i.e. the red
line in Fig.[4.3] thus realizing the dimensional reduction.

The surface dynamics is governed by the hamiltonian Hy acting on spinors of the form
(u_)" = (0,x_), with the lowest component y_ a bi-component spinor. Projecting Hy in

the subspace of y_ through the projector operator

1+iy3 00
P_= = , 4.7
200 ()

we find the massless Dirac Hamiltonian in (2 4 1) dimensions.
(kyO'l - kxO'Q)X_ = EX_. (48)

This is the expected Hamiltonian of a massless Dirac excitation in (2 4+ 1) dimensions. Of
course, this results holds for low energies £ < M.

In a physical setup, the system will have two boundaries along the 2z axis, with the second
surface described by the inverted mass profile M(z) — —M(z + zp). Performing the same
steps as before, the normalizable zero mode is now given by the positive eigenvector in ,
ie. (ur)? = (x4,0). It turns out that the bi-spinor x. obeys the same Dirac equation .

The Jackiw and Rebbi method does not allow to determine the helical texture of the

spin of the boundary fermions. It results, indeed, that the (3 + 1) spin operators given
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by the Clifford algebra, i.e. S; = i/4€;x[vj, k] with 4,4,k = 1,2,3, have non-vanishing
projection only for S3. Actually, in the study of the microscopic model of band topological
insulators, the authors of Ref.[91] considered the expansion of the Hamiltonian for momenta
near the band crossing point and obtained the result at low-energy. In that approach,
the spin of the surface states was also discussed, involving the electron spin as well as a
L =1 contribution coming from the p-wave orbitals near the surface. It turns out that the
low-energy surface excitations have spin one-half given by S; ~ ¢;, where the o; are the same
Pauli matrices occurring in ([4.1)). Therefore, the surface excitations solutions of have
associated the values:

(S3) =0, (Syky + Syky) = 0. (4.9)

Namely, the spin lies on the surface and is orthogonal to momentum (helical spin excitation).

4.3.2 One loop corrections and parity anomaly

In this section we consider the fermion at the boundary of 3D topological insulators inter-
acting with an external electromagnetic gauge potential A, and analyze the induced action
[92, 93] [95].

In Minkowski space, the Dirac Lagrangian of a two-components spinor field in (2 + 1)

dimensions is
L= (i +ed—m), (4.10)
where the mass m can be positive or negative and the 2 x 2 Dirac matrices are [92]

W =0% Al=icl, A*=ic? with {y* 4"} =2¢"". (4.11)

The classical Lagrangian (4.10)) is parity and TR symmetric when the fermion mass vanishes
[92]. We will restore the massless limit at the end of the calculations.

The analytical continuation to the Euclidean time is performed by the substitutions
g — ixg, AO — —iAQ, Ye — —i’yk, k= 1, 2, (4.12)

in such a way that the Euclidean v matrices coincide with the o Pauli matrices. Integrating
out the fermion degrees of freedom we find the induced effective action, that it is given by

the fermionic determinant [97]

_det(ﬂfieA+m)'

o—SinalA] _ /Dw)zp exp <_/d3m/} (9 —ied +m) w) = et (B m) (4.13)

The induced action at the second order in A, is simply obtained by the one-loop Feynman
diagram of the vacuum polarization of Fig.[4.4] which gives [92] 93]

62 3
soa =5 | (;lf)g A (k) (k, ) Ay (), (4.14)

where

4.1
w Qe |kt g2+m? | 2+m? (4.15)

H(2>(,€,m):/ &g [ i(k+d)+m , ig+m
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k+gq

Figure 4.4: One loop vacuum polarization diagram

The calculation use dimensional regularization formulas to eliminate the linear divergence
in (4.15) [97] and should be further regularized by a Pauli-Villars subtraction. Thus, the

regularized vacuum polarization is defined as

2YREG o 2 2 2 2
n,gg (k,m) = H,(W)(k ,m) — wa)(k M — o), (4.16)

where M is the mass of the Pauli-Villars regulator with sign(M)=sign(m). Finally, the result

takes the following form

H(Q)REG(k m) — ikj ea,uuﬂ arCtan(:‘C) 1
e ol

v A T

1 1 1— 22 ’k‘
2
v v 9 —_— . 4.
(k‘ d, k. k ) ’k‘ <:C 2 arctan(x)) x ’m‘ ( li)

Inserting H,(?l,)REG(k, m) in Eq (4.14)), the second order induced action takes the following

forms for different regimes of the mass m:
e |m| —0,ie x— oo

. 9 2
2) ie* m 3 e 3 1
Si(nd[A] = 8 |m| A z€p ApduAp + 64 /d xF#V(_D)UQFW‘ (4.18)

The first term is imaginary and amounts to the topological Chern-Simons term breaking
both parity and TR symmetry; it gives rise to the parity anomaly in (2+ 1) dimensions
[93,94]. The second term, instead, is dynamical and non-local in the external potential
[92].

o |k| < |m],ie. 2 — 0:

2
2 e
S A = - / d32F,,F,,. (4.19)

In the limit of large mass m — oo, the anomalous term cancels. The induced action is

left with a subleading local term of order O(1/|m|).
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We will see later how these regimes are relevant for the physics of 3D topological insula-

tors.

4.3.3 Bulk #-term and parity anomaly cancellation

Our first problem is to solve the apparent contradiction between TR invariance and the
presence of a massless fermion at the boundary of a 3D topological insulator; as shown
above, the induced action acquires a Chern-Simons term breaking TR symmetry. In what
follow we explain how the anomaly is cancelled between bulk and boundary [3].

Our argument uses the Jackiw and Rebbi model discussed in Sec. We focus on a
topological insulator with two boundaries placed at the planes z = £z, and introduce the
following TR breaking term in the bulk Hamiltonian (4.2)

H(m) = iny°m. (4.20)

Once projected at the two boundaries z = +zg, this term behaves as a mass for the surface

fermions, leading to two Dirac Lagrangians in (2 + 1) dimensions
Lo=x G-y, Ly =X+ w0 (4.21)

Owing to the coupling with the vector potential A, according to (4.18), the limit m — 0
leads to the corresponding Chern-Simons actions with opposite couplings +1/2 on the two
boundaries, namely

o2

SO =+ & [ i v a,0,4 S@ 4] =
-y T € pOvip, [A] =

ind T ind

3
& /d x "PAL0,A,  (4.22)
Here we disregarded the non-topological terms and worked in Minkowski space-time.
The second step of our argument takes into account the results of Ref.[98], where it is
carried out an interesting analysis on the effective topological field theories of TR invariant
topological insulators in various dimensions. The authors show that the induced bulk effec-

tive action is given by the so called Abelian 0-term or magneto-electric term, that is:

He?

0 2
¢ / d*z N F,, Fy, = ym / d*z E-B=00C,. (4.23)

3272

SplA] =

Cy is the integral of the second Chern class of the electromagnetic gauge field, which is
quantized to integer values for closed space-time manifolds. Since Co is integer-valued, the
path-integral is invariant under # — 6+ 27w. Moreover, Cs is odd under TR. Thus, in a TR
invariant theory,  must equal 0 or 7 (equivalent to —) [98] [99].

In our previous discussion of the topological insulator the manifold has two boundary
surfaces. In this case Cy is not quantized and Syp[A], being a total derivative, it reduces on
the boundary M to the Chern-Simons term

62

Sp[A] =+

/ Bz P AL0,A, 0= (4.24)
81 OM
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Therefore, Sp[A] with 6 = 7 assumes at the boundaries z = £z the same form, but with
opposite coupling with respect to the fermionic induced actions szgli[A] in (4.22)). The
complete effective action of the topological phase is obtained by the sum of the bulk and

boundary actions, that is
Sror[A] = SslA] + SOF(A] + 52 (Al =0, 6= (4.25)

Since the full action is vanishing, we obtain the desired parity and TR anomaly cancellation.
We remark that similar arguments were discussed in [99} 100, [T0T].

This argument is generalized to the case of Ny surface fermions; in this case the cancel-
lation is realized by choosing 6 = N in Eq.. However, for Ny > 1 pairs of fermions
can interact by a TR invariant mass term and disappear from the low-energy theory. The
significative cases are the trivial insulator § = 0 and the topological insulator 8 = 7, leading
to the Zs classification.

We remark that the anomaly cancellation between the 3D bulk and the 2D boundary
is different from the anomaly inflow mechanism of the QHE of Section [1.3.3] Here the
anomaly cancellation is not accompanied by current flow from the bulk to the surface and

no observable bulk effects are generated.

4.3.4 Bulk f/-term and surface QHE

The effective action gives another interesting phenomenon when the boundary of a
topological insulator is connected to a magnetic material with local magnetization [98]. In
this case TR symmetry is explicitly broken at the boundary but is still present in the bulk.

The interaction between the boundary fermion and the magnetic field is given by the
usual Zeeman term, that corresponds to a mass term for the fermion: more intense is the
magnetic field greater is the mass of the fermion. In this regime, the induced action at one
of the two boundaries is once again the sum of the bulk effective action Sy[A] with § = m,
written as a surface integral, and the boundary induced action in the limit of large

mass, i.e.

62

2
Sror[A] = - / >z P A,0,A, + m / SO0 P (4.26)

In this case, there is no longer a cancellation of the Chern-Simons terms and the second term
can also be neglected for large masses. The remaining Chern-Simons term with coupling 1/2
gives rise to a surface Hall effect with quantized Hall conductivity oy = 1/2 (in units
on e2/h). In the physical setup where the system have two boundaries, the global Hall
conductivity is og = 1.

The discovery of the surface Hall effect at the boundaries of a 3D topological insulator
it is a recent experimental result [102]. The topological material was made in contact to a
topological superconductor and a global quantized Hall conductivity oy = 1 was measured.
The experiment also showed that each surface carries a quantized Hall conductivity o =
1/2.
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4.4 Free fermion partition functions

In this section, we derive the partition functions of the massless fermion at the surface of
3D topological insulators [3]. Extending our earlier analysis, we use the partition functions
to reformulate the Fu-Kane-Mele stability argument for the existence of massless fermionic
surface states in presence of TR invariant interactions (the ‘strong topological insulators’ of
Ref.[57, [84]). The advantage of this formulation of the stability argument is that it can be
extended to any interacting system for which the partition function is known, as we shall see
in next chapter where we discuss interacting 3D topological insulators [3]. We remark that
the same argument has been applied also to exactly soluble lattice models of non interacting
and interacting 3D phases [101, [103].

We consider the spatial geometry of a ‘Corbino donut’ (see Fig., whose internal and
external surfaces are two-torii. The space-time three-torus T? is obtained by considering
one surface and the Euclidean time with period the temperature T'. The partition functions
for periodic (P) and anti-periodic (A) boundary conditions in space and time form a eight-
dimensional multiplet, corresponding to the eight spin sectors. Our derivation of the partition

functions uses results of Ref.[104].

The torus geometry

The T3 torus is the quotient of the flat space R3 by the lattice A® generated by the vector
moduli w,,pu = 0,1,2, see (Fig., where the vectors w;,i = 1,2 belong to the (z1,z2)

plane. We define the matrix w whose rows are the components of the vector moduli in R3,

wo woo wo1  wo2
W= | w = 0 w11 w12 | » (4.27)
Wy 0 wo1 wo

and also introduce the dual matrix k defined as
kyw, =0, = k=(w ). (4.28)
The spatial components of the w and k vectors are also written as
& = (Wi, win), ki = (ki ki),  i=1,2. (4.29)

The volumes of the 3D space-time cell and 2D space cell are given by, respectively,

V(g) = det(w), V(Q) =det & = W11WwW — W12We1 = ]wl X WQ|. (430)

The relations between the components of k and & are

w29 w21 w12 w11

ki = v k12 = v ko1 = v koo = V@ (4.31)
moreover @) @)
|4 woo V
= = . 4.32
0o |w1 X w2|’ V(Q) |w1 X w2|2 ( )
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Figure 4.5: Vector moduli of T? torus in the flat space R?

The fermionic spectrum

The partition function is given in terms of the on-shell data of the free fermion, namely
its spectrum of energy, momentum, charge and fermion number. The usual creation and
annihilation operators of particles (a:r,, ayn) and antiparticles (bL, bn) , where n = (nj,ng) €

72, obey the following anti-commutation relations
{an,aly } = Onm { b, } = G (4.33)
and satisfy the vacuum conditions [97]
an |Q) = by [Q) =0, ni,ng € Z. (4.34)

In the torus geometry, the energy and momentum of the excitations are given by the

following normal ordered expressions:

E=Y E, (aLan n bLbn) -3 Ea, (4.35)
n

n
P=> pa <aLan n bLbn) . i=1,2, (4.36)
where
En = 27|(n1 + a1)k1 + (n2 + a2)ka, (4.37)
Pn = 27 ((m + Otl)kli + (TZQ + 042)]{721') , 1=1,2. (4.38)

In the expression of the energy (4.35)), the infinite sum (— )", Fy) represents the contribution
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Figure 4.6: 3D “Corbino donut”. The fluxes ®; and ®, play the role of the k, and k,

momenta, respectively.

of the Casimir vacuum energy and the parameters «; specify the boundary conditions along
the ¢ = 1, 2 spatial directions: «; = 0,1/2 means, respectively, periodic (P) and anti-periodic
(A) boundary conditions.

The charge operator is given by the following normal ordered expression [97]

Q=Y (aLan - bLbn) : (4.39)

where the renormalization condition has been chosen such that the ground state |2) is

electrically neutral, namely @ |Q2) = 0. Finally, the fermion number is defined as
(~1)F = (—1)Znanantbibn, (4.40)

also equal to the parity of the number of particles and antiparticles.

The partition functions

It is useful to find the partition functions with general boundary conditions because the
insertion of fluxes ®; and ®5 across the spatial circles of the torus modifies the quantization
of the momenta k, and k,, as pictorially reported in Fig.@ As happens in 2D, when
®, = ®y/2 the spatial boundary condition along the orthogonal direction is changed from
periodic to anti-periodic and vice versa.

The Euclidean partition function of a massless Dirac fermion with (A) boundary condition
along the time direction and interacting with a constant scalar potential Ag is given by the

following expression
Zg,m,az =Tr [exp( —T(E+ QAo) + iwn 1 + in2P2)} . (4.41)

As usual, one implements the (P) temporal boundary condition by inserting the fermion

number operator (—1)%. This gives
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Zhoyap = T1 [(—I)Fexp( —T(E + QAp) + iwo1 Py + iwongﬂ ) (4.42)

The trace over the fermionic Fock space is evaluated using the anti-commutation relations
(4.33). The final result, once we substituted the k; vectors in terms of the w;, introduced
the phase ag = 0,1/2 for the (P) or (A) temporal boundary conditions and relabeled for the

antiparticles case n; — —n; and a; — —q;, gives

Zo}z;),alaz — e*V(3)F0 H {1 _ eXp (_27_(.5&17042 + 27_‘_2'7)0(1,0(2 _ 27_‘_1./4)}

ni,n2 ni,n2
ni,no€ZL (443)
x {1 —exp (—2m&Q102 — 2miPRLa2 + 2miA) } .
In this formula
3 A
A=ap—i—l Ao (4.44)
27T|LU1 X UJQ‘
o 3
Eniing = WKM + ar)wz — (n2 + az)wi, (4.45)
wi X W
P = 2 oy o x ) — (2 +aa)wn x )], (446)
1 e—27ri(a2n1—a1n2)
Fy=— ! 4.47
0 2T Z |n1w2 — ngwl\?’ ’ ( )

neZ?

where in the sum )’ are excluded the values (n1,n2) = (0,0). In this expression Fy is

the regularized vacuum energy obtained with the Epstein’s analytical continuation formula
[105] 106], see Appendix ((C.1J).

4.5 Stability criteria

In this section we reformulate the 3D version of the flux insertion argument discussed by Kane
and coworkers [57, [84] using the fermionic partition functions derived above [3]. We shall
show how the ground state of the system is adiabatically deformed by adding half magnetic
fluxes and a neutral spin one-half excitation is created at the boundary. Thus, the Kramers
theorem is invoked, saying that this excitation is part of a doublet that remains degenerate in
presence of any TR invariant interaction. Finally, the partner state of the doublet is evolved
back to zero flux, where it is found to be an excited state with energy O(1/R), where R is

the size of the system, thus proving that there is no gap in the thermodynamic limit.

The Neveu-Schwarz sector

In the unperturbed configuration without fluxes, the natural boundary conditions for the

fermion field are antiperiodic both in space and time, i.e we take (ap, a1, a2) = (1/2,1/2,1/2)
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(a) (0) (c)

Figure 4.7: Low-lying surface states of the Neveu-Schwarz sector as a function of n; (cf.(4.49)). In
(a) the ground state |Q>%% without excitations over or below the Fermi energy p. In (b) and (c)

examples of particle and hole excitations.

in the general partition function (4.43)). In analogy with (1+1) dimensions, this can be called
Neveu-Schwarz sector.

The stability of the surface excitations can be discussed in the simpler geometry of a
rectangular torus where wy and ws are displaced respectively along the 1 and zo Cartesian

axes (see Fig., that is taking wis = wo1 = 0. In this case the energies of the excitations
in (4.45), (neglecting the global Casimir energy (4.47))), assume the form

11 1\? 1 1\? 1
51%1,2712=w00\/<n1+§> w—%l+(n2+§> w—%2 (4.48)

There are four low-lying degenerate energy levels, for (n1,n2) = (0,0),(0,—-1), (—1,0),

(=1,—1). The expansion of the partition function gives

Zfl L~ 1+ Z €—2ﬂ8n+27ri73n—w00A0 + €—2Tr5n—27'ri'Pn+w()0A()‘ (449)
2'232
(nl7n2):(070)7(07_1)7(_170)7(_17_1)

Therefore, the low-lying states are the ground state |(2) 11 plus four particle and four an-
tiparticle excitations. The ground state corresponds to a completely filled Dirac see, without
excitations over or below the Fermi energy (see Fig.@; its charge and fermion number
assignment can be read from the definition ; they are

QY11 =0, (=1 1Q)11 = 19) (4.50)

[NIES
N
[NIE
[NIE

11
22

In order to discuss the stability argument, we need to distinguish between surface excitations

with integer and half-integer spin, thus we shall introduce the ‘spin parity’ index (—1)2° that,

62



=P V7 D oD+ D)2
P V)7 Dy 0 o+ D)2

F F
A Z
5,50 0,50
F
ARE Z zy
2'22 5,00 0,00
Figure 4.8: Action of Vll/2 and V21/2 on the eight partition functions Z% , ., where oy, = 0 (1/2)

corresponds to periodic (antiperiodic) boundary conditions.

as discussed in Appendix is equal to the fermion number of the (2+ 1)-dimensional theory

[3], namely

D)¥=(=DF,  (~1)* Q11 =1Q) (4.51)

S
S
=

1
2

Our conclusions are in agreement with recent discussions on condensed matter fermionic
systems in (2+ 1) dimensions [I07, [108]. In these works, indeed, the fermionic path integrals
are defined on particular manifolds, called spin, manifolds, in order to capture the spin-
charge relation satisfied by the unperturbed ground state of a gapped fermionic system,
namely the fact that states with odd electric charge have half integral spin and states of

even electric charge have integral spin.

The Ramond sector

The first step of the stability argument consists on the adiabatic insertion of a ®4/2 flux
through the holes of the torus. We call Vil/ 2, with ¢ = 1,2, the corresponding transformations.
The result of the insertion is to change the spatial boundary conditions a;; — a;+1/2. Fig.

V2

shows the transformations of the partition functions under Vll/ % and 5" Starting from the

Neveu-Schwarz sector Z f ;11 and applying Vll/ % and Vzl/ % as follows
2722

V72 @) @+ ®/2, then Z§,, — z¥,, (4.52)
2722 272

V2 @y = @y @/2, then 2T, — 2T . (4.53)
2’72 27

we reach the periodic-periodic sector that can be called the (2 + 1) dimensional Ramond

F

sector, with partition function Z7 00" In a rectangular torus the spectrum of the Ramond
27
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Figure 4.9: Degenerate ground states of the Ramond sector. In (a) the particle excitation with
charge Q = 1 corresponding to |Q)((J%). In (b) the hole excitation with charge @ = —1 corresponding
to |Q>(()%).

Figure 4.10: Degenerate ground states of the Ramond sector. (a) and (b) represent the neutral
excitations corresponding to |Q>é%) and |Q>((;é), respectively. They have negative spin-parity index,

i.e. (—=1)24% = —1, and give rise to the Kramers doublet.

sector has the following energy

0,0 _ n D)
Eniny = W00 5+ 5 (4.54)
Wi Wy

In this sector, the energy spectrum (4.54)), as well as the momentum spectrum, possesses
one vanishing value for (n1,ng2) = (0,0), i.e Eg,’g = 7387’8 = 0, up to an overall ground state
energy. Upon expanding the Ramond partition function, we find four degenerated states

exactly located at the Fermi level (see Fig. and Fig.4.10)),

Z;oo o 1+ e7woodo 4 gwoodo 4 p—woodogwoodo 4 (4.55)
that we call |Q)(()lo) , i=1,---,4. Let us analyze their quantum numbers. Two of them have
charge @ = +1 (see Fig.[4.9),

coh Gl e ), (436)
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the other states, instead, are neutral (see Fig.|4.10)),
1o ), erwodogmodo i oy@ 010yl = @)l =o. (4.57)

Upon following the evolution of the spectrum while adding the fluxes, i.e. «; : 1/2 — 0, we
can see that the Neveu-Schwarz ground state is mapped into the following Ramond state:

|Q>%% — |Q>(%). Being neutral, we are led to identify the state \Q)&ﬁ)

of the Kramers pair, i.e. ]Q)gé) =T \Q)E)B). As shown in Fig. in the Ramond sector there

is an ambiguity on the identification of the particles and antiparticles characterizing the

as the expected partner

ground state because two charged excitations are exactly located at the Fermi level. Assum-
ing particle-hole symmetry, as discussed in Appendix[A] we obtain the following assignments

for the spin parity and fermion number indices on the Ramond sector [3]:

)X =-DF=-1 on |, 10, (4.58)
—D® =(DF =1 on |QF, 10 (4.59)

Actually, the neutral states \Q>(%) and |Q>((;é) are identified with the Kramers doublet that
we are looking for. Since the Ramond sector corresponds to a TR invariant point for the
Hamiltonian, this degeneracy is protected from any TR invariant perturbations. To conclude
the stability argument we return to the zero flux configuration: while the Ramond ground
state |Q>(()B) goes back to the Neveu-Schwarz one |2) 11, its Kramers partner flows into the

following neutral excited state

lex)11 ¢ e 2mE-1-1twoodop=2mE_1,—1—woo o (4.60)
22
The energy of this excitation is O(1/R), where R is the typical dimension of the system;
being vanishing in the thermodynamic limit, this proves that the spectrum is gapless for any
TR invariant interaction [3].

We remark that the neutral S = 1/2 excitation created by adding half fluxes is a non-
perturbative excitation in the fermionic theory with respect to the Neveu-Schwarz ground
state,

) = o(0) )11 (4.61)

=
N|=

In the (1 + 1)-dimensional theory, this is know as the ‘spin field” and its properties are well

understood, e.g. within the fermionic description of the Ising model [22, 21].

Zo spin parity anomaly

The stability of the surface excitations can be related to a Zo anomaly, as discussed in 2D
(see Chapter . Indeed, the Neveu-Schwarz and Ramond ground states are eigenstates of a

TR invariant Hamiltonian, but possess different spin-parity index, i.e.

(~)? Q)11 = |11, (-1 |25 = — V5 - (4.62)

11
22

SIS

1
2
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The spin-parity is conserved by TR symmetry, but changes between two invariant ground
states, without any breaking of the symmetry either explicit or spontaneous. Therefore, we
interpret this change as a discrete Zs anomaly, which is equivalent to the Zs index of stability
[3].

4.6 Stability and modular invariance

In this section we study the behavior of the eight partition functions under the discrete
changes of coordinates that map the three-torus into itself. The pattern of transformations
will further characterize the different sectors [3]. We note that a similar study was done
in Ref.[104]. Moreover, we shall associate the stability of the topological insulators to the
impossibility of writing a modular invariant partition function that is consistent with all
physical requirements: that is the same result for 2D systems discussed in Chapter

In what follows we will take for simplicity Ag = 0, then the partition function (4.43])

takes the form

F _ _—VFy
Zao,oqaz =e H

ni,n2€”Z

2
1 —exp (=27, my + 2Py, ny — 2miar) | - (4.63)

The generators

The modular group SL(3,Z) is generated by 71 and Uy = S1P12. With (71,51) we indi-
cate the generators of the subgroup SL(2,7Z) acting on the subspace (zg,z1); Pi2 is the

permutation of the spatial vectors w; and ws. On the basis (wg, w1, w2), their action is

wy wo + wq wo —W1 wy wy

T lw | — w1 s St w1 | — wo R Po:lwi | — | —wa

w2 w2 w2 w2 w2 w1
(4.64)

The generators (75, S2) of the subgroup SL(2,Z) acting on the subspace (2o, z2) are clearly

found from 77 and S; as follows:

15 = P11 Pro, Sy = P1251Pro. (4.65)

P;5 transformation

The action of Pia on the partition functions (4.63) is manifest. Zf 11 and ZOI; 0o are left
232 ’

invariant, while the others are exchanged: ZF |, « ZF This result implies that it is

1.
060750 a070§

sufficient to study the modular transformations given by T7 and S; and then apply (4.65) to

find the action of the entire group.
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T, transformation

Also the action of T3 is simple to find. If a; = 0 the partition functions are left invariant,

F
Le. Zao Oag e Zao Oag*

If «; =1/2, T} changes the temporal boundary conditions from (A)

to (P) and vice versa, i.e Zf', <« ZF,
21302 0,3az"

S, transformation

The action of the transformation S requires some calculations. Following [104], it is useful

to choose the particular geometry in which the w matrix assumes the following form

Woo WwWo1  wo2 27TRO —27TO¢R1 —27T’yR2
W = 0 w11 w12 | = 0 27T Rq —27TBR2 . (466)
0 0 woo 0 0 2T Ry

With this choice, the fermionic partition functions (4.41) and (4.42)), before making the

regularization of the vacuum energy, takes the following form

O5070‘1042 I I {

+2mi [a(ny + on) + (2 + o) (aB + )] — 2m0)

1 —exp <—27rr01\/[(n1 + 041) + 5(712 + CVQ)P + [7’12(71,2 + 0@)]2

2
X (4.67)

X exp [271‘7‘01 Z \/[(nl + 1) + B(ng + 042)]2 + [r12(ng + ag)]2] } ,

ni
where we splitted the products on n; and ny and introduced the two quantities 791 = Ro/ R
e ri2 = R1/Rs. In Appendix is shown how to regularize the last exponent through the

Mellin transform. For convenience, we introduce the “massive © functions” of Ref.[104], [109]

2
Olap)(T5m) H ‘1 — exp { 2rIm(7)y/(n + a)? + m? 4+ 2wiRe(7)(n + a) + 27r7jb] ‘ X

nez
x exp [4nIm(7)A(m;a)],
(4.68)
where a,b,m € R, 7 € C, and A is the following function

Alm;a) = 27TQZ/

Identifying a = a1 + B(n2 + a2), b = v(na + a2) + ag, m = ri2(ny + ag) and 7 =

cos(2rla). (4.69)

—wo1 /w11 + iwpo /w11 = a + irp1, the fermionic partition function (4.67) becomes

Zoljo,omaz = H O a1 +B(na+az) y(nataz)+ao] (@ + @013 T12(N2 + €2)) - (4.70)

no€Z

We observe that the boundary conditions «,, appear in the partition function through the

parameters of the © and A functions.
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Zo

Zo

K 4

Figure 4.11: Projection of the parallelogram between wg and wy on the plane (zg,x1).

On the basis (4.66]), the action (4.64]) of S; becomes

Ry 0
St wo=21| —aR]| — —wi1 =271 | -R1 |, (4.71)
—7 Ry BR;
0 Ry
St wp =27 Ry —wo =21 | —aR; | - (472)
—BRy — Ry
from which follows that
Sl : Y — —5, B -7, R2 — RQ. (4.73)

Moreover, since the first two components of wy and wi do not mix to the third, without
loss of generality, we can analyze the reduced vectors wj and w} made of the first two
components. This coincides to projecting the parallelogram between wg and w; on the plane
(zo,x1) as shown in Fig.[4.11

We define the modular parameter

1
= —a+irg, S T —-——. (4.74)

7_/
Since the partition function (4.70)) depends on 7 = a + irp1, then
(67 701

a?+ 13,

, 4.75

Finally, imposing that S} exchanges the moduli |w{| <> |w]|, we obtain its action on the two
radii Ry and Ry:

Sl : R1 — Rl‘T|, R() — m (476)

In Appendix [D]it is shown that the massive © function satisfies the relation:
1
G[avb}("_vm) = @[b,—a] <_7_7m|7_’> . (477)

68



F <«—» 7F
Zap 2 far g . L.00 cjxoo
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Figure 4.12: Action of the modular transformations 77, 15, S1 and S5 on the eight partition

functions Z% . .. Recall that a,, = 0(1/2) for periodic (antiperiodic) boundary conditions.

Acting with S7 on the partition function (4.70), and making use of the main relation (4.77)),

we obtain
St @[041+5(n2+a2),’7(n2+a2)+a0} (7'§ 12 (n2 + 042)) —
1
O 01 +(na-+aa),—B(na+as)+aq] <—T; r12(ng + a2)|7-|> = (4.78)

@[—ao+ﬂ(n2+a2),"/(n2+a2)+a1](T; 7"12(712 + OQ))a

from which, finally it follows the transformation

Sl : Zgo,oclaz(wmwl:wQ) - Z(i),ozlaz(_wlaw&wQ) = Zgl,aoag(w07w17w2)' (479)

that verifies the expectations. All together, the transformations T, T, S; and S acts on

the set of partition functions ZOI::LO“’QQ as shown in Fig.|4.12

Stability and modular invariance

By the use of the maps in Fig.[4.8| and Fig. the sum over the eight spin sectors

Z{;ing = Z Z(fo,oq,ocg? (480)

1
@o,a1,a2=0, 2

is invariant under Vll/ 2, 21/ % and the group SL(3,Z). We call it Zf;mg being the 3D gen-

eralization of the 2D modular invariant partition function (2.28]). The 3D Ising partition

function, as its 2D version, is not consistent with TR symmetry because the single free
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fermion theory suffers of the Zs spin parity anomaly. The function (4.80) sums spin sectors

with different values of the ground state spin parity, e.g. (%, 00) and (%, %%), thus explicitly
violating TR symmetry.

As we did in two dimensions, we should not sum over the different spin sectors if we insist
on preserving TR symmetry. In the theory described by this set of eight partition functions,

Z¥ || represents the unperturbed TR invariant surface system, while the other functions

2722
contain excited states due to changes of electromagnetic and gravitational backgrounds.

Again, the stability of 3D free topological insulators is related to the Zo spin parity anomaly
which is accompanied by the modular non-invariance of the surface partition function, that
is a discrete gravitational Zy anomaly [3].

We mentions that, recently, also other authors, see for example [64, [I10], related the
modular non-invariance of the boundary partition function to the existence of a non trivial

topological phase in the system.

4.7 Dimensionally reduced partition functions

In this section we further characterize the eight fermionic partition functions by performing
a dimensional reduction from two to one spatial dimension, where we recover well-known
formulas [3].

Let us consider the partition functions for a rectangular torus, i.e. wis = wo; = 0, and
vanishing scalar potential Ay = 0, for simplicity. We perform a dimensional reduction of
the Kaluza-Klein type, namely take the limit Ry — 0 of the Corbino donut, such that the
modes of energy O(ng2/R3) are never excited, corresponding to ne — 0. The remaining
geometry is that of two-torus in the plane (2, z'); about the energy spectrum , there
are two possibilities: i) for periodic boundary condition along 9, i.e. ay = 0, the spectrum
becomes exactly that of a massless fermion in a two-dimensional torus; ii) for antiperiodic
conditions, i.e. ag = 1/2, there remains the constant 1/(4wRz)? that plays the role of a mass
in (1 + 1)-dimensions.

We start from the expressions and before regularization of the ground state

energy, and rewrite them as follows:

271'(.«}00 w2
Zaparar =] 1 {H 1 —exp (— \/ (m+ @)+ (nz +2)? 3
n2

w11 w

ni 2
2miwo1 2miwo2 2
(n14+oq)+ (ne 4+ ag) + 27ria0> X (4.81)
w11 w99
27‘(’&)00 9 Qw%I
X exp Z (n1+a1)?+ (n2 +a2)*—-| ¢-
w11 " W3o

The regularized form of the sum on the integer nq in second exponent is written again in

terms of the A function (4.69)(see Appendix [C.2) :

2mw

2
00 wn 471'(4}00 w11
E ny+a1)?2 4+ (ng + o)== = A[n + ;a} 4.82
w11 " ( ! 1) ( 2 2) wgz w11 UJQQ( 2 2) ! ( )
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The remaining two-torus is specified by the modular parameter

. Wo1 | .Woo
T=T1+img=——+1—
w11 w1t

(4.83)

A further convenient simplification is setting wpe = 0, i.e. no bending of this torus in three

dimensions. In the limit woo — 0, the leading behavior of (4.81]) is given by the factor with

ng = 0, that reads

F I . . wn
ZOéOOéloéz — Zaoal‘az - 6[0617040] <7—7 w22a2) )
where the massive O function is defined in (4.68]).
Massless case as =0
In this case
AOiar = 0) = = Al0iay = 1) = -
e = = —_—— e = — = —
M 1 127 ) ]. 2 24’

and thus the ground state energy pre-factor becomes

—1/12
<L> ) Q] = Oa

qaq

L\ 1/24
() o

exp (4rIm(7)A(0; 1)) =

)

D=

(4.84)

(4.85)

(4.86)

where ¢ = exp 2miT. Remembering that (1) = ¢'/%4 [172,(1—¢") is the Dedekind function,

the reduced partition functions (4.84]) assume the following expressions:

2 2
1
=y T s amng] | L gl v
1 2 ) 2
7F _ l—q — " 1/2\2| _ -1 mqm2/2
2 2
ZF — 1 2q1/8 H(l _qn)(1+qn)2 _ 1 Z q(m+1/2) /
300 n(r) oot n(r) ==,
2
Ziopo= [y L= =) =) = 2 =0

NS
=zZN5,

(4.87)

(4.88)

(4.89)

(4.90)

These are the well-known partition functions of the (1 + 1)-dimensional Dirac fermion that

describes the edge of the two-dimensional v = 1 topological insulator (see Section [2.3.1)).
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Massless subgroup
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Figure 4.13: Action of the modular group SL(2,Z) over of the eight fermionic partition functions
([4.63) reduced on the (2°,z') plane.

Massive subgroup

In these formulas, we identify the sectors (AA), (PA), (AP), (PP) as NS, NS, R, R, re-
spectively. Applying the bosonization formulas obtained in Section [1.3.2] we also wrote the
bosonic version of these expressions for later use. The SL(2,Z) modular transformations of

these partition functions is denoted as the ‘massless subgroup’ shown in Fig.[1.13]

Massive case ag = 1/2

As anticipated, in this case a mass term M = wj; /2wy — 0o remains in the energy spectrum
in (14 1) dimensions. Therefore, the reduction leads to the following four partition functions

of a massive fermion, that read

Z;%}% :@[%é](T;M)’ Zéé‘% :@[%,O}(T;M)a
3 ) F )
2, 0|2 ~ Op,1)(m3 M), Z()’O’; = B0 (13 M). (4.91)

These functions transform under the subgroup SL(2,Z) in the same way as the massless

ones, and are indicated as the ‘massive subgroup’ in Fig.[4.13

72



Chapter 5

Three-dimensional bosonic

topological insulators

In this Chapter we will discuss the effective field theory description of topological insulators in
(3 + 1) dimensions provided by the topological BF gauge theory and the associated bosonic
surface theory. We shall recall some known facts, derive the action at the boundary, its
quantization and the partition function on the three-torus. We shall then compare these
results with those found in the previous section for the fermionic theory and discuss the

insight they provide on the issue of bosonization in (2 + 1) dimensions.

5.1 Hydrodynamic BF effective field theory

In Chapter [I] we introduced bosonic degrees of freedom to explain interacting topological
states in (2 + 1) dimensions. The effective Chern-Simons theory allows to describe
universal long range features of the fractional quantum Hall effect, providing a complemen-
tary view to wavefunction approaches [10, [I1]. Moreover, the canonical quantization of the
compactified free boson theory in (141) dimensions of Section[1.3.1] gives an exact description
of interacting Hall edge states with Abelian fractional statistics [20].

In Chapter [2] we generalized this approach to topological insulators by taking pairs of
quantum Hall effect systems with opposite spin and chirality [59]. Actually, two coupled
Chern-Simons theories with opposite chiralities are equivalent to a TR invariant theory, the
Abelian BF theory, whose action takes the form

SED) g, b) = % / B (Pa,d,b, — Tla, — T, (5.1)
where J} and jb“ are the sources of the two fields a and b. It turns out that captures
the main properties of 2D Abelian topological insulators [70] [71], namely those properties
that we discussed in Chapter [2] and Chapter [3| by means of partition functions.

In Chapter [4 we discussed the main features of 3D topological band insulators. These are
gapped phases of matter made of non-interacting fermions whose surface states consist of an

odd number of massless Dirac fermions. Furthermore, we showed that when TR symmetry is
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explicitly broken at the boundary owing to the presence of magnetic fields, the surface states
become massive and a surface quantum Hall effect is generated with conductivity o = 1/2.

Recently, the study on 3D topological insulators went beyond the band insulators involv-
ing non-interacting electrons, and other TR invariant interacting 3D phases with fractionally
charged excitations were introduced and theoretically analyzed [103], IT1]. Band theory can-
not capture the consequences coming from strong electronic interactions, and other methods
have been introduced.

In their paper [112], Cho and Moore proposed the Abelian BF theory in (3+1) dimensions
as the effective hydrodynamic theory of 3D topological insulators. Although this theory is
less obvious with respect to its 2D counterpart, it allows to recover some features of non-
interacting topological phases discussed before, such as the surface quantum Hall effect with
conductivity o = 1/2.

This theory, as shown by other research groups [113], 114, [1T5] [116], gives an effective
description of interacting electron systems. In a similar way as the Chern-Simons theory for
the fractional quantum Hall effect, the BF theory in (3 + 1) dimensions allows to describe
interacting 3D topological insulators having a richer spectrum of excitations with fractionally

charged particles and vortices [112] 117].

5.1.1 Basics of BF theory in (3 + 1) dimensions

In a (3+1)-dimensional manifold M, we consider a theory with matter fluctuations that are
described by conserved currents for quasiparticles and vortices, respectively:
1 1
JH = %5“”"”8,,%0, JH = %s’“‘””"ﬁpag, (5.2)
defining two hydrodynamic gauge fields, the two-form b = 1/2b,,, dz* Adx" and the one-form
a = a,dzt. The topological effects between static sources in TR invariant topological states

at energies below the bulk gap can be described by the following BF action [112]

Sprla b, Al = /
M

where A = A,dz" is the electromagnetic background, J# and J" are, respectively, the

1 0 1
_ r_Z HY
bda + —27rbdA + 92 dadA —a,J 2buuu7 ; (5.3)

K
27
particles and vortex sources of the fields a, and b,,, and the coupling K is an odd integer
for fermionic systems [I11]. The canonical dimensions of the fields are [a] = 1 and [b] = 2

in units of mass, and the invariance of the action under TR symmetry, apart from the term

proportional to 6, follows from the field transformations

T: (ag,ad) — (ag,—a), (5.4)
T:  (Ag,A) — (Ay,—A), (5.5)
T : (b()i,bij) — (_bOz‘,bij)- (56)

Finally, for a compact manifold M the BF action (/5.3)) is invariant under the following gauge
transformations

a— a+d, b— b+ dE, (5.7)
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where A and £ are, respectively, a scalar function and a one-form.

The current J* represents a quasiparticle source, namely

TMx) = Ny / dTLZX—Mé(‘l) [z — X (7)], (5.8)

I T

where X#(7) is the the world-line L of a particle with charge Ny. Similarly, the current J*¥

is a vortex source, i.e.

Wz — X (04)], (5.9)

dX* dX"¥
Ny =N d2 af
TH(x) =N /2 o 5

where X*#(01,09) is the world-sheet ¥ of the string with “electromagnetic” flux Nj.
For A, =0, the action (5.3 gives the following equations of motion

v k VA
JH = %d‘ Pawp, (5.10)
k Apv
JH = —eP @Abp,,. (5.11)
41

A non-trivial effect of the BF theory is the particle-string holonomy, the analog of fractional
statistics in (34 1) dimensions [I17]. In three space dimensions point-like particles can braid
with vortex lines. When a particle of charge Ny encircles a vortex of flux Ny once, the wave

function of the system acquires the phase factor [117]

9mi
Upr — exp (—;?N()]\ﬁ) Upr. (5.12)

It follows that the wavefunctions carry a one-dimensional unitary representation of the frac-

tional particle-vortex linking.

5.1.2 Abelian #-term and surface QHE

Integrating out the matter fields a and b of the BF action (5.3) with J# = J* = 0, we

obtain the induced action for the electromagnetic background

0 0
SinalA] = —5IR /M dAdA = ~ TR / d*z " F,, Fy,. (5.13)

This is the Abelian 0-term or magnetoelectric term [98] [112], already discussed in the fermion
case for K =1 in Section [£.3.3] The case § = 0 corresponds to TR invariant systems, where
bulk and boundary contributions cancel each other. For # = w, TR symmetry is broken at

the surface, leading to the induced Chern-Simons term,

1

= 5K fon

AdA (5.14)

75



implying a surface quantum Hall effect with filling fraction v = 1/2K. In particular, for
K =1 the fermion result is recovered. This is the first indication that the bosonic
theory for K = 1 matches the fermionic description of 3D topological insulators, at least for
the topological properties [112]. Therefore, other values of K should describe, in the low en-
ergy approximation, interacting fermionic theories with quasiparticle and vortex excitations
possessing non-trivial braiding statistics 11T, 112].

5.1.3 Surface BF theory and fermion-boson duality

In this section we will discuss the surface massless excitations provided by the bulk BF theory
and introduce a dynamics for them that respects TR symmetry [3].

Several times in this thesis we encountered the problem of bosonization, namely the map-
ping of quantum field theories of interacting fermions onto an equivalent theory of interacting
bosons. These mappings, as shown in Chapter |1}, are well established in the context of (1+1)
dimensional theories, and are powerful tools to study the non-perturbative behavior of both
quantum field theories and condensed matter systems. However, in dimensions higher then
(14 1), much less is known.

The first attempts to understanding a possible bosonization approach to fermionic models
were done in the past by Luther and Aratyn Ref.[T18, [IT9]. The authors constructed Fermi
fields out of Bose operators via the so called tomographic transformation [I19]. Later, Marino
[120], based in an order-disorder duality, was able to express a (24 1) massless fermion field
in terms of a bosonic vector field [I20]. In the last case, the resulting induced action,
expanded at the quadratic order in the electromagnetic background field, is equivalent to
the fermionic result in (4.18]): it contains the parity violating Chern-Simons term and the
non-local Maxwell term.

In the recent literature, the problem of bosonization has been reconsidered in three space-
time dimensions and new relations have been proposed [114], 115, 121, 122} 123], 124]. Among
these new results, the particle-vortex duality plays an important role in describing the surface
states of interacting topological insulators as shown in Ref.[125, 126]. Further dualities
between bosonic and fermionic field theories are suggested by flux attachment [127], [128] [129],
an idea that was first developed for non-relativistic particles in order to transmute their
statistics from fermionic to bosonic and vice versa [13], 130].

In our work [3] we recall that the surface BF theory allows to reproduce the duality
relations proposed by Aratyn in Ref.[I19]. Moreover, introducing a non-local dynamics,
we show that BF theory with K = 1 is able to reproduce the induced effective action for
the external electromagnetic field of the massless fermion to quadratic order. These results
highlight the possibility that the 3D BF theory is the hydrodynamic effective field theory
of TR invariant topological insulators in three space dimensions as suggested by Cho and
Moore [112].
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Gauge invariance and boundary degrees of freedom

In a manifold M with boundary the BF action is not longer invariant under the gauge
transformations . The symmetry can be recovered by introducing degrees of freedom
living at the boundary M that compensate the gauge non-invariance of the bulk. As
shown in Ref.[I12], these degrees of freedom can be viewed as pure gauge configurations
reproducing the bulk loop observables, namely b = d{ with { a vector field. Therefore, we

introduce surface terms as follows

K 1 0
SpukcrBoundaryry ¢ A, g] = /M g-bda+ o -bdA + o dadA (5.15)

K 1
—/ —(da+ —CdA,
OM 21 2

whose combined gauge transformations are

a—a+d\, b— b+ dE, (5.16)
A — A+dA, (—=C+& (5.17)

Surface theory in absence of electromagnetic coupling

Let us focus our attention to the boundary terms of the gauge invariant BF action ([5.15) in
absence of the electromagnetic background, that is putting A, = 0. The topological theory

has vanishing Hamiltonian: in the gauge (y = ag = 0, the boundary action becomes

SuilC. 6 = 5 [ oG o, (518)

where we also take a = d¢, a pure gauge configuration at the boundary. The transformations
under TR symmetry of the surface fields are inferred from those of the bulk fields ([5.4)); they

are

T b — —o, (5.19)
T: Cz — CZ', (520)

from which follows the invariance of the boundary action ([5.18)).

The action shows the symplectic structure made by two scalar degrees of freedom
that are canonically conjugate, ¢ and X, being the longitudinal part a; = 9;¢, and the trans-
verse part (; = €0, X, respectively. Therefore Eq. becomes

SoutlCs 6] = / Bard, r= Deige — LAy (5.21)
2w T

As suggested for example in [112] 113, I31], we can introduce a relativistic dynamics by
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adding the Hamiltonian of the free scalar field in (2 4 1) dimensions, as follows
. . 1 m
3 _ _ 3 _ 2 _ Y2
Seurt — /d x (m;s H(r, ¢>)) /d x <7r¢ 5o — 5 (0i0) ) . (5.22)

In this equation, we introduced a mass parameter for adjusting the mismatch of dimensions
between bulk and boundary: indeed, the bulk gauge fields imply the mass dimensions [¢] = 0
and [r] = 2, which are different from those of the three-dimensional theory, i.e. 1/2 and 3/2,
respectively. A dimensionless coupling could also be introduced for the third term in the
action , that would determine the Fermi velocity of excitations; we fix it conventionally
to one. The equations of motion following the action are

T=mp, T =mA¢ (5.23)

and the Lagrangian form of the action is clearly

Ssurf[¢] - ?/dggf (au¢)2 (524)

The Hamiltonian equations of motion ([5.23)) can be recast into a duality relation between

the boundary scalar and vector fields, that can be written in covariant form (with {y = 0):

K vV
o P9,y = m Dy (5.25)

This relation is just the electric-magnetic duality in (2+1) dimensions. It plays an important
role in the bosonization by Aratyn using the tomographic representation [112, 113, [119], and
in the functional bosonization approach [114, 115 123]. We remark that in our context
this is just the first-order Hamiltonian description of the relativistic wave equation, that is
inherited from the first-order bulk theory. We also stress that the main motivation for the
quadratic Hamiltonian is its simplicity: we know that the surface fermion discussed
in Chapter [4| cannot be exactly matched to a free boson (for K = 1).

Surface theory with electromagnetic coupling

Restoring the electromagnetic coupling at the boundary, we can infer other interesting con-
clusions to test the correspondence between the bosonic and fermionic theories. The coupling
inherited from the bulk theory is shown in and it amounts to the shift a, — a,+A4,/K.
This can be implemented in the symplectic form in the gauge 9;A; = 0, and in the
Hamiltonian by enforcing gauge invariance, namely by means of the Higgs-like substi-
tution 0,¢ — 0,¢ — A,/K. We thus obtain the following action

. A 1 m A2
- 3 _ 200 _ 2_ a2
Soutl6o04) = [ & [w (6- ) -5 (20-%) | G2
Upon integrating the scalar fields, we obtain the induced action
m 1
Sﬁd[A] = —@ /dSLU F.U‘VEF:U'V' (527)
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This result should be compared for K = 1 with the fermionic induced action computed

in Section 4.3.2] Eq.(4.18); this contains the parity violating Chern-Simons term that is

cancelled by the bulk contribution and should not be reproduced by the bosonic theory. The
other non-local Maxwell term in the fermionic action is different from (5.27) owing to the
mass scale m of the bosonic theory. Note that this parameter could be eliminated by the
field redefinition ¢ .
7 ~

= — 5.28
L Feem (5.25)

but this would not change the induced action (5.27]).

Nonetheless, the fermionic induced action can be reproduced by introducing another
dynamics for the bosonic theory [3]. Let us reconsider the duality relation between vector
and scalar fields (5.25) and modify it as follows

K
o P9, ¢, =042 8,0, (5.29)

namely by replacing the mass with a Lorentz invariant non-local operator. This modified

duality corresponds to the following Hamiltonian equations of motion
=0, = 024, 7 =0Y2A0, (5.30)
7r

that follow from the action (in absence of electromagnetic coupling)
ilC. 8 = [ @ (md— Lropam — o000 (531)
surflSy P — ™ ™ 0i/2 T oY i . .

Integrating (5.31) on ¢, we find that the Lagrangian formulation reads
1 1 ~\ 2 ) ~
;urf[¢] =73 /¢DS/2¢ =3 / (3;#25) ) with ¢ = Dl/4<l5, (5.32)

that is again the free bosonic theory in the rescaled variable gz~5 The coupling to the elec-
tromagnetic field implied by the bulk theory is still given by the Higgs-like substitution,
O — 0u¢ — Au/K, leading to the action

1 A A
il = 5 [ @2 (0,0 - 52) 02 (9,0 2. (5.33)
Upon integrating in the ¢ field, for K = 1 we obtain the following induced action
1 1
Sﬁd[A] = _4/d3xFMVD1/2FMV- (5.34)

Up to coefficient, this action coincides with the non-local TR invariant Maxwell term in
responsible for non-topological but universal subleading effects [3]. Although possible for a
massless theory, a non-local effective action usually means that further massless excitations
have been integrated out. Thus, the present analysis may not be a complete description of

bosonization in (2 + 1) dimensions.
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In conclusion, we have shown that the surface degrees of freedom of (3 4+ 1) dimensional
topological insulators amount to a Hamiltonian conjugate pair of scalar fields. The simpler
quadratic Hamiltonian for them is not able to reproduce the fermionic theory to leading
order, while a modified non-local dynamics does work. The two bosonic theories are identical
on-shell, since both imply the free wave equation for a suitably rescaled field variable, but
may differ in the solitonic excitations, to be discussed later.

We also remark that the simple action with coupling to electromagnetic field given
by is equivalent to the Abelian Higgs model in (2 + 1) dimensions in the deep infrared
limit of the spontaneously broken phase [3]. Namely, the scalar field ¢ can be interpreted as

the Goldstone mode of a complex scalar
® = pe'?, (p?) =m, (5.35)

where the mass parameter m fixes the vacuum expectation value, and the Higgs field is frozen.
We conclude that in cases where the electromagnetic field could be considered dynamical,
we would have a surface superconducting phase. On the other hand, the nonlocal dynamics
(5.33]) would keep the photon massless as in the fermionic theory. These issues are left for
further investigations. Before proceeding, we remark that the following analysis will deal
with properties that are independent of the specific dynamics and that the topological data
in (3 + 1) dimensions given by the BF action do not determine a unique dynamics for

the surface states, contrary to the (2 + 1)-dimensional case.

5.2 Canonical quantization of the surface theory

In this section we consider the canonical quantization of the surface BF theory with
compactified boson field. Following Ref.[I16], [I31] and our work [3], in the quantization of
the action we shall pay particular attention to the properties of solitonic modes of the
¢ and (; fields, in such a way that they consistently reproduce the topological properties of
the bulk BF theory.

Bulk topological sectors and boundary observables

The quantization of the bulk BF theory (5.3) on the spatial three-torus M = T2 x R, leads
to the topological order of K3 ‘anyon’ sectors, for odd integer values of the coupling K. The
proof of this results is very simple [11, [I17]: one considers the integrals of the gauge fields

on the surfaces and cycles of the torus
Ti5 = / b, ) 75 j, q; = / a, i,j, k= 1,2,3 (536)
g Yi
Once inserted into the BF action, these global quantities become three pairs of canonically

conjugate variables (m;;(t), qx(t)), leading to the following commutation relations

s (6) (0)] = i i (537
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Figure 5.1: The thick two-torus V = D? x S is represented as a filled cylinder with identified faces.
(a): The bulk quasiparticle with charge Ny creates a flux of the b field across the boundary surface
dV. (b): In blue the bulk vortex of charge N along the non-trivial cycle z!, in red the closed line
I’y encircling on the surface the vortex excitation, in grey the branch cut surface from the vortex

excitation to the boundary surface OV'.

A basis of holonomies on the torus is given by the operators U; = exp(ig;) and V;; = exp(im;;),
that form three pairs of K-dimensional clock and shift matrices [I1], thus leading to the
topological order K3. In the following, we find a corresponding symplectic structure among
the solitonic modes of the boundary fields ¢ and (,, that are defined on the space-time
three-torus.

The relation between bulk and boundary observables can be studied on the spatial geom-
etry of the thick two-torus V = D? x S! shown in Fig. whose boundary is the two-torus
OV = 81 x 1. We first consider a bulk quasiparticle with charge Ny at rest in & = &y, whose
current is J°(Z) = Ngd®) (Z — ). The solution of the equations of motion (5.11) leads to a
flux of the b field across the surface enclosing the charge (see Fig.[5.1{a)), that becomes the

following expression on the boundary surface

21N, y
T / A2z €79,¢;. (5.38)
K av

Next, a static vortex in the bulk stretched along the non-trivial cycle as shown in Fig.b)
with magnetic charge Ny corresponds to the current 79 (#) = Nyd®)(Z — Zy). The presence
of the vortex propagates from the bulk V' to the boundary surface 9V as a branch cut surface.
The equations of motion imply a non-vanishing integral of the a field along a closed
path encircling the vortex; for the path I'y on the boundary surface it reads (see Fig.b))

27 Ny = ]{ 20,0, (5.39)
K r

An analogous relation holds for the vortex stretched along the other non-trivial cycle of the
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boundary, i.e.

2 1

The bulk-boundary relations (5.38)) and (5.39)) together with the TR transformations of the
boundary fields (5.19) and ([5.20]) provide the following transformations for the bulk charges

under TR symmetry

T: No — Ny, (5.41)
T - Ni - —N;, i=1,2, (5.42)

that are consistent with the usual transformation rules of an electric charge for Ny and a

magnetic flux for /V;.

Canonical quantization

The simpler surface bosonic action (5.22))
. 1
Ssurf[ga Qﬂ = / d3l‘ (ﬂ-(ﬁ - 77‘-2 - m(az¢)2> ) (543)
oM m

is considered on the spatial two-torus, i.e. 9IM = S x S! x R. The conjugate momentum 7
is K
T = %e”aigj. (5.44)

and the Hamiltonian equations of motion are

2 higc. — D g S
5 € 0;(j = mao, 5 € 0i(j = mA@. (5.45)

The canonical quantization proceeds by expanding the fields in terms of solutions of the
equations of motion, with boundary conditions of the spatial two-torus specified by the pe-
riods &; (4.29) and dual vectors ki (4.28]), i = 1,2 discussed in Section Let us write the

field expansions and then explain them [116]:

KApt
mV @

\/mV Z\/QE{ ) [ g

o(7,t) = ¢o+27rAk z+

—’LE{ﬁ}t-i-Qﬂ"i];{ﬁ}-f_i_ ai—i eiE{ﬁ}t—QT(iE{ﬁ}'f

, (5.46)

. €;
Cj($7t)_ ﬂ (wzﬂl wijy2 — mAox;)

Z E.Ym nlklm +37/122k2m) |:aﬁ e—iE{ﬁ}t-f—Qﬂig{ﬁ}'f_i_aj_i eiE{ﬁ}t_QﬂiE{ﬁ}.f} .
V = (2Ew)

(5.47)
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These expressions involve oscillating functions specified by energies and momenta

2 - 27 . R
By =27 ‘nlkl + n2/€2‘ =70 |n1@a — nadd|, (5.48)
1
kigmy = %o (n1waz — nawiz2), (5.49)
1 —
kapiy = oy (—miwa1 + nownn), 1= (n1,n2) € 72 (5.50)

V()
The field expansions ([5.46)),(5.47) also contain constant and linear terms, almost uncon-

strained by the equations of motion, that are needed for specifying the solitonic modes.
Actually, upon inserting these expressions in the boundary observables ([5.38])-(5.39), we find

the following values of the (; flux and 9;¢ circulations
a=0,1,2 (5.51)

that explain the normalizations adopted for such terms.

The commutation relations between the fields ¢ and ,

g )
[6(2,0),90,6;(5,0)] = i 720 (& — ), (5.52)
imply the following non-vanishing commutators

1

- = (5.53)

[aﬁ, aH =05 7 [$0, Ao]

Moreover, integrating by parts the symplectic term in the action ([5.43)), we can also consider
¢ and €90;¢, for i = 1,2, as two pairs of coordinates and momenta, leading to two further

commutation relations

- sz —7q), i=12 (5.54)

[Cl(ia t)a fij8j¢(277 t)?] =

These should be consider as independent relations for the solitonic modes only; they imply
the earlier quantizations plus the following ones
i

] = —— e, ] = -

. 5.55
- (5.55)
These two commutation relations together with that of Ag in ([5.53)) represent the bulk degrees
of freedom (|5.36)) within the boundary theory: one quantity in each pair is actually the same
bulk observable evaluated at the boundary, while the conjugate variable is a field zero mode.
After quantization, the eigenvalues of A, can be identified with the spectra (5.51), that are

consistent with the periodicities of the field zero modes
$o = ¢o +2mr, i =yi+2mr, i=1,2, (5.56)

with compactification radii r = ry = ro = 1. It is also immediate to see that these period-
icities are commensurate with those of the fields ¢(#) and (;(Z) winding around the cycles
of the torus. In conclusion, the A, spectra given by (5.51) are both suggested by the bulk
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theory and consistently obtained by quantization of the boundary theory. The same conclu-
sion follows from the better-known study of the bosonic edge theory in (1 4+ 1) dimensions
discussed in Section m [20]. In both cases, there could be more general consistent quan-
tizations of the bosonic theories and solitonic spectra, but they would not relate to the bulk
topological data.

The Hamiltonian and momenta obtained by the surface bosonic theory are, re-

spectively,

=3 [ @ (5+@0P +@:00). (5.57)

and

P'=—-m / d2zdo6,  i=1,2, (5.58)

We substitute the field expansions ((5.46) and (5.47), and use the Fock ground state |{2)

definition

ap |Q> =0, ny,ng € 7, (5.59)

to obtain the following expressions in terms of Fock and solitonic operators

K2AZ2 21)2m
H= 2mV(g) + (2‘/)(2) [(A1w22 — Aowi2)? + (Aqway — Agwip)?
1
> B Tas+ = :
+ {7} <anan + 2) ) (5 60)

0

2rkA
pt = TQ)O (—Arwaa + Aowia) + 27 Z kl{ﬁ} ai‘,ja’r_iv (5.61)
A#£0
27kA
P2 — V(2)0 (A1W21 — Alel) + 271'2 kz{ﬁ} a}%aﬁ, (562)
70

where the energies Ey5) are momenta k; 7y are given, respectively, in ([5.48) and ({5.49)-(5.50)).

5.3 Torus partition functions

In this section we will compute the partition functions of the surface BF theory by compacti-
fying the time direction. In the first part, following the canonical quantization studied above,
we will separate the contributions to the partition functions coming from the oscillating and
the solitonic modes. In the second part, in order to perform the flux insertion argument and
obtain the stability criteria of fermionic topological insulators, will require to enlarge the
spectrum of the solitonic modes to half-integer values, leading to eight partition functions

and spin sectors for the bosonic theory [3].
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The BF partition function

In the T3 space-time torus described by the w-matrix in (4.27) of periods wq,w1,wa, the

Euclidean partition function is defined as

A Z Tr exp (—wooH + iwo1 Py + iwpaPs) (5.63)
A €Z3 /K
where wqg is the Euclidean time period, equal to the inverse temperature .

In the trace over the states, the sums over the Fock space and solitonic modes can be done
independently, because their contributions add up in the expressions of Hamiltonian ({5.60))
and momentum —. Thus, the partition function can be factorized into oscillator
and solitonic parts Zxo and Z(©), respectively

Z8 = ZpozO. (5.64)

Performing the trace over the states of the Fock space, the oscillator part reads

-1
Zyo = H (1 — exp (—wOoE{ﬁ} + ’in127T/<?1{ﬁ} + iw0227rk2{ﬁ}) )
n1n2#(0,0)

X exp —% Z E{ﬁ} s (565)

n1,n27#(0,0)
where the second exponential factor involves the infinite vacuum energy. For the solitonic

part we obtain

Z(O) = Z exp| — 00 KQA% + 21%m [(Alwgz — AQW12)2 + (—A1w21 + A2W11)2}
V(2 2m

27Tk?AU
V(2

27‘(’]{31\0
V@)

— dwo1 (Away — Agwi2) — iwp

(—Al(UQl + Agwll) :| .
(5.66)

We can recast these expressions in covariant (2 + 1)-dimensional notation as functions of the
moduli w,, by means of (4.32). We obtain

-1
Zyo = exp(F) H <1 — exp (—271'5{5} + 2miK g7y ) ) , (5.67)
(n17n2)7£(070)
where
£y = v Iz = 2] 5.68
{7} wr X wol? ( )
Kﬂ:M(nw X Wy — Nawp X w1) (5.69)
{7} w1 X wol? 1wWo 2 2W0 1), .
V) 1
F=— > (5.70)
_ 37
47 n1,m12(0,0) \nlwg n2w1]
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with the vacuum energy F' regularized by analytical continuation as in the fermionic case
(see Appendix [C.1]) [105] [106]; and

3) 242
Z(O) — Z exp |:— v <K AO + 27r2m|A1w2 — A2w1|2>

2
AT K \wl X w2] 2m
2t KA
— m ((AJ]_ X WQ) . (Alwo X Wy — AQWO X LU1):| (571)

The spin sectors of the bosonic theory

The experience with fermionic topological insulators in (2 + 1) dimensions and bosonization
suggests some properties regarding the results (5.67) and ([5.71)) just found:

e The partition function should split into the sum over K? terms, each one pertaining

to an anyon sector with given fractional values of the charges of the theory.

e Further partition functions should be found that are associated to the eight fermionic

spin sectors of the three-torus.

e Similar to the fermionic cases discussed in Sections and (4.4), they can be related

one to another by adding half-flux quanta and by performing modular transformations.

Let us gradually derive these results in the (3 +1)-dimensional theory [3]. The anyon sectors
can be identified by splitting the summations over the charge lattice A, € 7Z3/K in Z ©) into
integer and fractional values, by substituting

my

Ay=M
(a3 N+K

M, €Z, my=0,1,- k=1,  p=01,2 (5.72)

In this way we get the K3 terms, each one involving summations over integer-spaced charges

k-1 k—1
7(0) _ Z e — Z Z - Z 7(0)mo,m1,ma (5.73)
A €Z3/K mo,m1,m2=0 Mo, Mi,M2€Z mo,m1,m2=0

In Chapter 4] we formulated the flux insertion argument for the stability of fermionic topo-
logical insulators in terms of fermionic partition functions. Starting from the Neveu-Schwarz
sector, we added half fluxes through the donut and obtained the other spin sectors of the

theory. In the bosonic theory, adding fluxes clearly modify the values of the loop observable

(5.39) and (5.40]), such that one flux ®g adds one unit of magnetic charge to the corresponding

vortex, causing N; — N; + 1.
For K =1 adding one flux is clearly a symmetry of the Hamiltonian and of the partition
function (5.71)), owing to the summation over A; € Z; thus, we should consider adding half

fluxes by the transformations [3]

d 1

V2.

(2

changing the summation values. For K > 1 odd, guided by the experience in (2 + 1) di-

mensions, we should add fluxes without changing the anyon sectors, and thus consider the
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transformations

. 1

We shall introduce three labels o), = 0,1/2, u = 0, 1,2 for the partition function (5.71)), as
follows

—_

zB = Zno 720 g, a1, a0 =0, =. (5.76)

QQ,x1 02 QQ,1027? 2

Two of them, aj, s, specify the half-integer values taken by the variables My, My after
half-flux insertions, while og = 1/2 amounts to adding the sign (—1)%*0 to the summand for
reasons that will be clear in the following. Note that the oscillator part Zgo stays invariant
under the changes —. In conclusion, we have the following eight partition functions

Zg{)ﬂlo& = ZHo Z Z (_1)2aoKA0 (5.77)

my, €73, M, €73

V3 K2A2
exp [— o1 X wal? ( 2m0 - 27r2m|A1w2 — A2w1|2>
122t KA
— 702 (w1 X wa) - (A1wo X wa — Agwp X wq)
]wl X UJ2|

mo mi ma
ANo=My+ —, A =M +—= Ao = My 4+ —=
0 0+K, 1 1+K+Oé1, 2 2+K+a2’
1
Qp, 01, xg = Oa 5 (578)

These partition functions are mapped one into another by the flux insertions ViK/ 2, 1=1,2
as shown in Figl5.2] A characterization of these functions as the bosonic analogues of the

fermionic spin sectors will become clear in the following discussion.

5.4 Bosonization in (2 + 1) dimensions

In this section we focus on the set of eight bosonic partition functions Zfo’al ap for K = 1.
We show that they have the same modular transformations and other properties of the

fermionic functions ZZ

ao,01a0- We then argue that these quantities are actually describing a

fermionic theory, although different from the free theory of Chapter[dl Our results provide an
exact instance of bosonization in (2 + 1) dimensions, namely on the correspondence between
(interacting) fermionic and bosonic theories. It concerns the transformation properties of
the spectrum under changes of backgrounds, that are actually independent of the dynamics
and thus can be studied in the free limits of the two theories.

The fermionic nature of the bosonic partition functions will be based on the following

properties [3]:

. B . . F .
e The bosonic Z; 4, and fermionic Z; . ,, behave in the same way under modular

transformations and flux insertions.
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Figure 5.2: Vlk/ * and VQk/ ? transformations on the bosonic partition functions Zfo,a1a2~

e For each sector, they become equal under dimensional reduction to (1+ 1) dimensions,

where the free bosonic and fermionic theories match exactly.

e The fermion number is associated to the states of the bosonic theory, and checked

under dimensional reduction.

e The stability argument for fermionic topological states of Section [£.12]is formulated in
the bosonic theory; it reproduce the results for K = 1, and also proves the stability of

K > 1 topological states, for K odd integer.

5.4.1 Modular transformation

We recall from Sectionthat the action of the modular group SL(3,7Z) is described by the
generators 17, S1 and Pjo. Their action on the oscillator Zgo and solitonic Z(gé%),oéha2 factors

of the partition functions will be described in turn.
Pj5 transformation

Since

P12: wop — wo, w]p — —Wwao, w2 — Wi, (5.79)

we find that Zgo (5.67) is manifestly invariant, as can be checked by relabelling (m; —
—my, mg — my). The action on the solitonic part Z(© (5.77) is equivalent to the relabeling
of the variables (M; — —Ms, My — M), whose values are integer or half integer depending

on the values of aq, as. Thus, we find

—_

Pyo: ZB — z5 a0 =0, = (5.80)

0,102 aQ,02,01 ) 2
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T, transformation

Since

T : wy — wo+ wi, (581)

the oscillating function Zgo is left invariant. The solitonic function do not change under T}
if M takes integer values; for half-integer values, the sums acquire the factor (—1)™°, thus
changing the value of the index aq from zero to 1/2 in Z5

Qp,1 02"

S| transformation

The action of the transformation S; is obtained by following the same strategy of the
fermionic case in Section as well as explained in Ref.[116]. First we choose the refer-
ence frame given by Eq.. Before applying S1, we find the expressions of the solitonic
and oscillating partition functions in this frame. We find that the solitonic partition function

(5.77) with K = 1 and indices oy = a1 = g = 0 acquires the following form

o Mg Tom(2m)3
Z((J?(%O(T,Ro,RhR%ﬁ,’Y): Z exp(_ 20U om(2m)

- |13 (M + BMy)* + RIM3

Mu€Z3 47TmR2 2R2
+ 27TiaM0 (Ml + /BMQ) + 27Ti’yMOM2>, (582)
where the parameters are defined as
7—:7—1+Z‘7—2:—ﬂ+i@:a+ir01, &:_/87 @:_77 (583)
w11 w11 w22 w22

with 791 = Ro/R;. All the other solitonic functions are recovered taking My — M + 1/2,
My — My + 1/2 and inserting the factor (—1)o.

To find the expression of the oscillating partition functions in the same frame we need
some calculations. We start from without performing regularizations of the vacuum

energy; introducing the “mass” parameter r1o = R1/Rg, we find

ZHO = H [(1—exp (—27TT2\/(m1 —|—Bm2)2—|— (m27"12)2 —27Ti((1m1+m2(’}/—|—7'15))>>_1
mi1ma7#(0,0)

X exp (-777'2\/(771,1 + fm2)? + (m2r12)2) ] . (5.84)

The double product over (mi,mz) can be separated in two products; the first with ranges
(m1 € Z # 0,my = 0), the second with (m; € Z,mo € Z # 0). The first product, once

introduced the parameter ¢ = exp(2mi7T) and regularized the infinite sum at the exponent
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using the (-function regularization, gives the modulus square of the Dedekind function, i.e.

1 2

¢  ]so(1 = ¢")

2
1
B ’n(T) (5:85)

The second product, instead, can be rewritten in the following way

H < H [1 — exp (727r7-2\/(m1 + Bma)? + (mar12)? — 2mi (Tymy + ma(y + Tlﬁ)))} B

mo€ZF#0 \ m1€Z

eXP< — 7wy Yy A/ (m1+ ma)? + (mzﬁz)Q)) : (5.86)

miEZ

Once regularized the infinite sum at the second exponent (see Appendix. , and intro-
duced the function A(m;a)

1 00 _7.(.2m2 9
A(m;a) = ~5.3 Z ; dt exp — - tl* ) cos(2mla), (5.87)
¢

and the so called “massive” theta function [109]

)

Olap)(T,m) = e?rm2A(ma) )1 — exp ( 27T7'2\/m + 2miTi(n +a) + 27mb)
nel

(5.88)
we finally find the partition function of the oscillating modes in the frame (4.66)), i.e.

Zyo(t,Ro, R1, R2, 8,7) =

H @57”2 man)] 7’ T12m2). (5.89)

mo€ZT

‘ 1
n(q)
We are now ready to discuss the S; transformation. As found in the fermionic case of

Section S1 acts on the parameters in the following way

— ! — a — ro1
T -3 « -5 T 5
T’ a? + 7“(2]2’ oL a? + 7"31
R
Ry — ﬁ; Ry — Ri|7|; Ry—Ry; v — =B B = 7 (5.90)
T

(0)

Therefore, the solitonic function Z;j, transforms as follows

1 R
Sl: Z(()?go (Ta RO,Rl,RQ,,@,'}’) — Z(()030< ‘ (|) R1|T| R2777 _B> . (591)

The first step is to apply the Poisson formula on Mjy, i.e.
1

Z exp (—WAMS + 2m'MOB) = — Z exp (—% (Mé — B)Q) . (5.92)
Moy€ez \F M{ez
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Figure 5.3: Action of SL(3,Z) over the bosonic partition functions Z52

@, 2"

Another resummation (5.92)) is done on the M; index and, once made the relabelling M/} —

M,y and M| — My, we finally reconstruct the starting function Z(()OO)0 up to a factor |7, i.e.

Sy Z(g?go (1, Ro, R1, B2, B,7) — ’T\Z(()?go (7, Ro, R1, Ra, B,7) - (5.93)
Regarding the oscillating partition function (5.89)), we use the identity
n(=1/7) = v=imn(7), (5.94)

and the “massive” theta function transformation (see Appendix [D]) [109]

1
@[aab}(ﬂm) = @[bv_a] <_T’m|7-|> . (595)

Putting all results together, we find
1 Ro

7|

Si1:  Zpo(r,Ro, R1,R2,8,7) — Zuo (— ,R1|T|,R2»%—ﬁ>

1 2 1

A n(—1/7) H Oyma,—Bna) (—;7“12m2|7'|>

‘77(_1/7) ezt T

1] 1 ]
171 nla) H @[Bmmmg](T;Twmz)

R UIC)

1
= HZHO(T, Ro, R1, Ry, 3,7). (5.96)

Combining the solitonic (5.93)) and the oscillating functions (5.96)), we obtain the final result

St Z8w = Z§ o (5.97)



Following similar steps, we find the transformations of the other partition functions that lead

to the expected results

Sl : Zfo’alcm(UJo,wl,wg) — Zfo’ala?(—wl,wo,wz) = Zflﬂm(wo,wl,wg). (598)

Finally, all the modular transformations are shown in Fig.[5.3| [3]. This pattern as well as
that given by flux insertions in Fig.[5.2]is identical to those of the fermionic theory given in
Fig. and Fig. once the Zf(),a Lo, are put in suitable positions. Before establishing a

correspondence term to term we still need two steps: the dimensional reduction and a change
of basis [3].

5.4.2 Dimensional reduction

In a similar way as done for the fermionic case in Section we further characterize the
eight bosonic partition functions by performing a dimensional reduction from two to one
spatial dimension. The mapping to well know relations of two-dimensional bosonization will
give useful informations on the nature of the (2 + 1)-dimensional bosonic sectors and their

ability to describe (interacting) fermionic systems.

Kaluza-Klein dimensional reduction

Let us consider the bosonic partition functions with K =1 for a rectangular torus in
the spatial directions, i.e. wio = wo; = 0, for simplicity. We perform again the Kaluza-Klein
dimensional reduction, namely take the limit Ry — 0 of the Corbino donut, such that the
oscillating and solitonic modes of energy, respectively, O(msy/R2) and O(Ms/R3), are never
excited, corresponding to mgy, My — 0. Upon setting wpe = 0, the remaining geometry is

that of two-torus in the plane (2%, 2!) with modular parameter

F= T iy = — 0L 200 (5.99)
w11 w11

Applying this reduction to the oscillating partition functions Zgo (5.65) before having

regularized the infinite vacuum energy, we obtain

-1
= H <1 —exp (—27rw00 |mi| + 27rm1wm>>
wi1 wi1

m2=0 1, €740

Zro(woo, wot, wit, w2z — 0)

X exp 200 Z |mq] | . (5.100)
w

B m1EZF#0

Once introduced the modular parameter (5.99) and regularized the infinite sum at the ex-
ponent of (5.100)) through the Riemann (-function, we obtain

1
¢'# Lol — ™)

Zpo(r) , (5.101)

mo=0

where g = exp(2miT).
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The solitonic factors Zc(y%); aras are similarly expanded for wee — 0, fixing the summand
M> = 0. Since the classical action (5.43) would vanish in this limit, we should also let the

mass m — oo so that their product stay finite
Mmwoy = 1r2/m,  finite. (5.102)
We find the (1 4 1)-dimensional limit

2 2
29, = Y ) g (5.108)
MoMi€Z

Thus r becomes the compactification radius of the scalar field in two dimensions, that we fix

to r = 1 for mapping to the free fermion as well known in CFT literature [21], 22]. Similar

expressions are obtained for the reductions of the other functions Z © . once fixed 7 = 1

apa1|0?
they read
2 2 2
28| X gt (F ) g (o) (5.104)
o |n(m) Mo M€z
1 ]2 3 (Mo g (u +1))2 (Mo (m +;))2
zB —‘ D A EAN (5.105)
B 1 2 M l(ﬂJer)Q l(%,]\/h)Q
zt :‘ > (—)Mege TERNE (5.106)
solo — [n(7) Mo ez
1 2 1 %—i-M 271 Mo _ar 2
S || X A g () (5.107)
MoM1€Z

1|2 1(Mg M+1))2 ;(m_(M +;))2

ZB — (a0g w; /8wy -1 No 2( 2 +( 173)) 52\ 2 173 5.108

T TGP R ’ (5.108)
2 M, 1\\2 1/ Mg 1) 2

B _ (gg)h /8 | F(Pr(n+d)) 5 (- (0n+3))

Zoi |y = (@ e MO%;EZq g (5.109)

ZB 7l w%1/8w§2 ? 1 MO %<@+M1)2*%<M707M1>2 5 110

i eI NP DR 7 (5:110)

728, = (gg)*h/sh | 2 > (o) g (o) (5.111)

oz " (7) MOMleZq ! ' '
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These expressions differ from — for an overall ground state energy Eg = O(1/R?) —
oo, that should be subtracted for a finite limit. Note that this shift in the spectrum due
to the minimal energy of waves with twisted boundary conditions actually corresponded to
a mass in the dispersion relation of reduced fermions . In both cases, the modular

transformations split into two SL(2,7Z) subgroups, as shown in Fig.

o n T B

2110+ Zoylo

22

Massless subgroup
Sl Tl

B
A G cud

T
S, ol

B B
gt CZooBD

Shifted massless subgroup

Figure 5.4: Action of the two-dimensional modular group SL(2,7Z) over of the eight bosonic partition

functions Z % reduced on the (20, z') plane.

[e7sXe 50 }(12

Bosonization in (1 + 1) dimensions and fermionic spin sectors

For later use, it is convenient to rewrite the expressions ([5.104)-(5.107) and (5.108)-(5.111))
in terms of the fermionic spin sectors ZV5, ZN9 ZR and Z% in (4.87)-(4.90) by using the

bosonization formulae discussed in Section [1.3.2 The rewriting of Z 50 o requires the follow-

ing standard manipulations. First we split it in two equal part as follows

1112 ;(m+M)2 ;(@_Mf 1112 L (Mo pa) ;<70_M)2
B _ |z 2( 2 1) =3 72 —M1 il it 2\ 2 1) =3\ 72 —M1
oofo 2 ‘7’ Z q q + 2 |7 Z q
MoM€Z MoM,€Z
(5.112)
In the first term we replace
20 = Mo, n = Ml, (5113)
while in the second part
20 —1= My, n=DM, (5.114)
thus obtaining
1 2_1p_p)2 1 _1)2 1 _1)2
oo!o ‘ Z g e’ 4 ga(ns) g (ny) (5.115)




Making the further replacement
l+n=qy {—n=-—ay, (5.116)

the constraint g — @y = 2¢ can be enforced by inserting the projector (1 4 (—1)®0+a0) /2

into the sum, finally obtaining

2
Z‘?Ob N ; ‘717 > <q§a3(15"3 4 (—1)0+T0gdod g3
0,00 EZ
+ q%(ao+§)2(j%(ao+§)2 n ( 1)ao+aoq%(ao+2)2q%(ao+§) )7 (5 117)
namely
1
Z(J)i(;‘o 5 (ZNS+ZNS+ZR+ZR) - ZDirac. (5118)

The other one-dimensional limits of the partition functions become, following similar steps

1 ~
zbB S (ZNS 4 ZNS _gzR _ZR) L zB (5.119)
10‘0 2 1o|d
2 27 2
1 —_— ~
Z(i‘o 5 (ZNS ZNS 4 ZR ZR) ~ Zfl‘l, (5.120)
2 7212
1
20y, = 5 (-2V5 + 25 4+ 27 - ZR) ~ 20 (5.121)
22 2°2|2

In these formulae, we removed the zero-point energies from the partition functions with
a9 = 1/2
Therefore, exact bosonization in (1+1) dimensions establishes the existence of two differ-

ent bases, the bosonic Z8 Zi Z ZJIB ,ZB ~ ZB
aoarfo — \“11]o" “o]o’ “Lofo’ “oofo

and the fermionic
apay ‘ 3

one ZF = (ZNS ZNS ZR ZR) They are related by the following matrix

-1 1 1 1
11 -1 1 1

zB | =0zF, with 0= : (5.122)
apaq |0 2 1 1 -1 1

which leaves invariant the patterns of modular transformations SL(2,7), namely the change
of basis represented by the matrix O (5.122]) is an isometry with respect to the action of the
modular group, see Fig.[2.4] and Fig.[5.4]

Fermion number in the bosonic theory

Equation (5.122]) shows that under dimensional reduction the eight bosonic partition func-

tions ZaO ayay Pecome sums of fermionic functions of the sectors NS, NS, R,R. The linear
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combinations (5.118)-(5.121]) are characterized by having definite fermion number (—1)7 in
(1 4+ 1) dimensions: the relative sum (difference) between NS and NS as well as R and R
involves a projector over even (odd) number of fermionic excitations, thus over states with
positive (negative) definite fermion number. The results are listed in Table where we
also specify partition functions that possess coefficients with positive and indefinite sign,
corresponding to values ag = 0 (resp. ap = 1/2), owing to the signs (—1)™° in the definition

EI0).

NS | R | positive Z indefinite Z
F B B B B

(-7 | =1 |—-1|2B

Table 5.1: Fermion number of reduced bosonic partition functions in (1 4 1) dimensions

From these results, we can assign a (2 4 1)-dimensional fermion number (—1)f to the

bosonic partition functions Zfo,alom’ that is consistent with dimensional reduction. As shown
(=D*
B B
B B
Zyiis Ziaa| 1
’22 2722
B B
Zo,%o ’ Zo,o%
ZP.,, Z7
3307 7503

Table 5.2: Fermion number of bosonic partition functions in (2 + 1) dimensions

in Table four partition functions have states with definite fermion number, while four

others have no assignment, that is denoted by (/). For example, Z[i , would have fermionic
2
states according to the dimensional reduction zo — 0, i.e. Z(ﬁ 0 in Table and bosonic

states in the reduction 1 — 0, i.e. Zé%'% in the same Table [5.1L The nature of the solitonic
bosonic states in the latter four sectors is not clear at the moment: they might correspond to
non-local degrees of freedom in the fermionic theory [3]. On the other hand, as we shall see
in the following, only the states with definite fermionic number participate in the discussion

on the stability and characterization of interacting topological insulators.

5.4.3 Bosonic Neveu-Schwarz and Ramond sectors in (2 + 1) dimensions

In the analysis of the fermionic theory of Section we were able to identify (2 + 1)-
dimensional analogs of the partition functions for Neveu-Schwarz and Ramond sectors, that
are sums of positive terms and possess the low-energy expansions

NS: zF i ~14---; R: z¥ ~24.... (5.123)

1 ~Y
; 1,00

N|=
N|=
[NIES
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The first state in the Neveu-Schwarz sector is the ground state and is bosonic, namely with
positive fermion and spin parity indices, while the doublet of the Ramond sector is fermionic.
These sectors are mapped one into another by half flux insertions according to Figld.8 and
they occupy a definite position in the pattern of modular transformations, as shown in
Fig[l.12]

In the following, we want to identify bosonic functions that possess these same character-
istics and, moreover, became equal to the corresponding fermionic functions under reduction
to (14 1) dimensions.

According to the pattern of bosonic modular transformations shown in Fig.[5.3] one would
be led to the identification meal% ~ Zfo’alo@; however, the bosonic functions go into
sums of fermionic sectors under dimensional reduction, and moreover, the would-be Neveu-

Schwarz sector ZB |, would not be a sum of positive terms because to the factor (—1)M0.

Note also that diIQI;;IZISiOHal reduction and fermion number assignment would favor Z£00 as
the candidate Neveu-Schwarz sector; but, unfortunately, being a singlet under SL(3,Z), its
modular properties do not mach those of Z¥ | ;.

The solution to this puzzle is found by c%%éidering a change of basis among the bosonic
functions that is an isometry with respect to the action of the modular group in Fig.[5.3] and
the V;l/ ? transformations for i = 1,2 in Fig. [3]. Let us first write this transformation

and then discuss its features. The map between the original eight-dimensional basis

Z8 =(ZV 11, Z0va, 2V, ZPvy Z0 1, 2801, 2T 00 Z500)- (5.124)

1 1 19l 1, 1 )
2) 22 0,53 272 0,50 2:03 0,05 2,00

and the new basis Z'B = M Z? is given by the following matrix

-1 1 1 1 1 1 1 1
1 -1 1 1 1 1 1 1
1 1 -1 1 1 1 1 1
v :1 1 1 1 -1 1 1 1 1 (5.125)
211 1 1 1 -1 1 1 1
1 1 1 1 1 -1 1 1
1 1 1 1 1 1 -1 1
1 1 1 1 1 1 1 -1

This transformation leaves invariant the patterns of modular transformations and flux inser-
tions given in Fig. and Fig. respectively; namely, M commutes with 715, S;, Vil/ 2, for
1 = 1,2. Furthermore, it is unique up to exchange of space coordinates x1 <+ xo, that is the
up-down reflection of the patterns of transformations.

The idea behind the derivation of is very simple [3]: the action of the modular
group in Fig.[5.3] shows that there are two invariants given by the sum of the first seven
elements of the multiplet in and by the last element Z(foo- In the new basis, the
eighth component, namely the new singlet, should be either the sum or the difference of the
two previous invariants; the second choice is correct and then the other components of the

matrix M follow by the action of flux and modular transformations on Z(/)%o-
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The bosonic Neveu-Schwarz sector

In the new basis, we are ready to identify the bosonic analogue of the fermionic Neveu-
Schwarz sector of Section that is

B!

Z/B

Boo 28, (5.126)
272

NI

1
2

N[
SIS

as suggested by the position occupied in the patterns of transformations. According to
(5.125]), the superposition of bosonic functions is given by

+ ZB

11 1
220 0,3

Z/B

111
20232 2

B B B B
0t DR+ 200 + 20 + Z0,00> . (5.127)

%
This expression involves sums of terms with positive integer coefficients, owing to the presence
of the projectors (—(—1)0 4+ 1)/2 in the first pair of functions and ((—1)™° 4-1)/2 in the
other pairs.

The low-energy expansion of the partition functions is done by inspecting the energy

spectrum of solitonic modes (|5.60))

Mg (27)%°m
LE7EC)

aq,002

Mo,M1,M2 — 5,017(2) (M1 + an) wy — (My + az) wi | (5.128)

This vanishes for a; = ag = 0 and My = M; = My = 0 and the corresponding state is found
in the term (Zf}00 + Zfoo)/Z in (5.127)). It gives

ZB o~ (5.129)

The first term can be identified with the Neveu-Schwarz, i.e. unperturbed, ground state of
the fermionic system. This state is neutral, since My = 0, and bosonic owing to the fermion
number assignments in Table (5.2) to the functions ZP 0o and Z(])B,oo- The identification of
the ground state is further confirmed by dimensional reduction. Applying the limits (5.118))-
(5.121)) to the linear combination in (5.127]), we see that the reductions for o — 0 or x1 — 0
gives the same result by construction. We find

1 ~ ~
By = 3 (ZNS +ZNS 4 7R _ ZR) + (exp(—Fo)) Zns, (5.130)
222

where Ej is the energy shift for a; = 1/2 in the i-th dimension going to zero. In summary,

we found the following properties of the bosonic Neveu-Schwarz ground state in (2 + 1)

dimensions,
1 & |[Qyg, (5.131)
H|Q)yg = QI yg =0, (5.132)
(D" 12 ns = (1> [ ng = 1Dy - (5.133)
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The bosonic Ramond sector

According to the analysis of the fermionic theory of Section the (2 + 1)-dimensional

Ramond sector is found for half-flux insertions Vil/ 2, 1= 1,2, that map

V11/2 ' V21/2 : Z/%Ej%% N Z/;oo‘ (5.134)

In agreement with (5.125|), the corresponding linear combination of bosonic partition func-
tions is given by

+ZB

1
B B
z - (Z 0.0L

Too = 3 — 200+ Zm) - (5.135)

We make the following observations:

e This expression is again a sum of terms with positive integer coefficients.

B

e Owing to the projector (—Z7 0T Z8,0)/2, the previous Neveu-Schwarz ground state
2’ ’

is cancelled.

e Under flux insertion, the Neveu-Schwarz ground state has flowed in the term (ZP,, +
2722
ZOE:)%%)/Q. The corresponding energy is obtained choosing a; = ay = 1/2 and My =

11 11
My = M> =0 in (5.128)). This is a degenerate state, indeed 5 = £52_;.
e From the above assignments of fermion number in Table (5.2)), the functions Z%,
2722
and Z(])Bll possess fermionic states with (—1)" = (=1)2° = —1. Thus, the two degen-
722
erate states in the partition function ([5.135) form a Kramers pair under time reversal

transformations,

1

1 11
Z’;OO ~ o exp (—5%8) + exp <—502211) +- (5.136)

e The lowest energy states in Z%® are found in the terms (Z2, + 28, )/2 or (ZB | +
5700 5750 0750 5,05
Z(?o 1)/2, depending on the torus geometry. This can be checked taking a rectangular
2

torus with wio = wo1 = 0 for simplicity.

e The lowest energy states have not definite fermion number as it follows from the Ta-
ble[5.2] Thus, although they appear degenerate in energy, they do not correspond to a

Kramers pair under TR transformations.

e The two dimensional reductions of Z /lBoo are again equivalent by construction and gives
the result ’
1 ~ ~
2 = 2"+ (exp(—Eo)) 5 <ZNS +ZNS 4 gR _ ZR) . (5.137)
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Summarizing, the properties of the two degenerate ground states in ([5.136f), obtained by the

evolution of the Neveu-Schwarz ground state under the insertion of two fluxes, are

11 1 1
exp(—=Eop) < [ g exp(—&¢2 1) < [ €60

=
=

1
2

=&, (5.138)

N |=
on

QI =QI2)R =0, (D Qp = (-D¥ |V =1, TIQp=I0%.

F

%,00

Section , we can identify Z/lBoo as the bosonic analogue, namely
2 b

Therefore, since the fermionic Ramond sector Z satisfies exactly these properties (see

/1B F

Z100 ~ 2100 (5.139)
This correspondence is valid although the Kramers pair (|Q2), [2)7%) does not coincide with
the lowest energy states of the corresponding Ramond sector and, thus, there is not a cor-
respondence between Kramers pairs in two and three dimensions. Nevertheless, as we shall

see in the following, the stability argument continues to be hold.

5.4.4 Stability of bosonic topological insulators

The previous analysis has shown that the surface theory with coupling constant K = 1
possesses fermionic degrees of freedom: these are not free particles, owing to the differences
in the bosonic and free fermionic spectra, but nonetheless their partition functions show the
characteristic eight spin sectors, that are mapped one into the other by the addition of half
fluxes through the two loops of the Corbino geometry and by modular transformations [3].
The entire analysis regarding modular transformations, dimensional reductions, change
of basis and fermion number assignments can be extended to the bosonic theory with odd

integer values of K > 1. A few clarifications are needed:

e The maps between sectors are found by adding K/2 fluxes instead of half fluxes, as

shown in Fig.[5.2

e Each partition function splits into K3 anyon sectors for my, = 0,1,...,K — 1 and
w=0,1,2, as shown in Eq.(5.77))
Zoparos = D Zapotiog™™, (5.140)
myu €73,

where the indices m,, are the fractional parts of solitonic numbers, M,, — M, +m, /K.

e The analysis of states and energies for K = 1 is also valid for K > 1, since it applies
to the electron spectrum that is contained in the sub-partition function (5.140) with

m,, = 0 for each spin sector.
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e The pattern of modular transformations is again given by Fig.[5.3} there appears phase

factors among the anyonic sectors that do not affect the results and will specified later.

The strategy to prove the stability of bosonic (fractional) topological insulators will be
the following: repeat the Fu-Kane-Mele stability argument for fermionic insulators of Section
by addressing the fermionic states identified within the bosonic theory by the previous

analysis.

Upon following the evolution of the low-lying states of Z%%, , in (5.127)) under continuos

change of the fluxes ®; from zero to K®(/2, one can check that the Ramond state 1) p

is the evolution of the Neveu-Schwarz one |Q2) ;5. The Ramond state possesses a Kramers
partner ]Q)’R, that remains degenerate upon adding any time-reversal invariant interaction
to the Hamiltonian. Then, following the evolution back to zero flux of |Q)',, one finds that

this matches the following excited state of the Neveu-Schwarz sector
lex) g ¢ exp(=E5211); (5.141)

whose energy is of order O(1/R1,1/R2). According to the stability argument discussed in
Section [4.5] it follows that the bosonic spectrum remains gapless in the thermodynamic limit
in presence of TR invariant interactions. This completes the proof of stability of bosonic
topological insulators for any odd integer value of the coupling K.

It is worth stressing the usefulness of the effective field theory approach for interacting
topological states. The stability argument originally using band theory was first translated
into the language of fermionic surface states and then reformulated in terms of properties
of partition functions. Then, the map between fermionic and bosonic partition functions
was used to extend the argument to interacting topological states (hydrodynamic approach)
which cannot be described by band theory.

The stability of the surface excitations can be again related to a Zo anomaly. Indeed,
the bosonic Neveu-Schwarz and Ramond states related by the insertion of half- fluxes are

eigenstates of a TR invariant Hamiltonian, but possess different spin-parity index, i.e.
S S
(—1)2 D ns =D g (_1)2 Dr=—1Dk, (5.142)

although this quantity is conserved by TR symmetry. Therefore, similarly to the fermionic
case, we interpret this change as being a Z, anomaly, which is equivalent to the Zo index of
stability.

5.4.5 Stability and modular invariance

We now determine the transformations under SL(3,Z) of the bosonic partition functions
(5.77) with K > 1 [3]. The oscillator part of partition functions Zgo does not depend on
K and its transformations were already described in Section The K? anyon sectors

Bmgomimso
Q,01002

group. This is just the generalization of the K? sectors of topological insulators in (2 + 1)
dimensions, called K)(7)K(7)y/, A\, N € Zk in Chapter [1]; the only difference is that there

is no chiral factorization. The action of T; reads

within each spin sector carry a unitary linear representation of the modular
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. B mgmima .Momy B mgmima
T Zyoas — exp <—2m I Z oy 0o

.moma
zBmomimz _, exp (—271'2 ) ZBlr'"“)mlm2
51502 K 0,52

fozf“mg—%exp(—zﬂ@ﬁ%gﬁ)‘Z??mm“n2 (5.143)
2

while .57 is represented by

1 .mimg + momq =
Sp: zBmomme o N Km@ml(ﬁmgm (5.144)
mo,m1E€LK
The map between spin sectors for K > 1 is equal to that of K = 1 shown in Fig[5.3] As
in earlier discussions, the action of 75 and S can be found with the help of the parity Pis,

leading to the matrices

mom
(TQ)mu,fﬁu = 55;17%“ exp <2m 0 2) ,

(5.145)

mamg + Moma
— )

1 .
(52) . 7, = Jg Oma iy €XP (27”

We remark that these results have been first found in Ref. [I16] for the case of Z(foo-

In Section we recalled the quantization of the global degrees of freedom of the BF
theory on the spatial three-torus M = T3 x R. We then discussed the relation between bulk
and boundary observables, and how the bulk spectra is reproduced in the quantization of
the surface bosonic theory, through the quantum numbers of solitonic states. We note that
the matrices 17,75 reproduce the statistical phases coming from braiding anyons around
vortex lines [117), [132] 133] [134]. This is another instance of the relation between bulk and
boundary observables, that has been stressed in Ref.[116], and further investigated for more
general hydrodynamic theories representing the three-loop braiding statistics [132, [133], 134}
135, 136, [137).

More precisely, in the geometry of the thick spatial two-torus of Figl5.1] the conservation
of charge and flux between bulk and boundary implies that the partition function of anyon
indices (mg, mymsz) describes the edge theory in presence of bulk charge —mg and bulk
fluxes (—m1, —mg). Modular invariant partition functions are obtained as usual by taking
linear combinations of anyon sectors. We should consider the case of vanishing bulk charge
mo = 0, otherwise there is no symmetry of exchanging space and time. The following

expression summing over all fractional values of the fluxes (mq,m2),

o oon = D Zamona (5.146)

m1,mo€ELK
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is left invariant by the modular transformations, apart from the usual maps between spin
sectors of Fig[5.3] Of course this expression matches earlier results under the dimensional
reduction of Section [5.4.2]

We remark that the stability of the bosonic topological insulators is again related to the

the impossibility of writing a modular invariant partition function that is consistent with the

physical requirements. The expression that is invariant under VlK/ 2, QK/ ? and the modular
group is the sum over the eight bosonic spin sectors of (5.146)
B B
ZINV = Z Zao alag” (5147)

1
ag,a1,00=0,3

In analogy with the fermionic case in Section this partition function is not consistent
with TR symmetry due to the presence of the Zy anomaly, the change of the spin parity
index between the the bosonic Neveu-Schwarz and Ramond states related by the insertion
of half- fluxes. Therefore, TR symmetry requires not to sum over the sectors, leaving a set

of eight functions Zg)m a, that are modular covariant.

103



104



Chapter 6
Conclusions and perspectives

In this thesis we have analyzed time-reversal invariant topological insulators in two and
three spatial dimensions. We have discussed their effective actions, computed the partition
functions of the edge and surface excitations, recovered the Zs classification and extended it
in presence of interactions.

Our analysis clarified that the stability of these topological phases is associated to an
anomaly of the boundary theories. Indeed, the states of the Neveu-Schwarz and Ramond
sectors possess different values of the Zo spin-parity index, that is a time-reversal invariant
quantity. It turns out that anomalous system possesses gapless excitations protected by the
Symmetry.

Furthermore, the partitions functions of topological insulators have interesting geomet-
rical properties connected to stability. Indeed, studying the behavior under two and three
dimensional modular transformations, we found that the stability is associated to the impos-
sibility of having a modular invariant partition function that is consistent with time-reversal
symmetry. We have interpreted this result as a discrete gravitational anomaly accompanying
the Zs spin-parity anomaly.

In this thesis, we have also answered the question of whether non-anomalous two dimen-
sional systems does become fully gapped. By using CFT methods, we found the interactions
that completely gap the edge modes of unstable Abelian and non-Abelian topological insu-
lators in two dimensions.

In order to find these results, we have analyzed the low energy effective field theories
of both two and three dimensional topological insulators. In two dimensions, this analysis
took full advantage of the exact bosonization, while in (2+ 1) dimensions an analogous exact
mapping between fermions and bosons cannot be found. Our analysis clarified some aspects
of the recent discussions on effective field theories for three dimensional topological insulators
as well as added some insight on the general problem of bosonization in (2 + 1) dimensions.

We considered the (34 1) dimensional topological BF gauge theory as the hydrodynamic
effective field theory for topological insulators. First, studying the surface effective field
theory, we introduced another non-local dynamics for the bosonic field, that reproduces the

fermionic induced action in presence of the background gauge field, to quadratic order.
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Furthermore, by quantizing the compactified scalar field we determined the surface parti-
tion functions on the torus geometry. We found eight functions that are different from those
of the fermionic spin sectors, but transform in the same way for ‘large gauge transforma-
tions’, i.e. for magnetic flux insertions and modular transformations. Moreover, bosonic and
fermionic functions become equal under dimensional reduction to (1 + 1) dimensions. We
have assigned fermion numbers to the bosonic states and, thus, we have defined the corre-
sponding three dimensional bosonic Neveu-Schwarz and Ramond sectors. By means of this
correspondence, we reformulated the flux insertion argument and the Zs stability criterion
for every interacting topological insulators with K > 1, with K odd integer.

Our study of the bosonic theory is related with recent conjectures of bosonization in
(24 1) dimensions. The basic picture underlying these correspondences is that of ‘attaching
flux tubes to particles’, that changes the statistics from fermionic to bosonic and viceversa
[13] [130]. One flux per particle can be attached by coupling matter to a ‘statistical’ gauge
field A, with Chern-Simons action of coupling constant K = 1: this interaction can be
removed by a (singular) gauge transformation that changes the statistics of wave functions
from fermionic to bosonic and viceversa. Recently, several authors have suggested that flux
attachment also holds for relativistic excitations and have proposed a web of dualities between
fermionic and bosonic theories [128] 129, 124]. In our setting, we can argue that the flux
attachment is represented by the choice of boundary conditions for the soliton excitations
in the Ramond sector, corresponding to half fluxes added along the two spatial cycles of the
torus.

The compactified bosonic theory is an interesting exactly solvable model of interacting
fermions that could be further analyzed by computing correlation functions and other observ-
ables. In our comparison of bosonic and fermionic surface theories, we discussed properties
that are rather independent of interactions; thus, we did not address the problem of a precise
map between fermionic and bosonic dynamics. Nonetheless, the quantization of the other
non-local bosonic action introduced in Section and the study of partition functions
could be future steps in understanding the relation between interacting bosons and fermions
in (2+ 1) dimensions.

In this thesis we discussed the simplest (3 + 1) dimensional BF theory involving particle
and vortex excitations. Recently, some authors have pointed out that vortex excitations in
three spatial dimensions may possess a new effect, the so called three-loop braiding [132] [133],
134, 135]. In order to capture this statistical phase, one needs more BF theories coupled
together [I16} 136, 137]. Some progress in studying the quantization of these theories has
been done [116] [137]. It would be interesting to study the relations between these theories
and interacting fermionic states. Upon repeating the quantization of the solitonic modes
of this thesis and introducing the corresponding Ramond sectors, we could extend the Zy
stability criterion to these theories.

We conclude this thesis by stressing that the effective field theory approach has many
interesting direction to explore in the study of topological states. Recently, new phases

have been introduced called symmetry enriched topological phases [I138]. In these cases, the
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surface excitations are gapped but supports intrinsic two dimensional topological order, thus
the systems cannot be adiabatically continued into the trivial phase [139] [140]. A well-known
example is the T-Pfaffian state, a time-reversal state that possesses non-Abelian excitations
similar to those of the Pfaffian state in the QHE [I41], 142} 143]. To understand these phases
new duality relations between fermionic and bosonic theories have been recently proposed
[125, [126).
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Appendix A

Fermion quantum numbers

In this appendix we shall give some details about the fermion quantum numbers discussed in
the effective theories of the quantum Hall effect and topological insulators in two and three
dimensions. First we will discuss the Weyl and the Dirac fermion in two dimensions, thus

we will generalize these results to the three dimensional case.

Weyl fermion in two dimensions

To discuss the Dirac theory in two dimensions we take advantage of the chiral/antichiral
decomposition that occurs in the massless case, namely the fact that the massless Dirac
fermion can be decomposed in two massless Weyl fermions left and right moving, respectively.
We focus our attention on one Weyl fermion defined on the circle parametrized by the angle

0 and decompose it in terms of rising and lowering operators as follows

P(0,t) = dpe 00, (A1)
k
The fermionic modes satisfy the anti-commutation rules {dy, d;} = dy; and act on the vacuum
as
di |©2) =0, k>0, (A.2)
Q) =0, k<O0. (A.3)

It follows that dj with £ > 0 and dL with £ < 0 annihilate, respectively, particle and
antiparticle excitations.

Imposing antiperiodic (periodic) spatial boundary conditions we find that the field expan-
sion takes half-integer (integer) values defining the Neveu-Schwarz (Ramond) sector

as follows

—1(6,1), if keZ+ % Neveu-Schwarz,

(0 +2m,t) =
»(0,t), if k€Z Ramond.

(A.4)

Thus, the Ramond sector has a zero energy mode satisfying the anti-commutation rule
{dl,do} =1 and acting on the vacuum as dg 1€2) = 0.
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The normal ordered expression of the charge operator takes the form [20]

Q=" :didy=Y (dafd—dra',) it keN+ % (A.5)
k k>0

Q= :didy=) (dlde —d4d’ ) +:dldo: if ke (A.6)
k k>0

In these expressions the renormalized charge was defined in such a way that the Neveu-
Schwarz ground state is neutral, Q [Q2) ;¢ = 0.

To find the charge of the Ramond ground state we have to determine the normal or-
dered prescription of the zero modes operators. First, let us show that the Ramond sector
possesses two degenerate ground states. Following standard CFT arguments [22] [21], we in-
troduce the operator (—1)", that anti-commutes with the fermion field (A1), (—1)F(6,t) =
—(6,t)(—1)¥. In terms of modes, this means that

{(-DF,d} =0 for all k, (A7)

that is (—1)F has eigenvalues +1 acting on states with even and odd numbers of fermion
creation operators, respectively. Since the zero modes anti-commutes with (—1)F also, it

follows that the Ramond sector possesses two degenerate ground states [€2), p, such that
(_1)F Dip=%[N, 5. (A.8)
This condition can be satisfied taking |€2)  , such that
dyI0,r =0,  |2)_p=do|?),p. (A.9)
The normal ordering of the zero modes is written in the general form
Ldbdo = dido —x, @ = (dido), (A.10)

where 0 < x < 1 is a parameter expressing the partial filling of the ground state located at the
Fermi level. It can be shown that the higher moments of charge and Hamiltonian operators
satisfy the Virasoro and Kac-Moody (see Chapter [I)), consistently with the fermionic anti-
commutation relations only for x = 1/2 [20]. With this choice, the charge operator of the

Ramond sector takes the following form

1

Q=" (dldy—d-yat ) +djdo — 5. (A.11)

k>0
from which follows that )
QN ip =251 sp- (A.12)

In Table (A.1) we summarize the indices and charges assigned to ground states of the
Weyl theory. These values are those obtained by the insertion of half-flux ®(/2 described in
Chapter
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’ ground state ‘ Q ‘ (—1)F ‘

1D ns 0 1
Q.. | 1/2] 1
Q)_, |-1/2] -1

Table A.1: Indices and charges of the Neveu-Schwarz and Ramond ground states of the Weyl
theory.

Dirac fermion in two dimensions

In two space-time dimensions, the massless Dirac fermion is obtained combining together one
chiral and antichiral Weyl fermion. This realizes the edge theory of 2D topological insulator
with v = —% = 1, also called quantum spin Hall effect (see Section . The global charge
operator is given by the sum of the charge operators, respectively, of the chiral (spin up) and

anti-chiral (spin down) components, namely

Q=Qr+ Q. (A.13)

The charge @) is defined with opposite sign w.r.t. @4, as shown by the coupling to the
electromagnetic background leading to vanishing total Hall current. Therefore, the antichiral
charge @, is defined by the same expressions in ((A.5) and changed in sign, for the
antichiral Neveu-Schwarz and Ramond sectors, respectively. It turns out that the total

charge has no shift in the Ramond sector, leading to

Q1) 4 19),, =0, (A.14)

as shown in Table [A2]
In Chapter [2| we introduce the spin-parity index that is related to the difference of charges

Qr — Qy,
(—1)% = (-1)F = (-1)9 @, (A.15)

In this expression, the normal ordering shift in the Ramond sector adds up for the two

chiralities, giving the result

(~1)%%[92) 44 1)1y = —19) 141D, - (A.16)

The values of charge and spin-parity for all ground states of the Neveu-Schwarz and Ramond
sectors are summarized in Table and match those obtained in Chapter

Dirac fermion in three dimensions

In (2 + 1) dimensions the Clifford algebra (4.11)) does not have a chiral-antichiral decompo-
sition; thus, it is not obvious how to generalize the previous results. Therefore, we should
reconsider the problem of defining the spin quantum number, and then the spin-parity index,

of the ground states of Neveu-Schwarz and Ramond sectors.
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[ ns=12512), [ 0o [ o ]

’ ground state ‘ Q1 ‘ Q, ‘ Q ‘ (-1)* = (=¥ ‘
0
0

0% =19, 09, | 1/2 | -1/2 1
P =) 1), | -1/2] -1/2] -1 .
P =1, 9, | 1/2 | 172 | 1 .
W =1 o), | -1/2] 172 | 0 1

Table A.2: Charges and indices of the Neveu-Schwarz [(2) ;¢ and Ramond |Q>§;? ,i=1,...,4

ground states of the Dirac theory in (1+1) dimensions.

Let us start again from the (24 1) dimensional Dirac field involving creation and annihi-
lation operators of particles (aL, apn) and antiparticles (bL, bn), where n = (n1,n9) € Z? [97].

These operators obey anti-commutation relations
{ahsan | = nm  {bhbu } = Gnm (A.17)
and satisfy the vacuum conditions
an |y =b,1Q) =0 ny,ng € Z. (A.18)
In (2 + 1) dimensions, the charge and fermion operators are defined as, respectively,
Q=" <aLan . bLbn) , (A.19)
n
(—1)F = (—1)Zn ohontbabn, (A.20)

Requiring antiperiodic and periodic spatial boundary conditions, we can define the (2+41)
dimensional equivalents of the Neveu-Schwarz and Ramond sectors, respectively. As shown
in Chapter the Neveu-Schwarz sector takes nj,ny € Z+1/2 and has a unique ground state

|2)11; this is neutral and its spin parity index, equal to the fermion number, is given by
22

=0, (A.21)

= (=17 Q)11 = |0) (A.22)

SIS

1
2

[NIE
[SIE

As shown in Chapter[4] the Ramond sector possesses indices ny,ng € Z. Thus, using the zero
modes operators (aoo,ago) and (bgo, bgo), one obtains four degenerate ground states ]Q)go)
with i = 1,2,3, 4.

In Chapter [4] upon following the evolution of the spectrum under the insertion of half
fluxes, we saw that the Neveu-Schwarz ground state is mapped in the following Ramond

ground state: |Q) 11— \Q>é%), while the \Q>[%) is identified as the partner of the Kramers

pair, namely |Q>gé) = 7'|Q>8)). Both states are neutral, i.e.

QI = Q)i =o. (A.23)
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Then, the Fock space identification of the four states in the Ramond sector of the fermionic

partition function is:

1 2

D6 = 195, )65 = afo 125 (A.24)
3 4

‘Q>(()0) = bgo DR ’Q>(()o) = béoaéo Drs (A.25)

where |(2) , is the Ramond ground state.

Let us reconsider the normal ordering of the charge and fermion number given in
and , starting from the expansion around the Fermi level of a non-relativistic spectrum
at finite volume. In the case of the Neveu-Schwarz sector, as showed in Fig.[4.7] the Fermi
level is located in between the empty and filled states, because the energy spectrum is

strictly positive. This gives a clear identification of particles and antiparticles and determines

the standard normal-ordering of the relativistic expressions written in (A.21) and (A.22]).

In the Ramond sector, instead, there is an ambiguity because two charged excitations
are exactly located at the Fermi level (see Fig.[4.9). Thus, we shall assume that they are

partially filled as in the previous case of two dimensions:
(afoaco) =z,  (blgboo) =1 -z, 0<z<1 (A.26)

It turns out that the normal-ordered expressions of charge and fermion number in (A.19)
and (|A.20)) should be modified in the term (nq,n2) = (0,0) of the sums, as follows

Q= Z alan —blby +1 — 2z, (A.27)
(~1)F = (—1)Zn chantbhbat] (A.28)

Upon further assuming the particle-hole symmetric filling x = 1/2, we obtain the following

quantum number assignments

()2 =(-1)" =1 on [, |, (A.29)
—)¥=(=DF=1  on |8, 0% (A.30)

These are the generalizations of the results in (1 + 1) dimensions discussed before. The
values of charge, fermion number and spin-parity indices of the Neveu-Schwarz and Ramond
ground states are summarized in Table (A.3]).

The expressions for @ and (—1)f in (A°27) and (A.28)) are equivalent to the previous
results for the (1 4+ 1) dimensional Dirac theory (A.11]) taking into account the pairing of

chiralities explained earlier and the particle vs antiparticle identification.
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’ ground state ‘ Q ‘ (—1)% = (-F ‘

)11 0 1
22
1
ok | o 1
DR 1
ok | -1 1
4
% | o 1

Table A.3: Charges and indices of the Neveu-Schwarz and Ramond ground states of the

massless Dirac theory in (2 + 1) dimensions.
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Appendix B

Modular transformation and spin
structures of 2D topological

insulators

In the following we give the expressions of partition functions for the four spin sectors
NS, NS , R, E, that describe the edge excitations of topological insulator models examined
in the main text. We describe their behavior under flux insertion and modular transforma-
tions [1].

B.1 Laughlin states

The Laughlin states discussed in Section are described by the ¢ = 1 CFT of the chiral
boson [21I]. The anyon sectors for the chiral modes of the N.S and NS spin sectors are, for
A= 17 Y W Y Odd? [23}

T n 2 n
K,]\VS(T,C;k)ZFé(T’)OZexp <i27r <T( p;;))\) +¢ p;—)\>>7 (B.1)
ne”Z
N - " 5 .
Ki\VS(T@;k):F?;(T’)C) Z(—l)’mexp (2’277 <T( p;l_?)\) +¢ p;-/\+;\>>?
nes

with F = exp [-7(Im¢)?/pIm7] is a non-holomorphic prefactor and 7(r) the Dedekind

function

n(r) =g [[(1-q").  q=exp(iznr). (B.2)
n=1

The anyon sectors of the R and R spin sectors are defined by:

R NS
K == K/\+g,
KR = Ki\f%, (B.3)
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The edge partition functions for each spin sector (Eq.(2.17) and (2.18])) are obtained by

matching the fractional charge of the chiral and antichiral anyon sectors locally at the edge
P -
2 =3"K"K"), o=NS NS R,R. (B.4)
A=1

The transformation of the anyon sectors ((B.1)) and (B.3))) under the modular group,
generated by S and T, and for the insertion of one and p/2 fluxes through the annulus, the
V and V2 transformations, respectively, are obtained by extending the calculations of Ref.
[23] [66]. Altogether they are:

* S

s, L =C e NS
KY5(==, =) =¥ > S KN°(r,0), (B.5)

T T
AN=1

4 o
KVS(-1 =8 e 3 sy KB, 0),

T T
N=1

1 —C ] p —
Kf(-1, 25y = e 3 S KF5(7.0),
N=1

N 1 _ D ) p ~
Kﬁ(_;’ TC) = exp (27TZ4> 61(,0 Z SA)\/Kf\%/(T? C)a
N=1

1 AN i i ¢?
S = % <2mp), v = exp(pRe<T>>. (B.6)

KY9(r +1,¢) :exp<—27ri;\>TaK/]\/VvS(T,§), (B.7)

with

K (r 4 1,0) = exp (2015 ) LK (7,0),
K{(r+1,¢) = T.T,K(7,¢),
Kf(r+1,0) = L,E(r,0),

VO {p A
T, = exp <2m<2p - 24)), Ty = exp <2m (8 + 2)) (B.8)

KYS(7,¢ 4+ 7) = Va, K35 (7, ), (B.9)
KYS(r, ¢ +7) = —Va, k{5 (7,0),

K (1, ¢ +7) = Vo, K344 (1,),

Kf(r,¢+7) = —Va, KL\, (7, ),

with

with
Voo (7, ) = exp( - 2m‘; (Re; + Reg>> (B.10)
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[SIS]

KNS 6+ 5) = Viay K (B.11)
KYS(r. ¢+ %T) = Vg%eXp( — 2m’Z>K§,

K (r, ¢+ 50) = Vig, K37,

K{(r, ¢+ %) = ng>OeXp( - 2mi)K§VNS,

with )
Vig, = exp( — 2mi (gReT + 2Re§)> : (B.12)

Upon using these formulas, we obtain that the transformations of partition functions (B.4)
illustrated in Fig.[2.4]

B.2 Pfaffian states

The edge partition function for the Pfaffian states in the Neveu-Schwarz spin sector is given

in (2.49) [66]. We obtain the partition functions of the other spin sectors acting with 7" and
ST on Z{D\;S 1' as described in Section They read:

Z5NS —| Kol + Kyo|? + | Ko + Ko |* + (K1 + K_3)0]? (B13)
| Kol + K op|* + [ Koy K oI |* + (K3 + K)o,
ZHR =Kyl + K 10 ” + | Kb + Ky I + |(Ko + Ka)o|”
|K_sT £ Kip|° + |K_syp + Ky I|” + |(Ko + K_o)o|”.
We have written the neutral characters with the same symbol of the Ising fields
x0=x3=1, xi=xz=0, x2=x3="1 (B.14)

that model the neutral excitations of this system [21] [24].

B.3 Read-Rezayi states

The Read-Rezayi models [67] are based on the neutral Zj; parafermion conformal theo-

ries with central charge ¢ = 2(k — 1)/(k + 2), and are described by the coset construction

5'7(2\);c / mk [66]. For these theories the values of the stability parameters are p = kM + 2
with M =1,3,5,--- and k = 2,3,---. The expressions of partition functions depend on the
parity of k.

119



Partition functions for RR states with even k

The charge characters are given by the functions (1.40) K, (7, k(, kp) with periodicities
K i1rp = K. The Z; parafermionic characters that describe the neutral part are denoted

by x%,(7;2k), and have the following periodicities and modular transformations [66],

X = X = Xeh = £ mod 2 (5.15)
x4, =0 m = ¢+ 1 mod 2,

. v .
S: X (== o 2k) \ﬁ z%le exp( B o >sw Xoi (7 2k), (B.16)

2 (e )t
R VI Ry k+2 ’

Sel+2) m?r 1
. ¢ . _ R,
T : Xon (T 4+ 1,0;2k) = exp<2m<4<k o) T 1 + 24>>Xm(T 2k).

Starting from the Neveu-Schwarz sector given in Ref.[66] and acting with 7" and ST', we find
those of the other spin sectors. Altogether they read:

e

ONS (7, G k) =Y Karup(T, kG kp) Xbyon(7:2K), (B.17)
b=1
k

ONI(7, ¢ k) =D (= 1) Kagup (7, K kp) X'y yo(7:2K),
b=1

O (. (k) =D Kartp(7, kG D) X 45 1 (73 2K),

b=1
_ k
O (G ) = D (1) Kby, KC k) X 5, 1 (73 2K),
b=1

where a =0,1,--- ;,p—1,and £ =0,1,--- , k. The partition functions in the corresponding

spin sectors are:

k p
-3 Y ee'?, 5= NSNSRE (B.18)
=0 a= Zailéd 2

We note that the partition functions of the Pfaffian state (Eq are obtained by choosing
M =1 and k = 2 in the previous formulas. The transformations of the anyon sectors
and the partition functions under the insertion of fluxes and the modular group are
the same of the Pfaffian state, represented in Fig.[2.4] (a) and (c).
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Partition functions for RR states with odd k&

In this case, the charge characters are different for each spin sector. For the NS and NS

sectors they are:

V57, kG kp) = K7, kG kp), (B.19)
KF(T kC; kp) = Fr.¢) Z(—l)”kpexp [271’2'( (nkp + )\) C(nkp+ ) + A)]
o 77(7—) nez 2kp p 2

Those of the R and R spin sectors are defined by:
K =K)'S b (B.20)
R NS
Ky = KH%”
These charge characters have the same periodicities (2.40)), i.e. K) = K)yp. Making use of

Zy, parafermionic characters x!,(7;2k) introduced in (B.15), the anyon sectors for four spin

sector take the usual form of simple current invariants:
k —_—— o~
049 (1, ¢ k) ZKMP 7, kC; kp) X5 op(T52k), o =NS,NS,R,R. (B.21)
b=1
The edge partition functions of the four spin sector have the same expression of those in
the even k case (B.18). Because the values of (k,p) are odd, as discussed in Section [2.4.4]

it is easy to show that under the V% transformation and the modular group the partition
functions transform as represented in Fig.[2.4] (a) and (b).

121



122



Appendix C

Regularized vacuum energy

C.1 Regularization through the Epstein’s formula

We define the generalized Epstein’s Zeta function [105][106]:

<¢[gvh](5) = Z

mi,....,mp€EZ

e27rim'h

Sm g (C1)

Whereg: (gla"'vgp)7 h = (hlv"'ahp)v m = (mla"'vmp) e¢(g) :chg andCapxp

invertible and definite positive matrix. This function can be rewritten in the following form

s/2 +oo d ‘
T s —Tz m 7i(m-
Cslg, h(s) = F(S)/ —2 2N emmeletm)danimb)
2 0 mi,....,mMpEL (02)
75/2

For s > 2 the integral in (C.2) converges, while diverges if s < 2. To find an analytic
continuation of the function (4 we split the integral as: f0+oo = fol + f1+°°. The first integral

can be rewritten using the generalized Gauss sum
e—2mi(g-h)

2P/2+/det C

Z e*ﬂz¢(g+m)+27rih-m _ Z 672@(h+m)727ri(g-m)7 (03)

mi,...,mpEZ mi,...,mpEZ

where ®(g) = g’ C~'g. Substituting z — 1/z in the first integral and then adding the two

integrals we obtain
(det C)1/4e”g'h 7/ <%> Colg, h(s)

: tody s e~ireh T dz  pes

_ 1/4 jirg-h we 2 - hated _
= (detC’) e /1 > 22@¢[g,h](2) + (detC)1/4/1 5 z 2 @Cb[hv g](Z)

(C.4)

This last equation, since that ©4[—g, —h](2) = O4[g, h](z), is left invariant if we make the

following substitutions

s—p—s, [g,h]—|h—-g], C— c1. (C.5)
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The analytic continuation of the (, function for s < p — 2 is then obtained:
—2mig-h s
o (3) le bl = S T (M5 ) Gl g . (Co)
We are interested to h = 0 and g = (v,...,0q) with a, = 0,1/2 for p =1,--- ,d. In
this case, in order to avoid divergences on the generalized Zeta function , we have to
exclude the zero modes m = (0,...,0) on the r.h.s of (C.6)); is possible to show that the
analytic continuations is still valid.

Application for d =2 and s = —1

In the two formulas for the partition function (4.41)) and (4.42)) we have to regularized the

divergent vacuum energy

Zko =21 Y [(m1 + on)ky + (n2 + ag)ks| (C.7)
=2m Z [((m +an)kin + (2 + a2)kar)” + ((n1 + a1)kiz + (n2 + az)km)?] v
o 1/2 1/2
=27 Z [(n—|—a)Tk:kT(n—|—a)] =27 Z [(n—|—a)TC(n—|—a)]
=27 Y (¢9ln+a))'/?,

where C' = kkT and k is the spatial sub-matrix of the general k matrix. Using the analytic
continuation formula (C.6) with h =0, g = (a1,a2), p=2, s = —1 and detC = (detk)?, we

obtain the following relation

1
S ko = —
”g 0= T o detk

where in the sum ’ are excluded the values (n1,n2) = (0,0). It is easy to show that the

e(727ria-n)

ke’ + kg (C.8)

ni,n2

components of vectors ki’ and ko’ are related to those of ky and ko through the following

kq' _ Ky _ 1 koo —ko1 (C.9)
ko' Ky Koy detk \ —kip ki1 | '

Substituting these components in (C.8) and relabelling (n; — ng, ny — —nj) we obtain

matrix relation

—2mi(aina—aany)

2772160 = - detk Z © - (C.10)

i, k1 + noka|

If now we transpose the k’s in terms of the w’s using the relations (4.31]), we obtain the
desired result in (4.47))
V(3) , e—27ri(a2n1—a1n2)

2 k VO EFy = ——— . C.11
ﬂz 0= 0= 2 o ]nlwg —n2w1|3 ( )




C.2 Regularization through the Mellin transform

The partition function (4.67)) defined in the special geometry (4.66) possesses the following

divergent exponent

27701 Z \/[(n +a1) + B(ng + ag)]2 + [r12(n2 + ag)]2 = 27701 Z In+ (], (C.12)

where we introduced the complex variable ( = a3 + B(na + a2) + ir12(na + a2). Let us

consider the following Mellin transform

1 1 Nl /m _3 y(Im(e))2 4222 o
il — dt 575 e~ tIm(Q))*+ 5 —+2milRe(() C.13
52 (P () 2y (C.13)

- or

Note that for s = —1/2 we recover the divergent sum in (C.12)). Separating the mode I =0
from those with [ # 0 and making the substitution ¢+ — 72/t in the latter case, we obtain

I L VT () Er(s - 1/2)
2 In + |

~2T(s)
o—1/2+2s +oo Tr2 L (C.14)
+ = Z/ dt ¢ T1/2) =5 ImO)™+” co5(271Re(C)).
I'(s) RAL
Since I'(z) has a pole in x = —1, the first term on the right hand side is divergent for
s = —1/2. Our regularization procedure is to remove the divergent term, obtaining
! S " gt T mOPHE og(amiR C.15
52‘”*0—_%2 ; te T cos(2miRe()). (C.15)
n >0
Introducing the A function
1 +00 w2m?2 l2
A(m;a) = _27722/0 dt e~ " cos(2nla), (C.16)
>0
we arrived to the desired result for the regularized expression ((C.12)
2mro1 Z \/[(m +on) + B(na + a2)]? + [r12(na + a2)]?
n1 (C.17)

= 47T7”01A[T12(nz + 042); oy + /B(TLQ + 042)].
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Appendix D

Massive © functions

The massive O functions are defined by the following expression [104] [109]

Olap)(T5m) = H‘l—exp[ 2rIm(7)/(n + a)? + m? + 2wiRe(r n—|—a)—|—2mb” X

nez
x exp [4nIm(7)A(m; a)],
(D.1)

where a,b,m € R and 7 € C; taking the logarithm we have
log Oq 4 (7, m) Zlog [1 — exp {—27r7'2\/ (n+a)?+m?+2rir(n+a) + 2m’bH + c.c.
+ 4w A(m, a).
(D.2)
Now we expand the logarithm as a Taylor series. We have

log O, 4)(T,m) Z Z { [exp {—271'7'2\/ (n+a)?+m?+2mir(n+a)+ 27Tin + c.c.}

n p=1
+ 4ArmaA(m, a).
(D.3)

The following identity is used for the square-root at the exponent

Loy 2
e b [T et (D.4)

After the substitution s — p?s, we obtain
log @[a p (7, ™M)

Z Z/ ds {exp [77 <7?2> n2 + 2mi (iiga + Tlp) n+ (0.5)

np_

7_2p2 CL2 7T27'1

—Lm? 4 2mipary + 2mibp — p s] + c.c. } + 4drmoA(m, a).
s

Applying on the sum over n the following Poisson formula
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Z —mAn242miBn _ \F Z %(n—B)? (D.6)

neL nez

we have

log e[a,b] (7’ m)

+0  rtoo 2 2.2 2 2
1 \T\ TETSM , sn
:——g g ds <ex sp?l T2 L omibp — 2 + 2nsp+
T2 /0 { p[ g e § s 73 Y (D.7)

Now we can split the sum over n in (D.7) in three intervals: (n € (—oo — 1],n = 0,n €
[1,400)), and observe that the two intervals (n € (—oo — 1],n € [1,4+00)) can be collect in
a unique interval with n € [1,400) but with the sum over p extended to p € (—o0, +00), to

which we must remove the case p = 0. We have

log Oq (T, m)

—+00
) +oo 2 2.2 9 2
= S [ s e [ T - T gy - +2nsp+2mna] ree

1 400 2.2, 2 2
+— Z/ ds < exp T % — 2mina| + c.c.
Ty = Jo s 5

100 rtoo 2 2.2 2
1 Z/ ds {exp [_Sp2|ﬂ T, QWibp} n c.c.} + drmA(m, a).
S

(D.8)

Using the definition (C.16)) of the A function, we can check that the second term cancels
with the last one, while the third term gives 477 /|7|2A(m|7|,b). Moreover, applying the
Poisson formula to the sum over p in the first integral and making the substitution

s — sk?/|7|? we obtain

log ©q (7, m)
+0oo
__ﬁzz_:k/o ds s {exp [—s— S ((p—b) + m?|7| )—l— (D.9)

. T2
+27mk( a+ (p— b)’ P)] —I-c.c.} +47TWA(m’T‘,b).

Apply once again the identity (D.4) and reconstructing the Taylor expansion for the loga-
rithm, we finally obtain the desired result (4.77)) [104] [109]

1
6[a,b} (T> m) = @[b,—a] <_T’m|7_’> : (DlO)
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