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Abstract

Surprises at the edge: theoretical investigations
at the boundaries of quantum Hall systems

Jennifer Ann Cano

The quantum Hall effect is recognized as one of the earliest examples of a topological
phase of matter. Yet, thirty-five years after its initial discovery, there remain many open
questions, especially surrounding states that may host fractional excitations and exotic
statistics. Through the bulk-edge correspondence, many questions can be answered by
studying the low-energy edge excitations. In this thesis, we investigate analytically cer-
tain aspects of the edge excitations using Chern-Simons-Landau-Ginzburg theory. The
results include some surprises: our microwave absorption proposal leads to an interfer-
ometer whose read-out is first order in the tunneling amplitude; tunneling current across
a quantum point contact is affected by the presence of a neutral mode; and the bulk-edge
correspondence for chiral Abelian phases can be one-to-many. We now describe these
investigations in more detail.

We start by proposing an experiment to measure the microwave absorption spectrum
of a quantum Hall droplet. We show that the number and velocities of charged edge
modes can be directly measured from a droplet of known shape. In contrast to standard

transport measurements, different edge equilibration regimes can be accessed in the same
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device. If there is a quantum point contact, then quasiparticle properties, including
braiding statistics, can be observed. Their effects are manifested as modulations of the
spectrum that are, notably, first-order in the tunneling amplitude at the point contact.

We next consider transport through a quantum point contact in states with counter-
propagating neutral edge modes. We show that both the noise and the average trans-
mitted current are affected by downstream perturbations within the standard edge state
model. We argue that the change in transmitted current should be observable in exper-
iments that have observed increased noise.

Finally, we investigate the bulk-edge correspondence for chiral Abelian quantum
Hall phases. We show that the same bulk two-dimensional topological phase can have
multiple distinct, fully-chiral edge phases. This can happen at the integer quantum Hall
states at ¥ = 8 and 12 and the fractional states at v = 8/7,12/11,8/15,16/5. We give
a general criterion for the existence of multiple distinct chiral edge phases for the same
bulk phase and discuss experimental consequences. We find that edge phases correspond
to lattices while bulk phases correspond to genera of lattices. Since there are typically

multiple lattices in a genus, the bulk-edge correspondence is typically one-to-many.

Professor Chetan Nayak

Dissertation Committee Chair
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Chapter 1

Introduction

1.1 Overview of the quantum Hall effect

A two-dimensional electron gas (2DEG) subject to a strong magnetic field perpen-
dicular to the plane of the 2DEG will display quantized plateaus in its off-diagonal
conductance,

Opy = V— (1.1)
where v is either an integer or a rational fraction. At the same time, its diagonal
conductance vanishes:

Opz =0 (1.2)
This effect is remarkable for a number of reasons: first, the quantization is so precise

— within a few parts in a billion — that it prompted a new standard for resistance, the



Chapter 1. Introduction

von Klitzing constant, Rx = h/e? ~ 25.8k).1 Second, the fractions that are observed
are very particular: as the temperature is decreased, first the thirds appear, then the
fifths, then the sevenths, etc, while even-denominator fractions are much more rare;
this is an intriguing display of number theory in a real physical system. Third, theory
has predicted that fractional conductance implies the existence of fractional charge and
statistics; more exotic statistics might also be possible. For these reasons, the quantum
Hall effect has remained an active area of research since its discovery in 1980.2

In this chapter, we overview the basic details of the quantum Hall effect and then
develop the theoretical formalism that is the starting point for later chapters. For more
details related to the earlier sections, we refer the reader to the thorough pedagogical

reviews by Girvin® and MacDonald? and the classic text of Prange and Girvin.?

1.2 Experimental basics

%l*).y
Sl@a (717) D
.

NG

Figure 1.1: Hall measurement. Current is driven horizontally. Voltages are measured

parallel and perpendicular to the current. The black regions represent Ohmic contacts.
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The basic experiment consists of a two-dimension electron gas in a rectangular sam-
ple. A current is applied along one direction. The current, I, between the source, S,
and drain, D, and the voltages, Vg and V}, are measured, as indicated in Fig 1.1. The
current density is j = [/w. Assuming a constant electric field, the longitudinal elec-
tric field (parallel to the current) is £, = Vi /l. Thus, the longitudinal resistance is
Ry, =V, /I = Epl/(jw) = pzl/w. The transverse electric field is £ = Vi /w. Thus, the
Hall resistance is Ry = Vi /I = Ew/(jw) = puy, independent of sample dimensions. It
is a special feature of two dimensions that the resistance and resistivity have the same
dimensions; because the size factors drop out in the Hall resistance, an extremely precise
measurement is possible.

The integer quantum Hall effect was first measured in 1980 by von Klitzing, Dorda
and Pepper,? for which von Klitzing was awarded the Nobel Prize in 1985. Two years
later, the v = 1/3 fractional quantum Hall effect was reported by Tsui, Stormer and
Gossard.® Laughlin, Stormer and Tsui were awarded the 1998 Nobel Prize for their
theoretical and experimental contributions. In 1987, Willett, et al, observed the first
even-denominator Hall states at v = 5/2.7 A recent Hall trace from a GaAs/AlGaAs
sample at 20mK is shown in Fig 1.2. Extremely precise integer plateaus from v = 1 up

to v > 10 are visible, as well as many fractions.
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Rxy [h/ed]

0.04
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0.0073
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Figure 1.2: Quantum Hall Trace. Reprinted with permission from Ref 8.
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1.3 Theory of the integer quantum Hall effect

1.3.1 Exact solution in a translationally invariant system

The IQH effect can be explained by considering a single electron in a strong magnetic
field, B = B2z, restricted to move in the x — y plane. Such an electron is described by

the Hamiltonian,

H= % (p + eA)? (1.3)

where m is the electron mass and —e is the electron charge. Choosing the Landau gauge,

A = x By, the Hamiltonian can be rewritten,

1 2
Hy = 5— (pz + (py + exB)’) (1.4)

The Hamiltonian is translationally invariant in the y direction. Hence, eigenstates take
the form ¢y, (x,y) = e* fi. ,(x), where n is a to-be-determined label, and the functions

f satisfy:
2

(Zp_Tf’L + m;UC (ZL’ — I‘k)z) fk,n(x) = Ek,nfk,n<x> (15)

where z, = —k(?, { = \/h/(eB) is the magnetic length, and w. = % is the cyclotron
energy. This is the familiar harmonic oscillator with a k-dependent shift. Thus,

e’ka

Nk,n

V(@ y) = —e VCOH, (@ — 24) /1) (1.6)
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where n is a non-negative integer, IV ,, is a normalization constant, H,, is the nt" Hermite

polynomial, and the energy corresponding to vy, is

1

All of the states with the same n are said to comprise the n'" Landau level and share
the same energy, independent of their wavenumber in the y direction! Thus the Landau
levels are massively degenerate. The degeneracy can be estimated for a sample with
dimensions L,, L,: if each wave function is centered at xy, then 0 < |x| < L, so that

the degeneracy is given by

eBL./h
Np = ﬁ/ i = BLvbe (1.8)
2m J,

where here the flux quantum is &g = h/e. We see that there is exactly one state in each
Landau level for each unit of flux piercing the sample.

In the presence of a uniform electric field, E = EZ, the Hamiltonian (1.3) has an extra
term, Hg = eFx. Because the Hamiltonian remains translationally invariant in the y

direction, Eqs (1.5) and (1.6) are valid, with x — 5+ - and By, — Ej,— %02 + hkv;

ExB
BQ

we have defined the drift velocity, v = = —%gj = vy. The energy of each Landau
level increases as a function of k£ in the presence of an electric field. We can verify that

the expectation value of the velocity operator is exactly the drift velocity:

(U |vy|Vkn) = —(Vrnlpy + exB|Yrn)

1
m
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eB B P— v 2
= - e H o — — _
mNZ, /d:c (x — zp)e al |2 — 2 o /U v,

(1.9)

where the last equality comes from the fact that the squared Hermite polynomials and the
exponential are even in x — x;, — wi A similar calculation shows that (¢, |v.|1kn) = 0.
Thus, when N Landau levels are filled, Eq (1.8) tells us that there are N Ng electrons,

and the total current is [ = —NNgev/L,. Since the voltage across the sample is EL,,

the Hall conductance is given by o,, = _ngL\ije: = %, exactly Eq (1.1) with v € Z.
Thus, for the translationally invariant system, we have exactly computed the eigen-
states and the Hall conductance. However, it is not obvious that this computation
applies to a real system, which has both disorder and edges. Furthermore, it is impossi-
ble to continuously tune the chemical potential, since it always costs either no energy or
hw. to add an electron to the system. Thus, in the rest of this section, we demonstrate

why the plateaus in conductance do appear while tuning either the magnetic field or the

chemical potential in a real system.

1.3.2 Edge effects

Following Halperin,? consider a system periodic in the y direction with a confining
potential dictating boundaries at * = x1 and x = x5. Away from the edges of the sample,

when z; < xp < x5 and |z19— x| > ¢, Eq (1.5) is a good approximation and eigenstates



Chapter 1. Introduction

are described by Eq (1.6). When there is no applied electric field, such states carry no
current, according to Eq (1.9) with £ = 0. However, near the boundary, the constraint
that the wave function must vanish as ¢ — =z, increases its energy. In particular,
when x = x5, the system is described by a half harmonic oscillator (the potential is
V(z) = x*mw?/2 when z < 0 and V(x) = oo when z > 0), for which the energy levels
are exactly the odd harmonic oscillator energies, Fo, 11 = hw.(2n + %) When z < o,
the energy should be between F,, and FEs,,;. When x; > x5, the energy increases like
(2 — mx)*mw? /2, the minimum value of the confining potential in this case. Similar
phenomena occur when xj, is near xy. Thus, the Landau levels bend upwards near the
edge of the sample, as illustrated in Fig 1.3b. Since the current density is not symmetric
in the states near the edge of the sample, these states carry current. The group velocity
is given by v, = OxEjn/h, which, since k increases with x, has the opposite sign on
either side of the sample. Thus, when there is no applied electric field, current still flows
along the edges of the sample, in opposite directions, but there is no net current.
When a voltage is applied, one edge will be at a lower chemical potential then the
other, causing its edge modes to be more populated. This imbalance causes a net current
flow across the sample. Consider a chemical potential of y; on the left edge and ps on

the right edge, where (N + $)Aw. < p1,2 < (N + 2)hw, for some N. The current can be
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computed by integrating over the velocities, vy :

L OFkn Pn € — /“2 e e?
I=—e- dk—120 = dEpp, = ——N(pg— 1) = —NV (1.10
€2w;/ hoe L, hnzo L e N2 =) = 5NV (1.10)

where pi.(pg) is the probability the state vy, (states at energy E, Landau level n)
are occupied and we have taken 7' = 0. By definition, the Hall conductance is o,, =
1)V = %N . Thus, in a clean sample, the conductance remains quantized as long as the
difference in chemical potential is smaller than the spacing between Landau levels. If
the difference in chemical potential between the edges is accompanied by an electric field
in the bulk, some of the current contributing to Eq (1.10) will come from bulk modes,

as shown in Eq (1.9), but the result is unchanged.

1.3.3 Effect of disorder

When disorder is present, one might fear that it would cause backscattering that
would ruin the quantized current. In the case where all of the current is carried at the
edges of the sample and the edges are far apart, it is clear that this is not the case:
channels on the same edge are parallel-propagating, so that any scattering between
them will not alter the current, and channels on opposite edges, although oppositely-
propagating, are too far apart for any scattering to occur. Thus, the current remains

perfectly quantized according to Eq (1.1) with v € Z.
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T

N~
o
|
T

o

=
S

N =

j x j j
1 €2 € T2

81

(b) Clean system with edges (¢) Disorder broadening

Figure 1.3: Landau Levels.
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In the case where some current is carried in the bulk, it is less obvious that backscat-
tering does not occur. To address this case, we follow the famous gauge argument of
Laughlin in Ref 10, refined by Halperin.” Because the quantum Hall effect exists in a
variety of geometries, Laughlin chooses a convenient geometry, the Corbino disk, for his
thought experiment. As shown in Figure 1.4, the impurities in the sample are confined
to an inner region, separated from the edges of the disk, and a flux, ®, can be threaded
through the center of the disk. The magnetic field, B, penetrates the entire plane. For
small disorder, the energy spectrum will resemble that in Fig 1.3c. Suppose that the
Fermi energy is between two Landau levels — above the top of the smeared disorder band
corresponding to level N and below the bottom of the smeared band of N + 1 — and
that ® is adiabatically changing in time from zero to ®3. The change in flux generates
an emf around the disk. In the clean region, because there is a voltage around the disk,
there is a precise Hall conductance, o,,, = Ne?/h, which pushes electrons from the inner
to the outer edge of the disk. Precisely: let C' be a curve in the outer clean region and

A the area it bounds; then the charge transferred across C' is given by

/dt/@tp:—/dt/v-j:—/dtj{j'dn
A A c
o2
:—/dt%aEdn:—N—/dt]{Edl
c h c

2
_ N% /dt&@ — Ne (1.11)
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where dn denotes the outward pointing unit vector normal to C, dl denotes the unit
tangent vector to C', and o denotes the conductivity tensor. Thus, threading one unit of
flux through the disk has transferred one electron for each filled Landau level across the
imaginary curve C. By hypothesis, because there are no states at the Fermi energy in
the bulk, the occupation of the bulk states could not have changed during this process.
Thus, the charge that passed through C' to the outer edge must have come from the
inner edge, where there are states at the Fermi level. This implies that the conductance
in the bulk is identical to the conductance in the clean regions and Eq (1.1) with v € Z
is satisfied everywhere.

We can be even less rigid than the picture shown in Fig 1.3c: there can be states
at the Fermi level as long as they are localized. Such localized states are immune to
the change in flux because they do not wind around the center. Thus, the density of
states for a quantum Hall system can have bands of extended states near the center of
the Landau levels and bands of localized states between the Landau levels, as shown in
Fig 1.5. This configuration allows the chemical potential to be continuously tuned; as it
moves across a band of localized states, the conductance will be on a plateau, and as it
moves across the extended states, the conductance will jump to the next plateau. Thus,
the width of the bands of extended states dictates the width of the regions between
plateaus. If the disorder is too strong, the transition regions will overcome the plateaus

and the quantized plateaus will disappear.
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Figure 1.4: Corbino disk. The thick lines indicate the inner and outer edges of the
disk. The hatching shows where disorder is present. A magnetic field, B, penetrates the

entire plane and an additional variable flux, ®, is threaded through the center.

E
pheoe
—  Localized states
%hwc . Extended states
s

p(E)

Figure 1.5: Density of States for a quantum Hall System. The extended states

form a band near the center of the Landau level, while the remaining states are localized.
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1.4 Theory of the fractional quantum Hall effect

In clean enough systems, plateaus in conductance at fractional values of e?/h ap-
pear. This effect cannot be explained by the free-electron theory from which we derived
the integer effect. In contrast, interactions are crucial to the fractional quantum Hall
effect, which will appear when the Coulomb energy scale exceeds the energy scale set by
disorder. In this section, we review the strongly correlated electron states that display
a quantized conductance in a clean system and then modify Laughlin’s flux-threading
argument of Sec 1.3.3 to show that this conductance remains quantized in the presence

of disorder.

1.4.1 Laughlin wave functions

Angular momentum will play an important role in understanding the fractional quan-
tum Hall effect. Thus, we return to Eq (1.3), rewriting the Hamiltonian in the symmetric

gauge, A = —%r x B, which preserves rotational symmetry:

Hy = e <(—i€8x + 2%)2 + (—ito, - %)2)

2
- h;" (—azaz 7 ; W, —id,) + * 5 Y, +id,) + %)

_ h;"c (—48282 — 20, + 0. + Zf)

_ h;“’ [1 + (—2@ + g) (282 + %)] (1.12)
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where z = (x +iy)/l,Z = (x — iy)/{ and, to be consistent with conventional notation,
we have taken B = —BZ2. Since this is exactly the same Hamiltonian as analyzed in

Sec 1.3.1, ground states have energy %hwc. Thus, the ground state sector consists of

m,—zz/4

exactly the (unnormalized) wave functions, 1,,(z,2z) = z™e , which are eigenstates
of the angular momentum operator, L, = h(z0, — 20;), with angular momentum Am.
These states are localized to a radius r,, = (<T2>)1/2 = V2me2. For a system with N
electrons, whose positions are described by z;, 2 = 1,..., N, we can generalize ¢, to an
anti-symmetric wave function,
U ({z:}) = [ [ (20 — 2y)me 214, (1.13)
i<j
known as the m'" Laughlin wave function.!"!'? Anti-symmetry under exchanging two
electrons requires m odd. It is evident that functions that are symmetric under exchang-
ing two electrons can be multiplied by ¥,, to yield another ground state of Eq (1.12);
these wavefunctions, which are less spatially compact than W,,, represent excitations;
we come back to them in Sec 1.4.4.
The highest power of any z; that appears in ¥, is m(N — 1). Thus, ¥,, occupies an
area A = 71'7“31(]\,_1) = 2rm(N — 1)¢%. The filling fraction for v = ¥, is N®;/(BA) =

N/(m(N —1)). Hence, in the large N limit, the wavefunction ¥,, describes a state at

filling fraction 1/m.
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So far, we have found the ground state sector of Eq (1.3), within which the kinetic
energy has disappeared, leaving us a highly degenerate set of states spanned by the ¥,,.
Interactions break this degeneracy. In the next section, we describe a set of interacting

Hamiltonians for which a particular W, is the exact ground state.

1.4.2 Haldane pseudopotentials

Interactions can be included in Eq (1.3) with the term,

Hyo =Y Vii=> V(z—zl), (1.14)

1<J 1<j

where V;; = 1 _é . describes the Coulomb interaction. Since Vj; is a function only of
J

dme [zi—2

the magnitude of |z; — z;], it is diagonal in the relative angular momentum basis, i.e.,

(Wi (2, 2) Vi W (215 25))
(Wi (20, 25) Wi (2, 25))

= VB (1.15)

The V,, are called the Haldane pseudopotentials, introduced in Ref 13, which completely

specify the interaction potential. For the Coulomb potential, it is easy to check that

_ & Tmt1/2)
Vin = 4drel 2T(m+1) °

Here, we consider an arbitrary potential and rewrite the interaction

terms in terms of the pseudopotentials as:

Vo= D PIVP = 3 VP, (116)

where we have defined P

.'» which projects the ith and j*" electrons onto a state of relative

angular momentum Am.
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Pairs of electrons in the Laughlin wave functions W¥,,({z;}) have at least relative
angular momentum Am.! Thus, the states ¥,,~; are exact ground states of the fictional
potential Vi; = Vi P, W3({2}) is the most spatially compact. It follows that for a system
with a confining potential, W3({2;}) would be the lowest-energy state. Generalizing,
Worr1({zi}) is the exact ground state of the fictional interaction described by the Haldane
pseudopotentials Vi, ..., Vo1 > 0, Vj,s0p1 = 0. This state has a finite excitation
gap to bulk excitations: a more compact state has at least one pair of electrons with
angular momentum m < 2k + 1, which costs energy V,,,, while a less compact state is
penalized by the confining potential.? The gap makes the state stable to perturbations
in the Hamiltonian. Thus, we might expect that W, can be smoothly deformed
into the exact ground state of the Coulomb potential without changing any quantized
properties. For skeptics, Laughlin verified that his wavefunctions have an extremely
high overlap with the exact ground states of the Coulomb potential, as well as with
—1In(r) and e "*/2 potentials, for systems with three electrons.'! It is remarkable that
such a straight-forward wave function, easily expressed in closed form, and derived from
non-interacting electrons, can so successfully describe the ground state.

Combining the results of this and the previous section, the Laughlin wave functions
are the exact ground states of an interacting Hamiltonian, sit at filling v = 1/m, lie

in the lowest Landau level, and have a finite gap to excitations. For such a state, we

'In the two electron wave function, the two electrons have exactly relative angular momentum Am.
2As discussed in Sec 1.4.4, density waves at the edge are gapless.
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would expect a quantized Hall conductance following the logic of Sec 1.3.2. Furthermore,
Laughlin’s gauge argument, as described in Sec 1.3.3, predicts fractional excitations with

charge e/m!

1.4.3 Laughlin quasiholes

Wavefunctions for excited states with a quasihole at some position 2, are given by*!

\If%‘({zz}, %) = H(Zz — 20)¥m({2}) (1.17)

where U,, is defined in Eq (1.13). Notice that if we add m quasiholes to the Laughlin
state, the resulting wavefunction, [[.(z; — 20)™¥,,({2:}), looks like the m™ Laughlin
wavefunction for N 4 1 electrons, but with only the charge of N electrons. We conclude
that a single quasihole has charge e/m. The effect of the quasihole is identical to
threading a flux through the Hall system at z.

To determine the statistics of the quasiholes, we compute the phase acquired by
the wavefunction when one quasihole encircles another, following Ref 14: consider the
wavefunction for electrons at positions z; and some number of quasiholes at positions
wi: Y({zi(t), w;(t)}) = 11, ;(z — w;)Vm({2i}). Fix the positions of the electrons and all
of the quasiholes except for w;, which moves adiabatically to enclose an area A;. The

Berry phase is given by!?
=1 [ A0, 0O (a0, 0D)
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=i [ ot S (222 oo, v o)

iy / dt (3w (1)) / () wy ()2 e (L (t), wy (D))

z —wq(t)
— —Zj{dwl /d%% = 27 /Al d?z{p(z)) = —2% (% - qh) (1.18)

where p(z) = ), 6(2 — 2;) and Ny, is the number of quasiholes in A;. To obtain the last
equality, recall that if none of the quasiholes w;-; are in the region A;, then the total
charge in A; is given by pA; = v®; /Py, where ®; is the magnetic flux through A;; for
every quasihole in Ay, the charge is reduced by 1/m.

The first term on the right hand side of the last line of Eq (1.18) is the phase acquired
by the wavefunction when a charge e/m quasiparticle encircles flux ®;. The second term
tells us that the wavefunction acquires an additional phase 2w/m when one quasihole
circles another. The calculation reminds us of the intimate connection between charge
and statistics.

There is no quasiparticle wavefunction that is an exact eigenstate of Eq (1.12).
Laughlin proposed a trial wavefunction % = [].(9/0., — 20) ¥, and showed that it
had a high overlap with the ground state found by exact diagonalization of a system
with four quasiparticles.!! Here, we will infer the properties of quasiparticles from those

of the quasiparticles and not discuss their wavefunction.
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Fractional quantum Hall systems are one of the few experimentally realizable systems
predicted to display fractional charge and statistics. Hence, this prediction should not

be taken lightly. In Sec 1.6 we discuss experiments that can probe these effects.

1.4.4 Edge excitations

We saw in Sec 1.3.2 that gapless edge excitations exist at the edge of integer quantum
Hall states. The same is true for Laughlin states: while bulk excitations must be gapped
because they require compressing the ground state, density waves can exist at the edge
of the system at arbitrarily low energies. To understand this better, we follow Ref 16.

Given a Laughlin wavefunction, ¥,,, which is a ground state of Hy + Hi,, where
Hy is defined by Eq (1.12) and H,, is described by the Haldane pseudopotentials
Viem > 0, Vism = 0, as described in Sec 1.4.2, the function S({z;})V,, is also a ground
state, where S is a polynomial symmetric in its arguments. However, when S # 1,
the wavefunction will have an energy penalty in the presence of a confining poten-
tial. Lets enforce the energy penalty by adding a term AM to the Hamiltonian, where
M = h) (20, — Z0;) is the total angular momentum about the origin. Then S
can be expressed as S = ) sP», where s, = > . 2" and p, is a non-negative integer.

Computing AM s,, = A\hns,, the state S¥,, has excitation energy

AE =AY np,, (1.19)
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linearly proportional to angular momentum. Hence, we have found modes which are
gapless in the infinite system limit. Since gapless excitations cannot exist in the bulk,
we conclude that they are edge excitations.

Notice that a quasihole at zg, as described by Eq (1.17), also takes the form S({z;})¥,,
However, when zj is far away from the edge (i.e., at least a magnetic length), S requires
a macroscopic number of s, and hence defines a finite-energy excitation; in particular,
when 2 = 0, MU = (AN + My) ¥4 where N is the total number of electrons and
My the eigenvalue of M in the ground state. As zy approaches the edge, it becomes
less of a disturbance in density, until at zy — o0, it costs zero energy and effectively
becomes an edge excitation. Thus, edge and bulk excitations can be considered together
as a continuum of all excitations. This logic also tells us that a quasihole of charge e/m
added to the center of the system adds a compensating charge —e/m to the edge of the
system; as the hole approaches the edge, the charges cancel.

Finally, the excitation energy computed in Eq (1.19) describes a system of harmonic

oscillators each with energy w = n and occupation number p,. In Sec 1.5.5, we will

derive this result from the field theory approach.

1.4.5 Hierarchy states

The Laughlin wave functions help us understand the odd-denominator v = 1/m

states. However, many other fractions have been observed. We can understand the
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other fractions through hierarchy constructions. In this section, we consider the Haldane-

1317 and Jain’s composite fermion picture.'® These two theories differ

Halperin hierarchy
in their microscopic construction but describe the same universal physics.'® The hier-
archy procedure described in this section can only generate odd-denominator fractions.

Hence, a new framework is necessary to describe even-denominator states, which we

describe in Sec 1.4.6.

Haldane-Halperin hierarchy

The construction begins with a Laughlin state v = 1/m. As magnetic flux pierces
this state and charged quasiparticles proliferate, eventually we would expect the quasi-
particles themselves to form a Laughlin state. Recall that the pre-factor [],_ j(zi —z)™
in Eq (1.13) requires m odd to accommodate the statistics of the electrons. Thus, the
pre-factor for a quasiparticle wavefunction should take the form [], <j(zi — zj)Qp*%, for
some integers k (a quasihole wavefunction would have a similar pre-factor, with exponent
2p + %) It follows that generalized quasiparticle(hole) wavefunctions will be at quasi-
particle(hole) filling vqp/qn = 1/(2p F %), where the — sign is for quasiparticles and the
+ sign is for quasiholes. The electron filling fraction is related to the quasiparticle(hole)
filling fraction by v, = :f:#l/qp /qh; one can see this by rederiving Eq (1.8) for fraction-
ally charged particles, for which that are only ®/(m®,) states, compared to &/, states

1

for electrons. Hence, the total electron filling fraction is v = ;- + — 1 L

(2pF ;) mFg,
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Iterating this process yields a family of states with filling fractions:

1
1
1
2p1$2p2q2..4

- (1.20)

However, it is not expected that all of these states will be observed in experiment: each
layer of the hierarchy is increasingly fragile and a state whose gap to excitations is less

than the energy scale set by disorder will not be observed.

Jain’s composite fermion hierarchy

Another tool to understand fractions that fall outside the Laughlin paradigm is Jain’s
composite fermion construction, in which fractional states are understood as integer
states of “composite fermions,” particles consisting of an even number of flux quanta
bound to an electron. !* The number of flux quanta must be even to preserve the fermionic
statistics of the electrons; one expects statistics to be important in considering fractional
states because of their key role in the Laughlin wavefunctions — interactions explain why
v = 1/m with m an odd integer. If 2p quanta of flux are attached to each electron
and the composite particles are filled to the integer state at (composite) filling N, then
for Ng electrons, N = Ng/(®/Pg — 2pNg), so that the electron filling fraction is v =
Na®¢/® = N/(1 + 2pN). Thus, the Jain sequence also generates filling fractions with

odd denominators.
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If this picture is to describe a real system, the binding of flux to electrons would
not be exact, causing a decrease in stability as more flux quanta were added. At large
enough p, the state will be destroyed by disorder. Consequently, both the Jain hierarchy
and the Haldane-Halperin hierarchy predict an ordering for the strength of particular

fractions.

1.4.6 Even denominator states

The hierarchy states described in Sec 1.4.5 offer explanations for odd-denominator
fractions. However, these do not offer an explanation for the observed” state at v = 5/2.
Much attention has been paid to the v = 5/2 state, which we will discuss specifically in
Sec 1.7.2. Here, we show more generally how exchanging flux and statistics leads to a
family of even-denominator states.

Before the experimental observation of any even-denominator fractions, Halperin
noticed that if electrons formed tightly-bound pairs, then applying Laughlin’s theory to
these charge-2e, bosonic pairs would yield the fractions v = 4/m, where here m is an even
integer.? (This can be generalized to bound states of n electrons, which yield the series
v = n?/m for any m and n with the same parity.) Taking m = 8 yields v = 1/2, the
first attempt to explain an even-denominator fraction, but Halperin had no explanation
for why a strong attractive pairing would occur. Greiter, Wen and Wilczek offered an

explanation by relating the v = 1/2 state to a state of electrons in zero magnetic field,
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which has a BCS pairing instability, and proposed a new wavefunction, which we now
motivate. 2122

Following Ref 23, consider electrons of density p in a magnetic field B; and adia-
batically increase the magnetic field by threading flux at the location of each electron,
until a total field By is reached and each electron has a (possibly fractional) flux quanta

attached to it. The initial and final magnetic fields are related by By/®y = B;/®¢ + ap,

and thus the initial and final filling fractions are related by

1
—=—+4a (1.21)
Vg V;

Since the final composite particles have exchange statistics o, Eq (1.21) says that the
change in inverse filling fraction is equal to the change in statistics, or, A(1/v) = A(0/x).
When « is an even integer and v; is an integer, Eq (1.21) reduces to the composite
fermions of Jain, described in Sec 1.4.5. Instead, Refs 21 and 22 consider the case
where B; = 0 and o = 2, yielding vy = 1/2. Thus, the v = 1/2 state is adiabatically
connected to a free fermion system in zero magnetic field, known to be unstable to
BCS pairing. At small values of «, where one can perturb away from B = 0, the
superconducting instability was found to have a large p-wave component.?? While the
perturbation theory does not apply at a = 2, it motivates a trial wavefunction, namely,

a paired wavefunction with p-wave correlations:

Upes({z}) = Pf( ! ) =A rN[ z; (1.22)

Zi—Zj
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where the A indicates anti-symmetrization over all possible ways of pairing the N elec-
trons. In Sec 1.4.1, we showed that wavefunctions in the lowest Landau level must be
analytic functions of z;. Thus, a potential wavefunction based on Wgcg that describes a

state at v =1/2 is

Upp = Pf (Zi i ) [ — 2 ] e = (1.23)

%17

a generalization of the Laughlin wavefunctions in Eq (1.13). The factors of (2, — z)?
ensure both that Wp¢ is analytic in the z; and that the electrons are at filling fraction
1/2; the filling fraction is computed the same way as in the Laughlin case, following the
text after Eq (1.13). It is evident that the wavefunction can be modified to describe any
filling fraction v = 1/(2m) by taking 2 — 2m. The wavefunction Wp¢ is an exact ground
state of a local Hamiltonian with repulsive 3-body interactions (while Wpcg is the exact
ground state of a Hamiltonian with 2-body delta-function interactions).??

Independently, and motivated by conformal field theory, Up¢ was also proposed by
Moore and Read, who showed that the excitations have non-Abelian statistics;?* we
postpone the discussion of statistics until Sec 1.7.2. However, in the strong-pairing limit
proposed by Halperin, the m = 8 Laughlin state has quasiparticles with charge 1/8

that of the pair, i.e., charge /4, and (Abelian) exchange statistics 7/8. Thus, although

pairing is the crux of both theories, they describe different phases of matter.
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1.5 Chern-Simons-Landau-Ginzburg Theory

Despite the descriptive and predictive success of Laughlin’s wavefunction approach,
it is desirable to have a field theory description of the fractional quantum Hall effect,
which would capture the universal aspects of the phase, independent of the particular
wavefunction. The history and a clear pedagogical account of this approach is given in
Ref 25, which we draw on extensively in this section. Many of the ideas originate from

Ref 26.

1.5.1 Flux Attachment

In this section, we develop the mathematical formalism behind the flux-statistics
transmutation discussed in Sec 1.4.6. Statistically, an electron is equivalent to a bo-
son with an odd number of flux quanta attached to it. The flux-attachment can be

implemented via the gauge field a(z), which satisfies
b=V xa(z) = (2k + 1)pop(z)Z, (1.24)

where p(z) is the electron density. If the external field is oriented opposite to b, i.e.,
B = —BZ, with B > 0, then when (2k + 1)¢o{(p(x)) = B, the net field b + B seen by
each boson will exactly cancel. Hence, the fractional fillings v = 1/(2k + 1) are special

points where Bose-condensation can occur. The Meissner effect then tells us that the
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condensate is incompressible: because magnetic flux cannot penetrate the condensate,

there is an energy gap to adding electrons.

1.5.2 Consequences of superfluid analogy

Heuristically, we can derive the Hall resistance from this picture: each composite
particle contributes to the charge current, I, = edN/dt, and the vortex (flux) current,
I, = (2k+1)podN/dt. The latter induces a transverse voltage drop, Vi = I,,, and hence
the Hall resistance is given by Ry = Vi /I. = (2k + 1)h/e?.

Taking the analogy further, a charged superfluid has vortices that contain integer
units of flux. In our Hall fluid, since 2k + 1 flux quanta are bound to a single electron, a
vortex consisting of a single flux quantum carries charge e/(2k+1). It follows that the ex-
change statistics between two composites consisting of a single flux quantum and charge
e/(2k+1) will be w/(2k+1). Thus, we have reproduced the Laughlin quasiparticles and
their statistics. These quasiholes are responsible for the quantized Hall conductance: as
in a Type II superconductor, where current can flow without dissipation as long as the
vortices are pinned by impurities, Hall current can flow without dissipation as long as

the quasiholes are pinned. These are exactly the localized states described in Sec 1.3.3.
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1.5.3 Derivation of Chern-Simons action

The Lagrangian for bosons with the flux attachment described in Sec 1.5.1 is?

Ly = & (ihd, — ec( Ao + ap)) & — % (iEY — cA — ca) |

~ 5 [ V- )it (1.25)

where ¢ is the quantized bosonic field operator, satisfying [gzﬁ(r), ot (1! )} = 0%(r — 1),
p(r) = ¢'(r)p(r) and dp(r) = p(r) — p is the deviation from average density, p. The

components of a can be expressed as

0 .. =
a;(r) = —@—e” /er’r]—r’gp(r’), (1.26)

2 r —r/
where 6 = (2k + 1)7 and €*? is the antisymmetric tensor. We can check that Eq (1.26)

satisfies Eq (1.24):

1) = 0,0,0) = 229 ([ I o)) = anCb+ o) (120

S orw v — /|2

We have used the two-dimensional identity V - (£/r) = 276%(r).* At any fixed time,
the gauge field a is completely determined. Its dynamics are given by the continuity

equation, d;p(r,t) + 0;7;(r,t) = 0, which yields

ela;(r,t) = ¢o(2k + 1)7,(r, 1), (1.28)

3The Lagrangian in Eq (1.25) is chosen such that the spectrum of its corresponding Hamiltonian is
identical to that of the electrons with no flux attachment, as verified in Ref 25.

4We derive this by noting that when r # 0, V - (£/r) = 1/r0,.(r/r) = 0, but the divergence theorem
tells us [d?rV - (8/r) = § (£/r) - frdf = 27, where the integral is over any circle centered at the origin.
We conclude V - (#/7) = 2762(r).
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up to a constant. Thus, a is completely determined in terms of the fields ¢ by Eqs (1.27)
and (1.28).

We now seek a Lagrangian for a, which will produce Eqs (1.27) and (1.28) after
applying the Euler-Lagrange equation. This is exactly the Chern-Simons action,

lmec ,,

where the Greek indices run over 0, 1,2. We have introduced a,, = (ao,a). To reproduce
Eqgs (1.27) and (1.28), we add a current term, —ea,j* to Lcs, vary with respect to ag and
a, respectively, and then choose the gauge ay = 0. Notice that Lcg is gauge invariant up

to a surface term: if da, = 9,A, then dLcg = 55 €70, (AD,a,). The mean field theory

17w ec
20 ¢o
solution to the combined Lagrangian, £ = L+ Lcs, is ¢(x) = /p,a = —A,ag = —Ay.
Plugging this solution into the equations of motion gives the filling fraction v = 1/(2k+1)

_1 e
2%+1 b

and the Hall conductance, o,, = Because there is a gap to excitations, we would
expect this solution to be robust to small fluctuations, which is verified in Ref 25.

As described in the previous section, when the magnetic field is moved away from
the idea filling fraction, vortices are created to compensate. In terms of the field theory,

a vortex at the origin takes the form

A 0
o(r,0) = f(r/0)/pe?, da(r,0) = j:f—;;, ap =10 (1.30)
where the dimensionless function f satisfies f(0) = 0, f(x — oo) = 1; the former

constraint comes from requiring ¢ to be continuous. Such a vortex carries unit flux
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§oa-dl = t¢y, and, applying Eq (1.27), fractional charge % As is the case in a

charged superconductor, the energy cost of a vortex is finite, consistent with an excitation

gap.”

1.5.4 Derivation of dual action

Two dimensional superconductors exhibit a flux-charge duality. In our two-dimensional
quantum Hall system, because each flux quantum is bound to a quasiparticle, the duality
is between quasiparticles and electrons. Writing the Lagrangian, £ = £, + Lcs, in its
dual form, we find a theory with quasiparticles as the fundamental object. In the next
section, we will integrate out the gapped bulk theory to find the low-energy theory of
the edge, which will be the starting point for upcoming chapters.

Writing ¢(r) = v/p(r)eX™) we define the vortex current

-V J— C 14
Ju(r) = 5" 0,05x(r) (1.31)

Naively, 7V = 0, but, crucially, because y is not continuous when vortices are present, 7V
is non-zero at the vortices. In particular, if there is a vortex at the origin, according to

(1.30), x(r,0) = 0 and the vortex density computed from Eq (1.31) is exactly unity:

oo v [ do L [ iing _ij{ —
/dxp_/da:c—%r/dme @ajx(r)—%r Vx(r)=1 (1.32)

5In Eq (1.25), the change in a exactly cancels the 6 contribution to Ve, so that 6 E o Iy wdx (f'(z))?,
where f is defined by Eq (1.30). In contrast, a neutral superfluid does not couple to the electromagnetic

gauge field and 6 F' fooo xdx ((f’(a:))2 + (f(z))? I%) , which yields the familiar result that vortex energy

diverges logarithmically with system size.
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Substituting this form of ¢ into the sum of the Lagrangian (1.25) and taking p constant

except for vortex configurations,
1
Ly = p(~hDix — echag) — S (~hVx — eda)* — / Pr'Sp(r)V (r — 1)3p(r'), (1.33)

where we have defined da = a — A. The action is linearized by introducing a Hubbard-

Stratonovich field, j, which yields

1
L, = p(=hox — ecdag) + ji (~hVx — eda), + %jiji ~3 /d2r’(5p(r)V(r —1')dp(r’)

(1.34)

Varying with respect to x yields the equation of motion, d,p+V -j = 0, which motivates

us to introduce the dual gauge field a", defined by

1 . C v v
P = %eij&-a;, Ji = %ezj(@jao — Qoaj), (135)

up to a gauge transformation, a;, — a;; + d,A. Comparing Eq (1.35) to Eqs (1.27) and
(1.28) shows that each quantum of vortex flux is attached to an electron, while previously
a quantum of the original flux a was bound to each quasiparticle. Substituting Eq (1.35)

into L} yields

; v €2, com e\, .
EX = —€auju — TE“ péau&,ap + 2_ﬁ (%) (8ja0 — 80aj)2
1 .
— 2752 /d%’e”@iéa}’(r)\/(r — r’)eklﬁkéalv(r’) (1.36)
0
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We will now drop the third and fourth terms, which have more derivatives in a", and

integrate out the gauge fields a in £ + Lc¢g to find the dual Lagrangian,

2k + 1 1
_C( + ) Pav O a¥ — —26“11[)14 0, a (137)

Eua = —ea)j, — v
dual Ul h 47 H=22P 91 R

which is entirely in terms of the vortex fields and currents — or, equivalently, the quasi-
particles. We could add a kinetic term for the vortex creation/annihilation operator, but
this term is not important if there are only a few vortices and they are pinned (which
also justifies dropping the interaction term in £/ .)
We can check that Eq (1.37) yields the correct observables: integrating out the gauge
field, a¥, yields
ec 1 1

_ " wp
LA = T oo A A, (1.38)

After including a current J, A*, the equations of motion are ehce“”p ma A, = J", which

1

gives the correct Hall conductance, 0.y = 575

and filling fraction, v = %IH.

1.5.5 Effective theory on a manifold with a boundary

Consider the Hamiltonian derived from Lgua1, taking 7V = 0: if we choose the gauge
ap = Ap = 0, the Hamiltonian disappears, because every term has either ag, Ay or dpay.
This is because bulk Chern-Simons theory only captures the ground state properties
of the system; by definition, all ground states are degenerate. Notice that when the

magnetic field deviates from a perfect filling fraction, the ground state contains quasi-
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particles, so the theory does capture information about quasiparticles and statistics.
Because L, is gauge-invariant up to a surface term, Hqua = 0 on any closed manifold;
this is not an artifact of our gauge choice.

On a manifold with a boundary, we know from Sec 1.4.4 that there are low energy
excitations at the edge. Thus, on a manifold with a boundary, we do not have the gauge
freedom to choose ag = Ag = 0. Instead, the gauge freedom becomes a physical degree of
freedom, whose equation of motion includes the velocity of the edge excitations. Because
the velocity is determined by the microscopic details of the edge, it is not included in
the Chern-Simons theory.

To input this information, we follow Wen:2” choose coordinates & = x +uvt,§j = y,t =
t, where the coordinate z is parallel to the boundary. The components of any vector w
in these coordinates satisfy, w;2; = w,Z,, so that, wy = w, — vw,, wz 5 = w,,. Then
define the field o, = a}; + A, /(2k + 1) and choose the gauge ag = 0. The equation of
motion from ag is then a constraint, €l d;a; = 0, which is satisfied by writing a; = 95,

for some continuous field ¢. Inserting this gauge choice into Lqua with j; = 0 yields,

Sdual‘%:o = 7 dzidfg (—(2/{: + 1)@¢8683¢—A;8683¢+@¢8@A3—&m@;A@) +S[A]
e’c o ¢l ¢
= = | d*2di-0; (—(2k + 1)3:p05p — D0 Ag) + % (0:045) + S[A]
e?c |
=-—> da:dtﬂ ((2k 4+ 1)0;9050 + 0z Ag) + S[A]

- % / d“”dtﬁ ((2k + 1)050 (0 — v0,) ¢ — Oup(Ay — vA,)) + S[A] - (1.39)
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where S[A] is the action from the Lagrangian (1.38) and we have used the fact that the
boundary is parallel to the x direction. If we require the Hamiltonian to be bounded
from below, then v and 2k + 1 must have the same signs; we take them to be positive.
Substituting the equation of motion for ¢ into the second term yields the more symmetric
form A,€,,0,p.

Now consider the effect of a vortex in the bulk, so that j, = ¢d(x). The equation
of motion from ag becomes eaﬁgaj = —%ﬁ(S(X). This equation is satisfied if ¢ —
0 — Tlﬂé’, where 6 is the angular coordinate. Alternately, a branch cut could be drawn

2

originating at the vortex and extending to the edge of the sample, so that ¢ — ¢+ 5775

upon crossing the branch cut. Either way, the field ¢ will acquire a phase 27 /(2k + 1)

upon encircling the vortex.

1.5.6 Edge operators

In Sec 1.5.5, the bulk action was reduced to one that exists only on the edge of
the manifold. It describes a (1 + 1)-dimensional chiral boson: the equation of motion
(neglecting A) is 0, (0y — v0,) ¢ = 0, which implies ¢(z,t) = ¢(x + vt). The conjugate

momentum is m = 2’1—:181% which yields the equal time commutation relation,’

2
2k +1

[o(x), Oye(y)] = i o(z —y) (1.40)

6The commutation relation for chiral fields differs by a factor of two from that of non-chiral fields,
[¢(z), 7(y)] = id(x — y), because two chiral fields can be mapped to a single non-chiral field.
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Here, we are using natural units, and will continue to do so for the rest of this section.

The coupling between ¢ and A yields the charge density and current operators:

B 1
p= 21 s
) 1
j= 2—8t<p (1.41)
T

Egs (1.40) and (1.41) allow us to compute, using the Baker-Campbell-Hausdorff formula,

o
2k +1

e?(x)p(y) = (ply) + liap(x), p(y)]) €9 = (p(y) - Sz — y)) el (1.42)

Hence, € and e'®*+1¥ are creation operators for quasiparticles and electrons, respec-
tively. Integrating (1.40) over y yields, [p(7), p(y)] = iz ysen(z — y). Apparently, ¢
does not commute with itself in different places! This is a peculiar property of chiral

fields. We can then compute the fractional statistics of the quasiparticle operators,

ioe(@) iBe(y) _ LiBe(y) yiap(e) p—aBle(2).e(y)] — HiBey) yiap(e) ,—igiyTsen(z—y) (1.43)

All operators, €¥, allowed in the theory should be local with respect to the electron,
¢!+ D¢ j e under two exchanges, the phase acquired should be trivial. Taking 8 =
2k 4+ 1 in Eq (1.43), we see that this is equivalent to requiring o € Z. Hence, physical
operators take the form e, with n an integer.

We would like to compute the correlators of the quasiparticle operators. First, we
compute the (py) correlator at A = 0 in imaginary time, 7 = it,

dg d

(eiqa:—i—in .
2w 27

(p(z,7)9(0,0)) = (¢(0,0)4(0,0)) = / 1) (¢(g, w)p(—q, —w))
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27 / dq dw ("1 — 1)

T 2%+1) 2rom ig(w + iqv)
27 dq ©(qr) iq(a—ivT)
_ s iq(z—ivT) _ q
1) / m g (e )
B o /oo dq (eiq(a:fim‘) _ 1)
S 2k+1), 2r q
1
= _ 1 ] 1.44
1 n((vr +ix)/a) (1.44)

where we assumed the integral only had finite contribution when ¢(z — ivr) > 1 and
introduced a, a short distance scale inversely proportional to the high-energy cut-off.

From (1.44), we can have the quasiparticle and electron correlators:

(m9E7) gind(00)y _ or2(6(@)600)~(90.0600) o 1 (1.45)

2
(vT + iz) 2

Thus, the scaling dimension of the single quasiparticle operator is 57 while the

3T
electron operator has scaling dimension LQH The unusual scaling dimension (compared
to the Fermi-liquid scaling dimension of %) is due to the highly-correlated nature of
the state and tells us that we are dealing with a (chiral) Luttinger liquid. The scaling
dimension can also be used as an experimental signature of a particular Hall state
through tunneling experiments, as described in Sec 1.6.1.

To connect with the discussion of edge excitations in Sec 1.4.4, we derive the Hamil-

tonian corresponding to Eq (1.39) (now dropping A),

m

_ - m 2
Haual = i /dﬂiax@ar@ = Engk OrP—k (1.46)
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where we have now defined m = 2k + 1 to prevent confusion with the momentum and
defined the Fourier transformed fields, ¢, = 1 [ dze**¢(z), for k = 2nn/L,n € Z. To

determine the spectrum of this Hamiltonian, define the creation/annihilation operators

aL = "g”—ﬂLgpk, ay = %go_k, for k > 0, which satisfy, using (1.40), [ax, aL,] = §(k—Fk).
Then
Haual = v Z kazak (1.47)
k>0

The edge behaves like a harmonic oscillator, consistent with the energy spectrum in
Eq (1.19). When L is finite, the edge excitations cost finite energy vk; as L — oo, they

become gapless.

1.5.7 K-matrices

The edge theory derived in Sec 1.5.5 can be generalized to the case where there are
multiple gauge fields, which can occur in a layered system or in the hierarchy states
described in Sec 1.4.5. Starting from Eq (1.25) with multiple gauge fields, the derivation

of the past few sections yields a generalization of Eq (1.39),
1 1
S = /dl’dt4— (Kué?t — V}J@x) @]8x(p] — 2—€MVAuayg0[t], (148)
T s

where K7; is a symmetric, integer matrix, V' is a symmetric positive-definite matrix,
and t is an integer vector. The signs of the eigenvalues of K dictate the direction of

propagation of each edge mode; we say that K is chiral if all eigenvalues share the same
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sign. The commutation relation that generalizes Eq (1.40) is

[or, Oy (y)] = 2miK ;6 (x — y) (1.49)

110201

The charge density is generalized from Eq (1.41) by p =}, “5=

, and similarly for the
current operator. The quasiparticle whose creation operator is e™/#/ is labelled by the
integer vector ny. It carries charge n;K; 'ty and its mutual statistics with the particle n’;
is 27Tn1KI_Jlnf,. Trivial quasiparticles are labelled by n; = [;K;;, where [; is an integer
vector; evidently they have trivial statistics with all other quasiparticles in the theory.
If the edge theory is chiral, then the generalization of Eq (1.45) is that the operator
e™91 has scaling dimension 2A, = anlen J- If K is not chiral, which can happen,
for example, if holes condense out of a filled Landau level, then the scaling dimensions
depend on the V matrix.” Furthermore, the structure of the edge can be significantly
more complicated: backscattering between different edge modes could drive the edge
into a new phase, potentially even a phase where the edge is gapped. We explore this
situation further in Sec 1.7.1.

The classification of edge states by their K-matrices and t-vectors was pioneered by

Wen?" and represents a complete classification of Abelian quantum Hall states, unifying

the microscopic theories for fractional states discussed in Sec 1.4.5.

"Following Ref 28, it is straight-forward to compute A,, = %mIAUA%(mK, where A = AjAsA3. Ay
is an orthogonal matrix that diagonalizes K: (AF{KAl)U = 1515 Ag rescales K: (A2),, = 51,7/\/W;
and Az (combined with Ay 2) diagonalizes V', while preserving the signature of K: (ATVA)IJ =70y,
ATnAs = n, where n;; = dry5gn(A;). For the chiral edge, n = I, from which it follows AAT = K—1;
hence, A,, is independent of V' in this case.
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Eq (1.48) will be the starting point for Chapters 2, 3, 4.

1.6 Experimental probes of the edge

In the earliest theoretical papers describing the fractional quantum Hall effect, Laugh-
lin proposed the existence of quasiparticles with fractional charge and statistics.!! In this
section, we describe two experiments that can probe these attributes — shot noise mea-
surements and interferometry — which will be central to later chapters. The theoretical

predictions rely on the field theory developed in Sec 1.5.

1.6.1 Theory of the quantum point contact

o
I

(a) QPC across Hall bar b) QPC between two Hall bars

Figure 1.6: Quantum point contact. Dotted lines indicate where backscattering can
occur between oppositely-propagating edges. The dark rectangles are Ohmic contacts.
In (a), all quasiparticles can tunneling across the quantum point contact, while in (b),

only electrons can tunnel.
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The quantum point contact (QPC) is arguably the most fundamental tool in frac-
tional quantum Hall experiments. In the ideal case, it consists of a single point where
tunneling can occur between two oppositely propagating quantum Hall edges, as de-
picted in Fig 1.6, or between a Hall bar and a normal lead. When the tunneling occurs
within a quantum Hall fluid, as shown in Fig 1.6a, all quasiparticles in the fluid will have
an amplitude for tunneling across the QPC. On the other hand, if tunneling requires
traversing the vacuum, as shown in Fig 1.6b, the only quasiparticles that can tunnel are
those which can exist in the vacuum, i.e., electrons and multiples of the electron.

Using the edge theory developed in Secs 1.5.5 — 1.5.7, tunneling within the Hall fluid

can be incorporated into the Lagrangian by adding a term,®

/
'Ctun — Z ()\nefianteinnP?efinJ@]j + hC) 6(3;) (150)
nezZN
where ©f/L denote the right- and left- moving fields on opposite edges of the Hall bar,

Gn =N ]KI_Jlt s is the charge of the quasiparticle labelled by n, V' is the voltage difference
across the QPC, and the QPC is at x = 0. The first term creates a quasiparticle on
the right-moving edge, while the second term annihilates the same species on the left-
moving edge. The prime on the sum indicates that first non-zero entry of n should be
positive; this is to prevent double counting n and —n. If the tunneling is in the vacuum,
only trivial quasiparticles can tunnel and the sum is restricted to n; = Ky l;,1; € Z.

Usually, we will only be concerned with the most relevant such operator. In the case

8For a detailed description of tunneling, see Ref 29.
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where tunneling is weak (A, < 1), we compute the tunneling current across the QPC
perturbatively.

The operator that measures current across the QPC is given by

!/

-[tun _ Z <Z‘qn)\ne—iqn\/t6in[<p?e—in.l‘ﬁ{? + hC) 5(:13) (1‘51)

nezZN

For a theory with a single edge mode, we can compute the contribution to the tunneling
current from a quasiparticle y = ¢™® that has charge e* and scaling dimension is § to

lowest order in perturbation theory, when A < 1:

<Itun> == <[tuni/dt£tun>

AP

— / eV ((x*)" (0,0)x"(0,0)x"(0,£) (x®)" (0, 1)) + h.c

:—6*‘)\|2/dt2i81,n(‘/t6*)
(ivt)49

o ()" 2isiny)
=W () sen(v) [a= ol

(iy)*

«\ 40 T
_ _jypa (%) sgn(V)F(245) (1.52)

We have used the correlator (1.45). The important point is the scaling of the tunneling
current, l, oc V471 a significant departure from Ohmic scaling. This is a universal
prediction of the field theory that could, in principle, be verified in experiment.

In a similar vein, we can compute the contribution to the shot noise from Yy,
S(w) = / 4t (T (0)Tyan(£) + Toun () Loun (0))
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= () ]AP / dte®! (e V(%) (0,00x(0,0x*(0,8) (x*)' (0,0))+

e ) 0,00, 00E(0,0) () (0.0))

. 2cos(Vite®)
— (o*)2 2 iwt 1.
(") /dte G (1.53)

In the zero-frequency limit,

2w
['(40)

o\ 46
Sw=0)= e*|)\|2|V|45_1 (%) = €| Lyun| (1.54)

Thus, the ratio of zero-frequency shot noise to tunneling current gives a measurement
of the charge of the quasiparticle whose tunneling across the QPC is most relevant. This
was originally proposed in Ref 30 and was experimentally verified in the v = 1/3 state

in Refs 31 and 32.

1.6.2 Interferometry

@

Figure 1.7 Two point contact interferometer. The two QPCs have tunneling

amplitudes t; and t5. A hole in the center can have a variable amount of flux, ®.

A key attribute of quantum Hall quasiparticles is their mutual statistics. To measure

statistics, the interferometer was proposed in Ref 33, which we follow here. Depicted in
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Fig 1.7, the interferometer consists of a Hall bar with two QPCs, creating two paths for
quasiparticles to traverse the edge. Thus, tunneling conductance displays an interference
pattern, which varies periodically as magnetic flux is inserted through the center region.
The period reveals the charge of the quasiparticle. In particular, at fixed filling fraction,
the phase a quasiparticle acquires from circling the central flux is e*® /A, thus the period
is AB = h/(Ae*).?

To measure the mutual statistics between quasiparticles, the number of quasiparticles
in the central region must be varied. If two quasiparticles have mutual statistics 276,
introducing a quasiparticle increases the interference phase by exactly this amount,
creating a phase shift in the interference pattern. Currently, there is no experimental
procedure for directly manipulating the positions of quasiparticles in a quantum Hall
sample. However, as the area of the device is varied, quasiparticles can indirectly be
introduced.

Interferometry experiments are difficult to interpret because many variables are
changing at once. The earliest experiments on the v = 1/3 state,?3 performed a

decade ago, are still open to interpretation. More recent work has focused on disentan-

9There is a subtle complication: if instead of the filling fraction being fixed, the particle number
is fixed, then as the magnetic field is increased by one flux quantum, a quasihole will be created to
exactly compensate for the additional flux, and the period will be ®;/A. Thus, the system must have
a backgate to vary the chemical potential and reservoir of electrons that can flow in, so that filling
fraction, and not particle number, is kept constant. This situation is discussed in more detail in Ref 33.
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gling the effects of changing area, flux and particle density, as well as of interactions, in

the central region.36-38

1.7 Particular quantum Hall states of interest

Here we discuss the edge structure of two quantum Hall states that will be relevant

to later chapters.

1.7.1 v =2/3: a non-chiral edge

Quantum Hall theories with edge modes propagating in both directions have an
additional complication: interactions between oppositely-propagating modes can cause
the Hall conductance to deviate from its quantized valued, contradictory to experimental
observation. This problem was first investigated in the context of the v = 2/3 state,
which was originally predicted to have a forwards-propagating v = 1 edge mode and a
backwards propagating v = 1/3 edge.?>*! However, the backwards propagating mode
was never detected in experiment and the conductance plateau was consistently observed
to be quantized.*?

Kane, Fisher and Polchinski (KFP)*® resolved this contradiction by showing that
random backscattering between the modes would drive the edge to a new fixed point

with quantized conductance. The eigenmodes of the edge would then be a single foward-
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propagating charged mode and a backwards propagating neutral mode. This theory
generalizes to the filling fractions v = n/(2np+1), which have backwards-moving modes
when p < 0.2

Experiments that probe the edge can distinguish the equilibrated and non-equilibrated
edge phases. In Ref 44, shot noise experiments, like those described in Sec 1.6.1, show
evidence consistent with the equilibrated edge. Refs 45 and 46 present strong evidence
for the existence of an upstream neutral mode; we consider Ref 46 in detail in Chapter 3.
In Chapter 2, we consider probing the v = 2/3 edge with microwaves as a novel way to
distinguish the two edge phases.

However, the story is not so simple: more recently, upstream modes have been ob-
served at filling fractions predicted to be fully chiral.*” Edge reconstruction is more
ubiquitous than fits into the simplest theoretical models. This fact must be kept in

mind when designing experiments and interpreting results.

1.7.2 v =5/2: a candidate for non-Abelian statistics

The possibility that non-Abelian statistics could be realized in a fractional quantum
Hall system spurred an intense research effort to understand the v = 5/2 state, which is
the most experimentally accessible candidate state. Before discussing the edge structure

of this state, we take a brief detour to explain non-Abelian statistics.
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Statistics in 2D

In dimensions greater than two, there is not a well-defined notion of one particle
making a loop around another particle because any loop can be continuously deformed
to a point. Since exchange of two identical particles is equivalent to half a loop, the
wavefunction can acquire a phase of 0 or m under exchange (27 upon completing the
loop); these phases correspond to bosons and fermions, respectively, and these are the
only point-like particles that can exist in dimensions greater than two. In two dimen-
sions, there is a well-defined notion of one particle circling another. If one particle
adiabatically circles another, the wavefunction can acquire a nontrivial phase.?® If the
phase is not a multiple of 27, the quasiparticles are called anyons.*?

This is not the full story: consider a system of N identical particles at spatial positions
R;,2 =1,...,N. Now consider all paths in space-time that return these particles to the
positions R; after time T', where particles are allowed to swap positions. The equivalence
classes of paths that are adiabatically connected, while keeping the endpoints fixed, are
exactly the elements of the braid group, By. The one-dimensional representations of the
braid group are the phases acquired by a wavefunction after two particles are exchanged.
(This can be extended to include distinguishable particles if each particle is restricted

to return to its endpoint after time 7'.) Higher dimensional representations are unitary

matrices: if there is a degenerate set of ground states, adiabatic winding of one particle
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around another can transform one ground state into a linear combination of the other
ground states according to such a matrix. If the matrices do not commute, the particles
are said to display non-Abelian statistics. For more details on non-Abelian statistics —
and especially their application to quantum computing — we refer the reader to Ref 50

and references therein.

Non-Abelian statistics at v = 5/2

Eq (1.23) gives the Pfaffian wavefunction, a candidate wavefunction to describe the
bulk state at v = 5/2. The paired nature of the wavefunction requires that quasiholes
also come in pairs.?* As the positions of two quasiholes approach each other, they are
equivalent to a single Laughlin-type quasihole — that is, they correspond to insertion of
a single flux quantum. Hence, a single quasihole is equivalent to half a flux quantum;
this gives a hint that something more exotic than an Aharonov-Bohm phase could occur.
Mapping the problem to a known one in conformal field theory reveals that the state
with four quasiholes is two-fold degenerate and the two ground states transform into each

24,51

other when one quasiparticle circles another. Heuristically, the two-fold degeneracy

results from the two ways the four quasiparticles can be grouped into pairs.
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Edge structure

The edge excitations can be counted in a manner similar to that described in Sec 1.4.4
for the Laughlin states; the counting shows that the edge is described by a gapless chiral
fermion, in addition to the gapless boson common to all Abelian states.6:52

The half-filled state has particle-hole symmetry. Thus, the anti-Pfaffian state, which
is the particle-hole conjugate to the Pfaffian, is an equally viable candidate to describe
the phase at v = 5/2.%3%" The edge structure of the anti-Pfaffian state is found by
reversing the boundary between the Pfaffian and the » = 1 state. This interface is
non-chiral; analogous to the v = 2/3 edge described in Sec 1.7.1, random backscattering
between oppositely-propagating modes drives the edge to an equilibrated phase which
has one chiral boson propagating parallel to the edge modes of the two filled Landau
levels and three counter-propagating chiral fermions.

There are also other candidate states that we will not discuss here.

Many experiments probing the edge physics have attempted to determine the phase
of the v = 5/2 state. Both the Pfaffian and the anti-Pfaffian have charge-e/4 quasi-
particles (corresponding to a half flux quantum), but differ in the minimum scaling
dimension of a tunneling operator and in their chirality. The e/4 quasiparticle charge

was measured in Ref 55 and 56 by measuring the shot noise across a QPC, as described

in Sec 1.6.1, and in Ref 57 using local thermometry in the bulk. The minimum scaling

49



Chapter 1. Introduction

dimension was also measured in Ref 55 and was shown to be more consistent with the
anti-Pfaffian state than the Pfaffian. An experiment with two quantum point contacts*®
revealed a non-chiral edge, also consistent with the anti-Pfaffian state; this experiment
is the focus of Chapter 3. There is also experimental evidence of non-Abelian statistics
(present in both the Pfaffian and anti-Pfaffian), using a more elaborate version®®5? of
the interferometry described in Sec 1.6.2.°° We propose an interferometry experiment
using microwave absorption that would provide complementary evidence of non-Abelian
statistics in Chapter 2.

Numerical investigations have examined the effect of Landau level mixing, which
breaks particle-hole symmetry; we refer the reader to Ref 50 for these references. Ref 61
includes Landau level mixing perturbatively and shows that the Pfaffian phase is favored
when Landau level mixing is below a critical value that is a function of the well-width;
above this threshold the perturbation theory is less reliable and the results inconclusive.
It is not clear which regime describes the experimental results.

In summary, determining the universality class of the v = 5/2 plateaus achieved in

experiments remains an active area of research.

1.8 Swurprises at the edge

We now motivate the three papers that comprise this thesis.
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1.8.1 Microwave absorption of quantum Hall edges

The experiments that we have discussed to probe quantum Hall edges are all trans-
port measurements. However, transport measurements rely on Ohmic contacts, which
introduce a host of non-universal physics. Furthermore, they average over the edge
modes, so cannot directly distinguish equilibrated from non-equilibrated edges. In Chap-
ter 2, we consider probing quantum Hall devices with microwaves. The device we are
imagining is contact-free and the absorption spectrum has a peak corresponding to each
charged edge mode. In addition, if a quantum point contact is introduced, the device
becomes an interferometer, where the period of oscillations in the absorption spectrum
corresponds to the statistics of quasiparticles in the bulk. The amplitude of oscilla-
tions is first-order in the tunneling amplitude — this is in contrast to the interferometer
discussed in Sec 1.6.2, where the correction is second-order.

In Sec 1.7.1, we explained that the v = 2/3 edge can either be in the non-equilibrated
or equilibrated edge phase. One might expect a phase transition between these two re-
gions: in small systems, where the edge does not have a chance to equilibrate, two
counter-propagating charged modes should be present, while in larger systems, the sys-
tem has a chance to reach an equilibrated edge with one charged mode and a counter-
propagating neutral mode. The microwave experiment could distinguish between these

phases by counting the number of charged edge modes.
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1.8.2 Upstream neutral modes

In Sec 1.7.1, we explained why a counter-propagating neutral mode must be present
to explain the quantized conductance at v = 2/3. Since that prediction, it has been
an experimental challenge to observe the neutral mode. This challenge was finally over-
come by observing that neutral modes can influence the shot noise across a QPC, as
demonstrated in Ref 46. This experiment can also distinguish between the Pfaffian and
anti-Pfaffian states described in Sec 1.7.2. In Chapter 3, using the field theory developed
in Sec 1.5.5, we analyze this experiment. From our analysis, we make the unexpected

prediction that neutral modes can also affect charged tunneling current.

1.8.3 Bulk-edge correspondence

In systems with a shallow edge confining potential, the electron density might not
drop off sharply from filling fraction v to filling fraction 0. Instead, it might be ener-
getically favorable for the electrons to form one or more incompressible strips at the

62765 This effect is known as edge reconstruction. Since the incompressible strips

edge.
also have edge modes, the result is an extra set of counter-propagating modes at the
edge.

In Chapter 4, we show that interactions between these modes and the original edge

modes can change the phase of the edge, implying that the edge-bulk correspondence
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is many-to-one. If the original edge was non-chiral, it is not a surprise that multiple
edge phases can exist; for example, the v = 2/3 state has two possible edge phases.
However, for chiral edges, where backscattering cannot occur, it was assumed that the
bulk-edge correspondence was unique. Thus, our result is unexpected. We classify the
chiral Abelian phases where this can occur and provide experimental signatures of the
two distinct edge phases. We find that edge phases correspond to lattices, while bulk

phases correspond to genera of lattices.
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Chapter 2

Microwave absorption of quantum

Hall droplets

In this chapter, we consider the absorption of microwaves by a quantum Hall droplet.
We show that the number and velocities of charged edge modes can be directly mea-
sured from a droplet of known shape. In contrast to standard transport measurements,
different edge equilibration regimes can be accessed in the same device. If there is a
quantum point contact in the droplet, then quasiparticle properties, including braiding
statistics, can be observed. Their effects are manifested as modulations of the microwave
absorption spectrum that are, notably, first-order in the tunneling amplitude at the point

contact.
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Chapter 2. Microwave absorption of quantum Hall droplets

This chapter is reprinted with permission from “Microwave absorption by a meso-
scopic quantum Hall droplet,” by Jennifer Cano, Andrew C. Doherty, Chetan Nayak,
and David J. Reilly, Phys. Rev. B 88, 165305. Copyright 2013 by the American Physical

Society.

2.1 Introduction

A classic problem in mathematical physics asks “can you hear the shape of a drum?” 9667
In this chapter, we address the natural generalization: “can you hear an anyon in a
drum?” For the sake of concreteness, we consider a ‘drum’ that is a mesoscopic quan-
tum Hall device of circumference L ~ 10 — 100um. The excitations of the edge of a
quantum Hall droplet, which are gapless in the limit of a large droplet, have a minimum
energy 2mhv/L, where v is the velocity of edge modes and L is the circumference of the
droplet. Therefore, for v = 10* — 10° m/s, the edge modes of such a drum can be ‘heard’
in the frequency range ~ 1 — 100 GHz or, in other words, with microwaves. Such modes

68-76

have already been observed using spectroscopy in samples on the millimeter scale

77,78

and analyzed using semiclassical models, and have also been observed through time

42,79-82

resolved measurements. Here, we focus exclusively on the absorption spectrum of

micron-scale samples tuned to quantum Hall plateaus.
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Chapter 2. Microwave absorption of quantum Hall droplets

As we show in this chapter, microwave absorption gives a window into edge excita-
tions that is different from and complementary to transport.3%%2 Moreover, it provides a
probe that can enable one to observe a key feature of the theory of fractional quantum
Hall states — the exotic braiding statistics of its excitations — that has, thus far, remained
somewhat elusive experimentally. The fractional charge and statistics of quasiparticles
are the lynchpins of the theory of the fractional quantum Hall effect. According to Laugh-
lin’s gauge argument, fractional quantized Hall conductance can only occur if there are
quasiparticles with fractional charge.!® There is strong experimental support for frac-
tional charge e* = /331328386 at 1y = 1/3,7/3 and for e* = /4565787 at v = 5/2. But

fractionally-charged quasiparticles must have fractional braiding statistics,®® and both

14,17 26,89

microscopic wavefunctions and long-wavelength effective field theories predict
that quasiparticles in the fractional quantum Hall effect are anyons. However, the braid-
ing properties of quasiparticles are not directly manifested in bulk transport experiments
or even in transport through a quantum point contact. A two point contact interfer-
ometer device is, until now, the only proposed way to directly observe them. Although
there is a measurement®” that is consistent with non-Abelian anyon quasiparticles at
v = 5/2, it is not definitive since it has not been reproduced and other interpretations
are conceivable. The setup described in this chapter would enable a truly distinct and

independent measurement of quasiparticle braiding properties. Moreover, it can enable

the measurement of some aspects of the physics of quantum Hall edge excitations, such
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Chapter 2. Microwave absorption of quantum Hall droplets

as the number of edge modes and their velocities, that are difficult to directly observe
in transport experiments.

Our proposed setup consists of a quantum Hall droplet or circular disk coupled to
a broadband microwave co-planar waveguide and used as a microwave spectrometer,
as shown in Fig. 2.1. The electric field between the central track and ground of the
waveguide couples to the charged edge modes of the droplet and allows a non-invasive
means of probing the system, without contacting the electron gas. The absorption
spectrum, determined by measuring the amount of transmitted microwave power through
the waveguide, will be one or more series of peaks corresponding to the allowed edge
modes of the droplet.

For a circular droplet, there will be one peak for each charged edge mode and the
positions of the peaks in frequency provide a direct measurement of the velocity of the
mode. This is particularly interesting for certain fractions that are predicted to have
counter propagating edge modes on a completely clean edge but one charged and one
oppositely propagating neutral mode on a disordered edge large enough for modes to
equilibrate.®43 The most notable example is at v = 2/3, where such neutral modes were
recently observed.*>46 In our setup, we would expect to see one charged mode in a device
that is larger than the equilibration length, and multiple modes in smaller devices. The
latter possibility has not yet been observed. Furthermore, a surprising result in Ref. 45

is the observation of an upstream mode at ¥ = 1 and, simultaneously, a local Hall
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h
5.

—. This observation indicates that a local measurement between points

resistivity of %
20 pm apart is at a distance less than the equilibration length and in this region, the
edge supports both v = 1 and v = 2/3 edges. Hence, in a droplet smaller than this
length, one would detect multiple charged modes. At v = 5/2, one of the candidate
states, the anti-Pfaffian state®%* similarly has two phases of edge excitations, one with
a single charged mode and one with two, one upstream and one downstream.

A quantum point contact (QPC) can be produced by fabricating standard surface
gates that overlap the droplet to create an interferometer: the heights of the peaks
oscillate as a function of magnetic field and the oscillations experience a phase slip
when the number of quasiparticles changes. However, unlike in a two-point contact
interferometer, the oscillations are first-order in the tunneling amplitude.

In what follows, we first compute the absorption spectrum of a quantum Hall droplet
in an integer or Laughlin state with no QPC. Next, we consider filling fractions with
more complicated edges and show how the absorption spectrum reveals the number of
current carrying modes. Then, we add the QPC and show how the spectrum acts as an

interferometry measurement. We then repeat the calculation for filling fraction v = 5/2

and predict the non-Abelian interference pattern.
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CPW Output Port

Quantum
Hall Droplet

E Field

CPW Input Port

Figure 2.1: Quantum Hall droplet in a microwave waveguide. Note that the
droplet and microwave wavelength are not drawn to scale. The latter is much larger,

and the electric field is approximately constant on the scale of the droplet.

2.2 General Considerations

2.2.1 Experimental Setup

We consider a single mesoscopic disk or droplet of electron gas in the quantum Hall
regime and capacitively coupled to a broadband, coplanar waveguide or narrow band
resonator (see Fig. 2.1). The droplet is not in ohmic contact with any leads, allowing
continuous edge states around its circumference, and is probed purely through its mi-
crowave absorption spectrum. When the frequency of incident microwaves is tuned so
that they are resonant with one of the excited states of the quantum Hall device, there

will be absorption and a corresponding change in the amplitude and phase of the mi-
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crowave power transmitted through the coplanar waveguide. Small changes in microwave
power and phase are readily measured with cryogenic amplification and standard homo-
dyne detection techniques. We envision devices that also include an adjacent Hall bar,
fabricated on-chip but sufficiently far away to be decoupled from the droplet. This Hall
bar enables simultaneous transport measurement for comparison with microwave data.

In addition to the microwave response from the edge magnetoplasmons, there will be
a background signal from the bulk. We estimate the dipole matrix element of a localized
bulk excitation to be ~ efy, where [y is the magnetic length. Between Landau levels
(where the transverse Hall conductance shows plateaus in transport), such an excitation
will give a weak background contribution ~ w?(efy)? to the absorption spectrum R(w)
of the edge magnetoplasmons. When the number of occupied Landau levels is changing,
however, the bulk excitations can lead to significant absorption R(w) ~ T'/(w? + T'?)
characteristic of a metallic state (where the DC conductivity is ~ 1/T"). In this regime
the contribution from edge magnetoplasmons will merge with the spectrum of bulk
excitations. However, it can be easily separated by measuring the microwave response
as a function of frequency and magnetic field.

There will also be non-local bulk excitations, which are the edge channels that cir-
cumnavigate domains of a different filling fractions. For example, when the droplet is at
filling v = 1, there are puddles of ¥ = 0 and v = 2 in the bulk. Surrounding these puddles

are bulk magnetoplasmons that are identical to the edge magnetoplasmons (but do not
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traverse the entire sample) and couple to the electric field in the same way. Depending
on their size and the local steepness of the confining potential, some bulk modes might
be in the same frequency range as the edge modes, but if this is so, the signal of bulk
modes should be weaker than that of the edge because of their small dipole moment. In
addition, scanning the magnetic field should distinguish a bulk magnetoplasmon because
it will exist across several filling fractions until it either disappears or merges with the
edge spectrum as a bulk state percolates across the system to drive a transition between
plateaus.

Another consideration is that, even on a plateau, if the microwave frequency is higher
than the mobility gap, then there will be absorption characteristic of a metal in the
bulk. Therefore, in order to be resonant with an edge excitation of energy w = 27v/L
(where L is the circumference of the droplet) but still below the bulk mobility gap (or,
operationally, the gap deduced from transport, Ay), we need 27v/L < Ay. Thus,
relatively large devices and smaller velocities are advantageous. Large devices are also
expected to couple more strongly to the electric field from the waveguide and hence
show a larger response. On the other hand, in order to probe different equilibration
regimes and to observe quantum interference effects, it is advantageous to have smaller
devices. Thus, there is an intermediate regime L ~ 10um and velocity v ~ 10%m/s
in which we expect to be able to isolate the physics of edge excitations if the system

42,79,90

lies on a quantum Hall plateau. Note that some experimental observations are
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consistent with a larger velocity ~ 10°m/s; it may be necessary to tune gate potentials
and the magnetic field in order to have a smaller velocity in which the aforementioned

intermediate regime of frequencies exists. 7680

2.2.2 Kohn’s Theorem

As mentioned in the introduction, for a very clean quantum Hall device at a filling
fraction with multiple edge modes, we expect to see one peak in the absorption spectrum
for every charged edge mode with a distinct velocity. This is of particular interest for
fractions predicted to have a disorder driven (equilibrated) fixed point, because the
clean and disordered systems would have different numbers of charged modes, and hence
different signatures in the absorption spectrum.

On the other hand, since the electric field is nearly constant on the scale of the the

quantum Hall device, it couples to the dipole moment of the system as follows:

i>] 7

H = ngi + ZV(ri —r;) +ZU(ri) +€ZI‘1‘ -E
P i

P
= I+ NeReq, - E

2Nm
+ U(Rc,m.a I.rel717 s 7rrel7N—1) + Hrel (21)
where R, and P, are the center-of-mass coordinate and momentum; ryej 1, . . ., Frel N—1

are the relative coordinates; U(Rc.m.,rre1,1, o Tran—1) = » .U(r;); and H,e is the

Hamiltonian for the relative motion of the electrons. Kohn’s theorem stems from the
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observation that the electric field is only coupled directly to the center-of-mass motion
and the center-of-mass motion is only coupled to the relative motion through U. If
ﬁ(Rc.m.yrrel,ly ey TrlN—1) = Uc.m,(RC.m,) + ﬁrel(rrel,l, ..., Tyl N—1), as is the case for a
quadratic confining potential (and for a translationally-invariant system), the center-of-
mass motion decouples from the relative motion. In such a case, the response to an
electric field is determined entirely by the center-of-mass motion.

In a system in its ground state in a quadratic potential, the electric field can only
cause a transition to the first excited state, so there will be only a single peak in the
absorption spectrum. Hence, we must conclude that in our effective theory of the edge,
the edge mode velocities and inter-mode interactions are such that the there is only a
single charged mode (of a type that we discuss in the next section). But, if U is not
quadratic, the center-of-mass coordinate is coupled to the relative coordinates, and there
will be peaks corresponding to excitations of the relative motion of the electrons. Thus,
we will be able to learn more about the details of the edge structure electromagnetically.

Generically, we do not know the coupling strength between the center-of-mass coor-
dinate and the relative coordinates and the confining potential might have to be tuned

in order to see multiple peaks. We expect this coupling to be tunable by changing the

shape of the droplet or the steepness of the edge.
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(a) Circular droplet, no QPC (b) Generic droplet with QPC

Figure 2.2: Quantum Hall droplets.

2.3 Circular droplet

2.3.1 Laughlin states and v =1

We first consider the simple set-up depicted in Fig 2.2a, a circular quantum Hall
droplet in a uniform electric field at filling fraction v = 1/m, for m > 1 an odd integer.
For these fractions, there is a single edge mode that will couple to the electric field when
the frequency of the field matches that of an excitation at the edge. We compute the
absorption spectrum using a framework that is generalized in subsequent sections.

The edge modes are described by the chiral Luttinger liquid action?%91:92

Sy = g / dt ds (8, — v0,) (s, 1)Ds(s, 1) (2.2)

where s parametrizes the distance along the edge of the droplet, and v is the ve-
locity of the edge mode. The field ¢ satisfies the equal-time commutation relation
[p(x, ), 0s0(y, t)] = %@5@ —y). The charge density at a point s along the edge is given

by p = 0s¢/(2m). The electric field of the microwaves E = Ecos(wt)y couples to the
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charge density of the droplet according to
Lp = Ecos(wt)y(s)p(s,t) (2.3)

where y(s) gives the y-component of the edge of a droplet; p is the charge density at
the edge, given by p = 0s¢/(27), where ¢ is governed by the action (2.2). For a circular
droplet of circumference L, y(s) = #sin (27s/L).

This is the minimal edge theory dictated by the bulk qantum Hall state. There can
be additional non-chiral pairs of edge modes, depending on how soft the edge potential is.
We will focus here on the case in which there are only the minimal edge modes dictated
by the bulk. The more general case can be analyzed by a straightforward extension of
the present discussion.

The spectrum R(w) including both absorption and emission components is found by

Fermi’s Golden Rule:

2

R(w) = %/dSldSQy(Sl)y(Sg)Spp(Sl,SQ,Q}) (2.4)
where,
S5, 59, 0) — / dtcos(wt) (p(s1,)p(s2, 0)) (2.5)

There is a subtlety in computing the (pp) correlation function: because electrons acquire
a phase upon circling the droplet, the field ¢ is not periodic. However, this phase drops

out of all calculations until we include a QPC, so we defer discussion of this phase to
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Appendix B.1 and here compute the density-density function using the form of y(s)
given above and the action (2.2). The result is a spectrum with a single pair of peaks
at w = +27mv/L:

B212
R(w) =
W) =vos

d(w £ 2mv/L) (2.6)

Fortunately, these peaks are expected to be in an experimentally accessible regime: using
the value v = 10* m/s extrapolated from measurements in Ref 90, for a large Hall droplet
with L = 50 um the peaks are at frequency w/2m = 200 MHz. The frequency increases
inversely with L as the droplet gets smaller in size; for L = 10 pym, w/27 ~ 1 GHz.
The delta-function shape of the peaks in the absorption spectrum comes from the
isolated poles of the density-density propagator, which correspond to an infinite lifetime
for edge excitations. Realistically, the edge excitations will have a finite lifetime due
to physics that is neglected in the action of Eq 2.2, such as losses in the waveguide,
finite longitudinal resistance, and phonon coupling. In a lossless waveguide, phonon
coupling will be the dominant contribution to the width and we consider it in detail in

Appendix A. The result is that the spectrum of Eq 2.6 is modified to

_ B n(w)
3272 (w — 2mv/L)? 4 n(w)?

R(w) (2.7)

where n(w) = Im [E(k,w)] in Appendix A. When the piezoelectric contribution domi-
nates that of the deformation potential, as for GaAs, n o< 1/L and the Q-factor of the

device is independent of its circumference. For a GaAs device with v = 10°m/s, we find

66



Chapter 2. Microwave absorption of quantum Hall droplets
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(a) Circular droplet (b) Droplet with QPC

Figure 2.3: Absorption spectra for a 10um droplet with v = 10‘m/s and peak
width determined by phonon coupling. The circular droplet (a) permits only one

set of peaks, while the non-circular droplet (b) allows a series of peaks.

@ ~ 350. For droplets with circumference 10 — 50 pm, n(w) ~ = x 10MHz for the nth

peak at filling fraction ¥ = 1/m. The absorption spectrum for the circular droplet is
shown in Fig 2.3a.
Having only a single peak is specific to the circular droplet. Generically, there are

peaks at w = 2mnv/L for all integers n with width given by n(w), and the spectrum is

generalized for a droplet of arbitrary shape to

R S e e e PRI 28)

This is consistent with the discussion of Kohn’s theorem in Sec 2.2.2. Because a quadratic
confining potential can only result in a circular (or elliptical) droplet, these shapes must
only have one peak in the absorption spectrum. Other shapes result from non-quadratic

terms in the confining potential and are not violating Kohn’s theorem by having multiple
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peaks. For most circle-like shapes, the additional peaks are very small, but for the
double-lobed droplet depicted schematically in Fig 2.2b, several peaks should be visible,
as shown in Fig 2.3b.

At finite temperature there is a prefactor coth(fw/2) to Egs 2.7 and 2.8. We do not
consider the temperature dependence of n(w).

For a droplet of any shape, the absorption spectrum provides a direct measurement
of the edge mode velocity. The edge excitation velocity has been deduced in several
experiments at specific filling fractions**793 but there is only one reported measurement
that studies its evolution with magnetic field.”® Measuring the edge velocity from the
absorption spectrum would provide a more direct measurement than Ref 90 and confirm
their estimate of when the velocity switches from a ‘skipping orbit model” to the Ex B

drift velocity.

2.3.2 Probing the structure of the edge

When v # 1/m, the edge structure is more complicated. There are expected to be
multiple edge modes, which have distinct velocities and mix via density-density inter-
actions and impurity scattering. Here we consider the absorption spectrum of a droplet
at a filling fraction with multiple edge modes, first in the clean limit, and then with

disorder.
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A perfectly clean edge with n edge modes may be described by the Lagrangian

1 5 ~
LK 47T 35(;51 ( Z-jﬁt + vijﬁs) ¢j (29)

“land vis a

where the n-by-n matrix K determines the filling fraction by v = ). K
matrix of non-universal velocities and density-density interactions. The charge density
is given by

=3 =5 00, (2.10)
Following Ref 28, we simultaneously diagonalize K and v by conjugation with a matrix
M: (MT@M)Z,J. = v;0;; and (MTKM)Z.J. = 1;0;; with n; € {£1}. Then Eq 2.9 can be
rewritten as a sum of non-interacting chiral edge modes ¢; = Miglqz;j with respective

velocities v;n;, which might be positive or negative:

1
£many == E Z as(bz (nlat + vias) ¢Z (211)

Then Egs (2.3)-(2.5) can be used, and the absorption spectrum is given by Eq 2.4 with

SP(s1, 82, w) =
/dtcos (wt) Z T pi(s1,t)pi(s2,0)) (2.12)
ijk
where p; = 05¢,/(27). For a circular droplet, we find:

_ E*L?

Ryc(w) =
327

> My MJ,6(w £ 2mv; /L) (2.13)

igm

We check this result in two simplifying cases:
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1. When there is only one edge mode, K = 1/v, M = /v and Eq 2.13 is exactly

Eq 2.6.

2. For integer quantum Hall states v = n without any inter-mode density-density
interactions, K = M = I,, and v is diagonal, but generically not proportional to

I,. Then Eq 2.13 simplifies to

Ryp(w) = E3 ;T > 6w & 2mv;/L) (2.14)

Jj=1

The spectrum consists of n peaks corresponding to the n different velocities of the
edge modes. However, as discussed in Section 2.2.2, if the confining potential is
quadratic, then there will be a single peak, corresponding to the center-of-mass
motion of the entire electron system and all of the edge mode velocities must be

the same.

For generic filling fractions with n edge modes and inter-mode interactions, we expect
to see n peaks with a non-universal pre-factor Y., M;;M,,; in front of the j™ peak.
Hence, in the clean limit, the absorption spectrum counts the number of distinct edge
modes. If this limit could be observed, it would be direct evidence of the physical reality
of the edge mode theory.

For a droplet of arbitrary shape, Eq 2.13 generalizes to

Ruan () = 2 3 MyMJ, > kylby(—R e~ k) (2.15)

igm
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which is the many-mode equivalent of Eq 2.8. In this case, we see n series of peaks for
which the spacing between peaks in each series is proportional to the velocity of the
corresponding edge mode.

The presence of disorder allows equilibration between edge modes, which can dra-
matically change the edge structure. In Ref 28, it is shown that tunneling between edge
modes due to scattering off random impurities can drive the system to a random fixed
point. For a certain hierarchy of states with n edge modes, the fixed point is stable and
has one charged mode and n—1 neutral modes. Since the neutral modes do not couple to
the electric field, the absorption spectrum in this limit will be exactly that of Sec 2.3.1:
a single peak for a circular droplet or a single series of peaks for a droplet of arbitrary
shape. Specifically, at integer fillings v = n, arbitrarily weak disorder is a relevant term
that will drive the edge modes to equilibrate and the absorption spectrum will consist of
only one peak corresponding to the equilibrated charged mode. For filling fractions with
counter propagating edge modes, such as v = 2/3, it takes a critical amount of disorder
to drive the system into the equilibrated state with only one charged mode. Hence, for
weak disorder or for a droplet smaller than the equilibration length, we would expect
to see n peaks in the absorption spectrum, as in the clean limit, but when the size of
the droplet exceeds the equilibration length, we expect to see only one peak. Recent

45,46

experiments detecting neutral upstream modes at expected fractions are presumably

in the equilibrated regime. By considering droplets of multiple sizes (perhaps tuned by
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gating) in our setup, both regimes could be observed. Note that, unlike in transport
experiments, we would not have to change the locations of contacts in order to access

different regimes — there are no contacts in our device.

2.4 Interferometry

When probed through microwave absorption, a quantum Hall droplet with a single
QPC acts an interferometer whose interference pattern appears as a correction to the
height of the absorption peaks that oscillates with magnetic field. We will calculate
this correction to first-order in the tunneling amplitude and find its dependence on
the magnetic field and the number of quasiparticles in the droplet. It is notable that
the result is non-zero already at first-order in the tunneling amplitude, since transport
through a Fabry-Perot interferometer would only see oscillations at second-order in the
tunneling amplitude. 33:36:58:85,90,94-98

In this section, we consider the cases v = n and v = n + 1/m. We model the QPC

by adding a tunneling term to the Lagrangian,
Liwn = Ae'®Eatle=i0l0t) gy (2.16)

where in the integer case Eq 2.16 represents the tunneling of electrons across the QPC
while, in the Laughlin case, the term represents the tunneling of charge e/m quasipar-

ticles across the QPC. In the latter case, we could also add a term to represent the
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tunneling of electrons across the QPC, but such a term is less relevant. The position of
the QPC is given by s, and s, as shown schematically in Fig 2.2b.

We want to find JR(w), the leading order correction to the absorption spectrum
in the presence of tunneling. We calculate 0 R(w) in Appendix B.1 for a droplet of

arbitrary shape. Here we consider a simplified, but realistic, case in which the droplet

is symmetrical over the x-axis, so that y(s) = —y(L — s) and s, = L — s,, yielding
EQ
IR(w) = 4|l {ﬁcoth%H(w)G(ﬁ) cos(p) (2.17)

where H and G are given by,

1 sin(kys,)sin(kas,)
H(w) = — y(k1)y (ko)
L2 k‘l,Q;ﬂ'n/L 1 i U(lﬁ + k2)
k17#—ko

n(w) B n(w)
(oo e ) 9

G(B) = exp [% Z %(cos(2ksa) — 1)(:0&1@] (2.19)

H determines the size of the corrections as a function of frequency and G(3) coth(fw/2)
contains all the temperature dependence of the corrections. Both H and G depend on

the placement of the QPC. The phase ¢ is given by

2 ) 25, (P
Y = _7T (f +ngr — i <— _'_ntot)) + (220)
0

m

where m = 1 for integer states and m = 1/(v — |r]) for Laughlin states, ® is the flux

penetrating the bulk, ®x is the flux penetrating the right lobe, n;, is the number of
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quasiparticles in the bulk, ng is the number of quasiparticles in the right lobe, and «
is a phase that is independent of magnetic field. Eq 2.20 shows that for a droplet of
fixed shape, the correction d R(w) varies sinusoidally with magnetic field and its phase is
determined by the number of quasiparticles in each lobe. The basic physical picture
is the following. The density-density correlation function involves the creation and
annihilation of a quasiparticle-quasihole pair. Since the density is integrated over the
edge of the droplet, this pair can be created anywhere. At first-order in the tunneling,
the pair can encircle either lobe (which involves a single tunneling event at the point
contact). These different processes will interfere with each other, and the interference will
essentially be controlled by the difference between the phases associated with encircling
either droplet. However, the sizes of the lobes matter: it is easier for the pair to encircle
a smaller lobe, so a quasiparticle in a smaller lobe gives a larger contribution to the
interference phase than a quasiparticle in a larger lobe. In the next subsections, we will
analyze the oscillations and phase shifts; determine the optimal placement of the QPC to

see maximum oscillations; and calculate the decay of oscillations at finite temperature.

2.4.1 Oscillations and phase shifts

We now consider the oscillations coming from the phase ¢ in Eq 2.20. There are two

predictions: first, if we fix the number of quasiparticles and vary the magnetic field, we
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expect oscillations with period proportional to the charge of the quasiparticles:

1
AB = m®, (AR - 22‘24) (2.21)

where A and Agr denote the areas of the total droplet and the right lobe, respectively.
The factor of two comes directly from Eq 2.20. We consider this expression in a few
limiting cases: first when s, — 0, the right side of the droplet disappears so that Az — 0.
Hence, AB — oo and there are no oscillations; this is what we would expect because
the QPC effectively disappears into the right side. Similarly, when s, = L/2, the left
side disappears and A = Ag; again there are no oscillations and AB — oo. The third
case is when s, = L/4 and the right and left lobes have equal area A = Ay, = A/2.
Then, the left and right lobes enter symmetrically into Eq 2.20, except for a negative
sign. The sign results from the fact that when a particle tunnels, it skips the right lobe
but traverses the left lobe one extra time (or vice versa), causing the phases of each lobe
enter oppositely. In this case, Eq 2.21 shows that again, oscillations disappear.

The second prediction is that phase shifts occur for the Laughlin states when the
quasiparticle number in either lobe changes, and the phase shift might differ for each
lobe. When a quasiparticle is added to the left lobe, the phase shift is Ap = %%‘1, but

when a quasiparticle is added to the right lobe, the phase shift is Ay = %” (1 — 287“)

There will also be a phase shift Ay = % if a quasiparticle moves from the left to the

right lobe. One simplifying case is when the droplet has symmetry about the y-axis
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and s, = L/4: in this case both phase shifts are 7/m and the oscillations in magnetic
field disappear. Without oscillations in magnetic field, it might be easier to observe the
statistical phase shift.

This interferometer has the same basic features as the scheme proposed in Ref 33
and executed in Refs 36,85,90,97,98, where AB = mA/®y, and Ap = 27/m always.
However, our scheme has the additional feature that there is a different phase shift
when a quasiparticle is added to the right lobe compared to when one is added to the left
lobe, which makes it possible to see where quasiparticles are added when magnetic flux is
varied. Moreover, it is possible to disentangle the electromagnetic Aharonov-Bohm effect
due to the magnetic flux from the effect of quasiparticle braiding statistics. For instance,
when Ar = Ay (which also means that s, = L/4), changing the magnetic field has
no effect whatsoever on the electromagnetic Aharonov-Bohm phase difference between
trajectories encircling the left and right lobes. However, a change in the magnetic field
may result in the creation of a quasiparticle which will be in either the right lobe or the
left lobe (unless the electrostatics of the device causes us to be in the unlucky situation
in which the quasiparticle sites right at the point contact), which will lead to a change
in the interference phase ¢ of, respectively 7w /m or —x/m. The complication is that the

phase shifts are non-universal and depend on the ratio s,/ L.
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2.4.2 Amplitude of oscillations at low temperature

Next we want to determine where to place the QPC to maximize the amplitude of
oscillations. Both H and G depend on s,; we first consider H. If we assume n < 27v/L,

then H takes the simplified form when evaluated at the center of a peak,

H(w = 27nv/L) = Qy@;i(i()]zsa) ’;c y(k/,);if(:lsa) (2.22)

where k& = w/v. For simplicity, we consider a droplet whose lobes are perfect cir-
cles of radius R; and Ry, and assume that the qualitative features of any droplet
with two rounded lobes are captured by this double-circle shape. We then define
the ratio f = s,/L = Ri/(Ry + R»), which specifies the position of the QPC. To
find the optimal position of s,, we evaluate numerically the dimensionless function
H,(f) = (n(w)v(27)5/L3) H(27nw/L), shown in Fig 2.4a for the first few peaks. For the
n = 1 peak, the oscillations are largest for circles of differing radii, but remain sizable
throughout the region .1 < f < 4.
We now consider G in the low temperature limit:

6_7/m

(ZLsin(2r )™

G(8> L/vr) = (2.23)

where we have introduced a short-distance cutoff a, and ~ is the Euler-Mascheroni
constant. In Fig 2.4b, we plot the ratio G(f)/G(f = .25) for v =1,1/3,1/5,1/7. G is

at minimum for the symmetrical droplet and diverges as the droplet reaches maximum

7
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asymmetry. Hence, barring the ability to know precisely the shape of the droplet and
evaluate Eq 2.17 explicitly, an experiment would have to test a variety of asymmetric

droplets to find the optimal shape that maximizes the product of H and G.

2.4.3 Decay of oscillations with temperature

In the previous section, we estimated the magnitude of oscillations in the limit
mPBv/L > 1, when the temperature dependence dropped out. This is the correct limit for
a very small droplet with L = 2um, for which the inequality is satisfied for T' < 120mK,
but for intermediate droplets L = 10 — 50um, we are not likely to be in this regime.
Here we consider the opposite limit when Svr/L < 1. In this case, the temperature will
define a length scale Ly above which the magnitude of oscillations decays exponentially

—L/Ly

through the function G < e . We can roughly estimate the scale of decay by taking

only the first term in the sum over k£ in Eq 2.19, yielding

Brom .
ILp=—>"-"" > 2= [ 2.24
- cos(drf) — prvm/ T ( )

The symmetric droplet (f = }1) achieves the minimum limit Ly = L. The length
scale diverges for the maximally asymmetric droplets with f = 0 or f = .5. Taking
v = 10'm/s and v = 1/3, L™ = Tpum at 50mK and L™ = 18um at 20mK. This
temperature dependence is shown in Fig 2.4c at v = 1/3 for the symmetric droplet with

f = .25. For asymmetric shapes, the droplet could be larger.
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Figure 2.4: Dependence of H and G on f and T.

2.5 Non-Abelian interferometry at v = 5/2

Recent experiments #6:25,60,87:99

at filling fraction v = 5/2 is in the same universality class as the Moore-Read Pfaffian

state?224%1 or the anti-Pfaffian state.®®%* Both states have non-Abelian quasiparticles

of Ising type.!®

anti-Pfaffian states, first without and then with a QPC. We show that the latter system

acts as a non-Abelian interferometer.
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2.5.1 Droplet with no QPC

The edge theories of the Pfaffian and anti-Pfaffian states consist of a charged sector
and a neutral sector. The charged sector consists of a free chiral boson ¢. The neutral
sector consists of a chiral Majorana fermion, v and its accompanying twist field . The
neutral sector is related to the critical point of the 14+1-D transverse Ising model: at
its critical point, the Ising model in the continuum limit is described by a massless
Majorana fermion. Because the mapping from the original spin field of the model to the
fermion field is non-local, the spin field introduces a branch cut to the fermion. In the
same way, the twist field o introduces a branch cut for the fermion 1 in the Pfaffian and
anti-Pfaffian edge theories.

In the Pfaffian state, the charged and neutral modes have the same chirality, while in
the anti-Pfaffian state, the charged and neutral modes have opposite chirality, which can
be seen from deriving the anti-Pfaffian as the particle-hole conjugate to the Pfaffian.5354
However, this difference will not affect the absorption spectrum. The same derivation
shows that the anti-Pfaffian state actually has three chiral Majorana modes, but since
they are uncoupled in our model, we need only consider one of them.

In both theories, the bosonic edge modes are described by the Lagrangian of Eq 2.2

with m = 2, which couple to the electric field through Eq 2.3. The neutral fermions do

not couple to the electric field and, consequently, do not affect the spectrum of a droplet
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without a QPC. Hence, the analysis of a droplet without a QPC is identical to that of
the integer and Laughlin states. The absorption spectrum for an arbitrary shape is the
same as in Sec 2.3.1, where it is given in Eq. 2.8. There will be peaks at all frequencies
that are multiples of 27v/L and the peak placement is a direct measurement of the
bosonic edge velocity. At non-zero temperature, there is a pre-factor coth(Sw/2).
Another leading candidate to describe filling fraction v = 5/2 is the Abelian (3,3,1)
state.?? In the limit of a clean edge, this state has a different interferometric signature:
following Sec 2.3.2, we would expect to see two series of peaks in the absorption spectrum
corresponding to the two edge modes, in contrast to the single series for the Pfaffian
and anti-Pfaffian. However, the states will be indistinguishable if there is disorder on
the edge that drives the edge modes to equilibrate. Henceforth, we will focus on the

Pfaffian and anti-Pfaflian states.

2.5.2 Non-Abelian interferometry with a QPC

We see new effects when a QPC is introduced. There are several types of quasipar-
ticles, all of which could tunnel across the QPC, but the most relevant tunneling term

is that for charge e/4 quasiparticles, given by

Ly = XDy a(50,)D] (51, 1) + hc (2.25)

tun
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where @/, = oe'?/? is the annihilation operator for a charge e/4 quasiparticle. In Ap-
pendix B.2, we detail the method to compute the correction to the absorption spectrum

to order A. The result for a droplet symmetrical over the x-axis is

2
SR(w) = 4| [f—ﬁcoth%“

H<w>c<ﬁ>] 1G(s2)] cos(ss2) (2.26)

where H and G are the same as for the integer and Laughlin fractions and are given by

Eq 2.18-2.19 with m = 2. The phase @52 is given by

T (Pr nr 25, [( D Mo m
_ T (%r R il Kl 2.7
5,2 2<<1>0+2 L<<I>0+2)>+16+a (2.27)

As in the Abelian case, the interference phase is essentially controlled by the difference
in the phase associated with encircling the right droplet and the left droplet. The glaring

difference between the Abelian and non-Abelian case is the presence of the function
G(Sa) = (0(sa)o(L — 5,)) (2.28)

in Eq 2.26, which is the topological contribution to the phase and will be the focus of
the rest of the discussion in this section. G depends on the total topological charges
in the right and left lobes, which we denote by Fg/;, € {I,v,0}. When there are no

quasiparticles in the bulk,
' I ~1/8
G(Sa)no qp = Go(Sa) = /16 (—Sin(27rsa/L)> (2.29)
T

For other topological charges, the result is proportional to Gy(s,), as shown in Table 2.5.
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Figure 2.5: Ratio of topological pre-factor to peak height.

Table 2.5 shows that having quasiparticles in the bulk can reduce the amplitude of
oscillations. In particular, when there is an odd number of o quasiparticles in each
lobe, oscillations disappear completely. The disappearance is a direct consequence of
non-Abelian statistics: if the two bulk quasiparticles are fused to I (or ¢), the tunneling
quasiparticles will flip their fused state from I to ¢ (or vice versa), causing the first
order term to disappear. This term will re-appear to second-order from virtual tun-
neling processes (and might be visible as smaller oscillations). Hence, if the number of
quasiparticles is varied, either explicitly or by changing the area of the droplet or the
magnetic flux penetrating it, we would expect to see oscillations that disappear when
there are an odd number of quasiparticles in each lobe. This effect was predicted for
an interferometer with two QPCs in Ref 58,96, has been analyzed in great detail in
Ref 96,101-104 and has been seen experimentally in Ref 60,87,99. The experiment we
propose would be complementary to existing experiments and has the advantage that

oscillations are first-order in the tunneling amplitude.
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Finally, we note that there is a simple statistical mechanical interpretation of this
table. The correlation function G(s,) is the expectation value of the spin (o) in the
critical Ising model (either the critical classical 2D Ising model or the critical transverse
field quantum Ising model) on a strip of length L /2 with specified boundary conditions.
If there are no quasiparticles in the bulk, the Ising model has fixed + boundary conditions
at both ends, and (o) is given by the power-law decay from the ends characteristic of
the critical point. If the total charge (of both lobes combined) is v, then the two ends
have opposite fixed boundary conditions, + at one end and — at the other. Then (o)
vanishes at the midpoint of the strip and is either positive or negative to the left or right
of the midpoint (i.e. if the left or right lobe is larger, s, < L/4 or s, > L/4). If the total
topological charge is o, then one end of the Ising model has fixed boundary conditions
and the other free boundary conditions, and (o) is given by the power-law decay from
one end characteristic of the critical point. Finally, if there is topological charge o in
each lobe, then the Ising model has free boundary conditions at both ends and (o) is

simply zero.

2.6 Discussion

In this chapter we propose a new method to probe the edge of a quantum Hall droplet

by measuring its microwave absorption spectrum. For a simple, circular droplet, this
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measurement would reveal the number of charged modes and their velocities. For edges
with counter propagating edge modes, this information would resolve open questions
about how current is carried at the edge. When a QPC is introduced, the droplet
can serve as an interferometer. Its capabilities are similar to existing proposals and
experiments, but has the advantage that the amplitude of oscillations is first-order in
the tunneling amplitude. There are also subtle differences from transport through a two
point contact interferometer, such as a dependence on the side of the QPC to which a
quasiparticle has been added, which leads to a non-universal phase shift.

At v = 5/2, such a measurement could determine if the state of the system is non-
Abelian: if it is, then oscillations in the absorption spectrum appear when there are
an even number of ¢ quasiparticles in each lobe but not when there is an odd number.
This experiment would be complementary to existing interferometry experiments®’ at
v = 5/2 and, as in the Abelian case, has the advantage of having oscillations at first-order
in the tunneling amplitude.

Thus far, quasiparticle properties of fractional quantum Hall states have been de-
duced from resistance oscillations in mesoscopic devices. Here, we propose a new ap-
proach in which this information is gathered from the absorption spectrum. It could
confirm existing experimental results and, in doing so, resolve questions on the funda-

mental tenets of the theory of the fractional quantum Hall effect.
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Moreover, by coupling a quantum Hall device to microwaves, we open the possibility
of using photons as a quantum bus to transfer information from a v = 5/2 qubit®*% to

superconducting or even semiconductor quantum dot qubits.
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Unexpected tunneling current from

downstream neutral modes

In this chapter, we analyze transport through a quantum point contact in fractional
quantum Hall states with counter-propagating neutral edge modes. We show that both
the noise (as expected and previously calculated by other authors) and (perhaps surpris-
ingly) the average transmitted current are affected by downstream perturbations within
the standard edge state model. We consider two different scenarios for downstream per-
turbations. We argue that the change in transmitted current should be observable in

experiments that have observed increased noise.
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This chapter is reprinted with permission from “Unexpected tunneling current from
downstream neutral modes,” by Jennifer Cano and Chetan Nayak, Phys. Rev. B 90,

235109. Copyright 2014 by the American Physical Society.

3.1 Introduction

The current traversing the edge of a quantum Hall device is elegantly described by
chiral Luttinger liquid (CLL) theory.?” For Laughlin states, the theory has only one
edge mode, while for more complicated states, there might be multiple edge modes.
Particle-hole conjugate states were originally predicted to have charged edge modes
propagating in both directions,?**! but such counter-propagating charged modes were
never detected.*? This mystery was resolved when it was shown that in the presence of
disorder and interactions, certain edges with counter-propagating charged modes could
reconstruct into an edge with a single charged mode and counter-propagating neutral
modes. ?®*3 The question then remained, how can one detect the elusive neutral mode(s)?

1.,%6 who observed an increase in the noise across

The question was answered by Bid, et a
a quantum point contact (QPC) caused by a downstream perturbation, which they
interpreted as evidence for the existence of neutral excitations.

Measuring the shot noise across a QPC to confirm the e/3 charge of Laughlin’s pre-

dicted quasiparticles was a breakthrough development in quantum Hall physics. 3032105
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Since then, significant effort has been devoted to using shot noise measurements to gain
insight into more complicated edges. 4447:°6:1067116 The experiment of Ref. 46 consists of a
Hall bar with a QPC across which noise and current are measured, as shown in Fig 3.1.
Current is then injected into one edge, downstream of the QPC (here downstream always
refers to the net direction of charged current), and the change in current and shot noise
are measured. Intuitively, if the edge is chiral, then the current injection should not
change the shot noise or current across the QPC; if the edge has a non-chiral charged
mode, then the shot noise and current across the QPC should both change; if the edge
has a non-chiral neutral mode, then shot noise across the QPC should increase but cur-
rent should remain unchanged. Using this intuition, Ref 46 confirmed the existence of
the counter-propagating neutral modes for v = 2/3,3/5 and 5/2, as well as confirmed
the pure chirality of the edge at v = 1/3,2/5 and 1. This was a breakthrough experiment
in understanding quantum Hall edge physics at particle-hole conjugate states.

At that time, a rigorous theoretical model of the experiment using CLL theory was
absent. In trying to fill that void, we have found a surprising result that defies the
intuitive prediction: a non-chiral neutral mode can change both the current and shot
noise across the QPC.

Our model assumes weak coupling between the quantum Hall edge and the external
lead that injects current downstream of the QPC, which allows us to treat the effect

of the current injection perturbatively. In Sec 3.2.1, we consider a toy model with
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fermionic edge modes, which illustrates our unexpected result without the (technical)
complication of fractionalization. In Sec 3.2.2, we consider a general model with multiple
Luttinger liquid edge modes that allows fractionalization and is expected to describe
several Abelian particle-hole conjugate states. In both cases, we observe that injecting
current downstream of the QPC changes the charged current across the QPC through
the upstream propagation of neutral modes. The sign of the change depends on the
scaling dimension of the tunneling quasiparticles.

In Sec 3.3, we consider the model proposed in Refs 117 and 118, which assumes that
the effect of injecting current into an edge is to increase the temperature of that edge.
We show that the increased temperature also changes the tunneling current across the
QPC.

Finally, in Sec 3.4, we compare the theoretical models to experimental results at
v = 2/3. Both models predict a decrease in the magnitude of the tunneling current,
which could reach tenths of nanoamps over the parameter regime of the experiment.
Given the precision of the experiment, we believe this to be an observable effect. We

then discuss directions for future work.
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Figure 3.1: Experimental set-up. Current [, is injected into the top edge while cur-
rent I, is sourced to the bottom edge. Solid purple lines show the direction of charged
current, with magnitude indicated, while dotted red lines show the propagation of coun-

terclockwise neutral modes.

3.2 Weak Downstream Perturbations

The experiment has two main features that need to be included in our model: a
QPC at x = 0, across which current and voltage are measured, and a current source
at * = d that injects current into the quantum Hall edge, downstream of the QPC; a
schematic of the experimental set-up is shown in Fig 3.1. The QPC is modeled in the
usual way, by including terms which tunnel quasiparticles between the edges of the Hall

bar. 19120 We model the downstream current source similarly: we assume the current

91



Chapter 3. Unexpected tunneling current from downstream neutral modes

source is a metallic lead which is weakly coupled to the quantum Hall edge and tunnels
electrons between the two. We first compute the tunneling current and shot noise across
the QPC in the absence of the injected current. We then turn on the current injection
and compute the change in current and shot noise. If the edge is completely chiral, then
the injected current, which enters downstream of the QPC, has no effect on the shot
noise and current across the QPC. Here, we are interested in the more interesting case
in which the edge consists of a chiral charged mode and an anti-chiral neutral mode; this
can result from the equilibration of two counter-propagating charged modes, as in the
particle-hole conjugates of the Laughlin states. We warm up by considering a toy model
of free fermion edge modes and then generalize to an arbitrary edge, which permits

fractionally charged excitations.

3.2.1 Free fermion edge

The purpose of this section is to show in a simple free fermion model that the change
in noise, as well as the perhaps unexpected change in current, is a general result. This
should give the reader confidence that the technical calculations in the next section are
correct.

The edge of our free fermion model consists of a counterclockwise-propagating charged
mode and a clockwise-propagating neutral mode. We denote the fermion annihilation

operators for these modes 1. and 1, respectively. Since the ‘top’ (T) and ‘bottom’ (B)
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edges, as indicated in Fig 3.1, are separated by grounded contacts, each annihilation
operator has a subscript 7'/B and the Lagrangian is a sum of separate Lagrangians on

each edge £ = L7 + Lp, where

1
Loyn =5 [ @ (L0, + veyndi)ben

+¢:L,T/B(:Fat + Un,T/Bax)¢n,T/B> (3.1)

The signs =+, F correspond to the 7'/ B edge and v/, 1/5 is the velocity of the indicated

mode. The QPC at x = 0 is incorporated in the Lagrangian through the tunneling term

L= —AmlT%B&(x) + h.c. (3.2)

This term contributes equally to the current whether or not the current injection is
present because it does not involve the neutral mode. Hence, the change in current
attributed to the presence of the current injection is due to the pair-tunneling term that

mixes the charged and neutral modes:

‘Cfun = _A2¢I,T¢L7Twc,B¢n,Bd($> + h.c. (33)

Similar single- and pair-tunneling terms involving only the neutral modes may also be
present, but they do not contribute to the shot noise or current. Terms involving more
fields or derivatives might also be present, but we do not need to consider them here.
We will usually consider an applied voltage, Vj, across the QPC, which is incorporated

—iwot

through the phase of the tunneling coefficients: A2 — Ay 2€ , where wy = eV}.
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We model the current injection by a second QPC at x = d that allows tunneling from
an external lead, whose fermion annihilation operator we denote by ¥. We will always
take d < 0, as shown in Fig 3.1. Single electron tunneling across the QPC is included
by the term:

L =MV r6(x —d) + h.c. (3.4)

ng

1

+un» this term contributes equally to the current whether or not the current

Similarly to £
injection is present because it does not involve the neutral mode. Hence, the change in

current attributed to the current injection is due to the pair tunneling term that mixes

the charged and neutral fermion modes:

L2 = — ATl pap, 76 (2 — d) + hec. (3.5)

inj

To conserve charge, we have assumed the lead also has a neutral fermion mode, V.
The voltage difference V; between the external lead and the top edge of the Hall bar is

—iw1t

incorporated through the tunneling coefficients by A2 — Aj e , where w; = eV].

4Ny =

The charged current operator across the QPC at x = 0 is given by .y, = €3 (

—ie([N, H]) = I + I, where N = wsz/)ch is the electron number of the charged field
and
I = —iehie "] b 5o () + hec. (3.6)

I = —iehpe Y] 10l 1 pn p(2) + hc. (3.7)
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Similarly, the operator that measures current across the QPC at z = d is given by
[inj = I\pl -+ [\1/2, where
Iy = —ieAie " Wi, +6(x — d) + h.c. (3.8)
Tyo = —ieNoe™ WU a. ph, 70 (x — d) + h.c. (3.9)

It is straightforward to compute (Iyy,)0 and (I;n;)o, where the subscript 0 indicates the

lowest order in perturbation theory:

e
<Itun>0 = 271—6(")0‘)\1‘2 + ?WS|)\2|2 (310)
(Imido = 2mewr | A% + 2203 | Ay ? (3.11)
ing/0 1431 3 11432 .

We have absorbed v; 7/ into the tunneling coefficients. We now show that to the next
order in perturbation theory, ([;,,) depends on the injected current at z = d, even
though only neutral excitations move the towards the QPC at x = 0. Specifically, we

define

Altun = (Ttun) — Ttun)|ai=0 (3.12)
and show that Al,, # 0. It is not hard to show that I; is independent of the current
injected downstream (and hence independent of A;2) because it depends only on the

charged edge mode, which moves from z = d to the left ground without passing the

QPC at z = 0. Hence, Aly,, = (Is) — (I2)|a,—0, Wwhich can be computed perturbatively
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by,

Al = (I (i/dtlﬁfm) (z‘/dtQL?nj) (i/dtgﬁfnj>)o+O(])\2’2‘A2’4’|)\2|4’A2|2)

(3.13)
Because the system is not in equilibrium at non-zero voltage, the correlation function
in Eq (3.13) requires careful treatment, which is explained in Appendix C.1. The full

calculation is shown in Appendix C.2. Here we state the result:

4 2 2 4
A]tun = T6|/\2| |A2| Wolq (314)

We have assumed that the neutral fermions are Majorana fermions, which yields the
physically reasonable result that Al,, = 0 when wy = 0. If this is not the case, then
Al,,, will have additional terms which are odd in w;. These terms are computed in
Appendix C.2.

Eq (3.14) shows the main point of this work and gives an experimental prediction
for this fictitious edge: the charged current measured across the QPC at x = 0 will
change when current is injected at * = d, even though it is only carried to x = 0
by the neutral mode. Physically, we understand this as the presence of extra neutral
fermions enhancing the probability of a pair-tunneling event. Since tunneling events in
one direction are favored to begin with, due to the voltage bias, the probability for these

events is more enhanced, leading to increased current. That this is realized in such a
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simple model hints that it is a general result, which applies to any edge with oppositely

propagating neutral and charged modes and tunneling operators that mix the two.

3.2.2 Luttinger liquid edge

To generalize the results of the previous section to edges with fractional excitations,
we describe the edge by a Luttinger liquid with counter-propagating charged and neutral
modes, denoted by the bosonic fields ¢. and ¢,,. We assume the Lagrangian is diagonal
in these modes after scattering and interactions have been included. In the set-up
shown in Fig 3.1, the Lagrangian is a sum of Lagrangians on the top and bottom edges,

L = Lr+ Lp, where

Lr/p = %/dﬂ? (gc (iat + Uc,T/Bax) Ge.1/BOxPer)B+Gn (?at + Un,T/Bax) ¢n,T/Bax¢n,T/B)
(3.15)
where T'/B denotes the top or bottom edge, the v’s denotes the velocities, and g. and
gn are integers that determine the scaling dimensions of operators in the theory. A
quasiparticle is labelled by an integer pair ¢ = (¢y, ¢.), which determines its annihilation
operator, ®, = e Fiede and its charge, g.c*, where e* is the minimum quasiparticle
charge. By convention, we take g. > 0; the hermitian conjugate terms correspond to
creation operators. The scaling dimension of ®, is given by ¢?/2, where we have defined

the inner product ¢* = ¢+ ¢ = ¢*/9. + ¢>/gn. For a particular edge theory, not all pairs
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are allowed excitations; for example, for the v = 2/3 edge that we will discuss in more
detail in Sec 3.4, g. = 6, g, = 2, ¢* = 1/3 and allowed excitations have ¢. = ¢, mod 2.4
The QPC at = = 0 is included in the Lagrangian through the tunneling term,

£tun - - Z )\qq’q)(];,T(I)q’,B(s(x) + h.c. (316)

q,9'

For A\, to be nonzero, the quasiparticles ¢ and ¢’ must have the same charge and
statistics, but not necessarily the same neutral component. If there is a voltage V{, across
the QPC then A\, — \,e "0t where wy = e*Vj. The current injection is described by
a QPC at z = d that tunnels electrons between an external lead and the quantum Hall
edge. Let ¥ denote the electron annihilation operator of the lead. Then the current

injection is described by the Lagrangian,
Linj ==Y Ag¥U'®,76(x —d)+ h.c. (3.17)

where A, is only nonzero if r.e* = e, so that the sum is over all electron operators in
the theory. If there is a voltage Vi across the QPC at o = d then A, — A.e ™'t where
wi = eV]. Less relevant terms that tunnel pairs of electrons across the QPC might also
be present, but we do not consider them here.

The tunneling current operators are given by [, = > o and Ly, = >, Lrv,

where
Ly = —iqee* g ®! 1@y 6 (2) + hec. (3.18)
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Ly = —ieA VT, 16(x — d) + h.c. (3.19)

It is straightforward to compute to lowest order in perturbation theory, absorbing the

velocities into the tunneling constants,

2me*q, o

tundo Zp 2 +qq,2 [Aa sn(wo) gewol 7 (3.20)
2me

(Linj)o = Z m]z\ - Psgn(wy)|w | (3.21)

These results are identical to Eqs (3.10) and (3.11) when the scaling dimensions of the
tunneling terms are matched. The zeroth order, zero-frequency shot noise is given by

the sum
=0) =Y e [(Ig)ol (3.22)
a,9'

As in the previous section, we want to find the change in tunneling current at x = 0
in the presence of the injection at x = d, when d < 0, so the current moving from the
injection to the QPC at z = 0 is carried only by the neutral mode. We define the change

in current by Aly,, in Eq (3.12). To leading order,

Al = (T (z / dtlﬁtm) <z / dtgcmj> (@ / dt3£mj)>0 (3.23)

To ensure that Aly, = 0 when wy = 0, we assume that the tunneling coefficient A,y for
tunneling a quasiparticle with ¢ = (g,, ¢.) from the top edge is the same as that for a

quasiparticle with opposite neutral charge, ¢ = (—@n, q.), and similarly for tunneling ¢’
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from the bottom edge and r to the external lead A,.! Here we state the result in two

limiting cases; the full expression is given in Appendix C.3. In the limit |w;| < |wo,

Aln w1 [T woqela a3
_Dftun Z bt - | ;' [<og| (3.24)
e*sgn(wp) ot ['(r2+2)(¢? + q? — 2)
Tn:Qn#O
while in the limit |wi| > |wol,
Alyun S by jwr | woge| 4 £ by Y
e*sgn(wo) , TN + q?) ~ T2+ 2+ q? - 2)
q?q 7T q’q 7"'
Tn#]'rﬁ’éo Tn#]n#o
0<q?+q?<2 ?+q'?>2

(3.25)
where by, o< e[\ [*|Ar]? is a positive constant. Eqs (3.24) and (3.25) agree with
Eq (3.14) after identifying 72 = 3,¢? + ¢*> = 4 and show our main result in general
form: electrons injected into the edge at x = d will cause a change in the charged
tunneling current at x = 0, even though only the neutral part of the injected electrons
move from x = d to x = 0. This general formulation is applicable to any bosonized
Abelian quantum Hall edge with counter-propagating modes. We expect it could be
extended to a non-Abelian edge by matching the scaling dimensions of the tunneling
operators. Interestingly, though, the sign of Al,, depends on the magnitude of the

scaling dimensions ¢ and ¢’ and the simple picture of enhanced tunneling in the fermionic

IThis assumption is consistent with the experimental observation“® that excess shot noise is symmet-
ric under reversing the sign of the source current I5. An observation of excess shot noise not symmetric
under Iy — —1I, would demonstrate that quasiparticles with opposite neutral charge ¢, do not have
equal tunneling amplitudes.
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model is generalized to enhanced or diminished tunneling depending on the scaling
dimensions of the tunneling quasiparticles.

When we compare to experimental data we will want the excess zero-frequency shot
noise, which is also computed in Appendix C.3. We find that in the limit |w;| < |wol,

[ A

AS un — *\ 2 cb /oy 326
t (6 ) qqzlr 4cVqq’, F(r2 +2)F(q2 12— 2) ( )
Tn:qn;éo
while in the limit |w;| > |wol,
2 2 12
qu ’r|w1|r raraT2
AS = *\2 99, 3.27
t (€") Z, T(r2+¢@+q2—1) ( )
q7q 7r
Tn,qn7#0

3.3 Temperature difference model

In the previous section, we modeled the current injection by an external lead weakly
coupled to the edge of the Hall bar by a QPC. An alternate approach is used in Refs 117
and 118. There, they assume that the sole effect of the current injection is to increase
the temperature of the top edge of the Hall bar, while the temperature of the bottom
edge remains constant. The increase in temperature is responsible for an increase in
shot noise across the QPC at z = 0, which is computed in Refs 117 and 118. However,
it does not appear to have been noted that the increase in temperature also changes the

magnitude of the tunneling current. Here, we write an expression for Aly,, when there
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is a temperature difference between the two edges of the Hall bar and describe how it
differs qualitatively from our prediction for Aly,, in the previous section.

We again describe the edge of the quantum Hall bar using Luttinger liquid theory.
We consider an edge with counter-propagating charged and neutral modes, described by
the Lagrangian £ = Ly + Lp, where Ly/p are given by Eq (3.15). Quasiparticles are
labelled by integer pairs ¢ = (¢y, q.), with their charge given by g.e* and annihilation
operator ®,,. The QPC at x = 0 is described by Ly, in Eq (3.16). When there is a
voltage Vj applied across the QPC, A\, — A\ e "% where wy = e*V}. Following Ref 118,
the tunneling current from a particular species of quasiparticle ®, from the top edge of
the Hall bar to a species ®, on the bottom edge can be computed when the top edge is
at temperature T and the bottom edge at Tz using the finite temperature prescription

for correlation functions described in Sec C.3.1, yielding

" 2, 12 1 . m QC|w0| TT
(oo =sgnen)t 35 0 P 721 s G+ ) F (Br5;) 6

where F' is the integral

B7 sin(ovx)

F(oz,ﬂ)z/o dx(sinh(ﬁgz:))‘f(s.inh(:c))q'2

(3.29)

We have absorbed the edge mode velocities into the tunneling coefficients. When there

are multiple species of quasiparticles, their contributions to the tunneling current add.
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Define the excess current Al = (Lyun) — (Ltun)Tr=15- The contribution to Al

from tunneling from ®, to ®,, transferring charge g.e*, is proportional to

QC’WO| TT QC|WO|
F ,— | — F ,1] <0 3.30
( 7TTB TB) ( 7TTB ( )

where the inequality results from imposing the physical constraint T /Tg > 1. Conse-

quently, when sin(Z(¢* 4 ¢’*)) > 0, increasing the injected current decreases the magni-
tude of the tunneling current, while in the opposite case, the magnitude of the tunneling
current decreases. As in the previous section, the sign of the change in current depends
on the scaling dimensions of the tunneling quasiparticles.

To fit the temperature difference theory to the experimental data in the next section,
we will need the expression for zero-frequency noise measured at the voltage probe when
I, = 0, which is computed in Ref 118. The contribution to the noise from the process

of tunneling ®, on the top edge to ®, on the bottom edge is

St Tr=Tp — — _
unl T B T

2 / 1
(27TTB)2q2+2q 2_1(QC6*)2|>‘qq’ [*sinh (éﬂaq>

10y

X iB(q2 +q% + 5

Xe’ Xe’ Xe’
47— ) (W +4%+ 1) — (e’ + 47 - 7‘1))

(3.31)
where o, = q.wo/(7Tg), B is the beta function and ¢ is the digamma function. The
contributions from multiple species of quasiparticles add. Note that there is an impor-
tant diference between this model and the model of a weak downstream perturbation in

Section 3.2. If the two edges are at different temperatures, then all tunneling processes
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are affected by the temperature difference. However, in the case of a weak downstream
perturbation, only tunneling processes involving counter-propagating neutral modes will
be affected. In the case of the v = 2/3 state, these would be charge-e/3 tunneling pro-
cesses; charge-2e/3 tunneling processes, which do not involve the neutral modes, would
be independent of the downstream perturbation in the limit of vanishing interaction

between charged and neutral modes.

3.4 Comparison to experiment at v =2/3

We have shown that injecting current downstream from the QPC should produce a
change in the tunneling current across the QPC. In this section, we try to estimate the
magnitude of this change when the system is at filling fraction v = 2/3 to determine
whether it could be observed in experiment. When we model the current injection by
weakly coupling a lead to the edge of the Hall bar, as described in Sec 3.2, we do this
by fitting our theoretical expression for AS;,, to the measured excess shot noise in
Ref 46. The best-fit values of the tunneling amplitudes allow us to estimate Al;,,. In
the temperature difference model of Sec 3.3 we fit the measured shot noise at I, = 0
from Ref 46 and use best-fit parameters from Ref 118 to estimate Aly,,. Coincidentally,
in both models we find that there should be tunneling current on the order of .1 nA,

which should be observable in experiment.
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3.4.1 Theoretical description of the v = 2/3 edge

The v = 2/3 edge is expected to be described by the Lagrangian (3.15), with g. =
6,9, = 2 and e* = ¢/3.% Tunneling across the QPC at z = 0, as described by Eq
(3.16), is dominated by three equally most-relevant terms. Two of these terms tunnel
charge e/3 quasiparticles, described by ¢, = £1,¢. = 1 and the third tunnels a charge
2e/3 quasiparticle with ¢, = 0,q. = 2. Other quasiparticles are less relevant and we
will not consider them here. Either species of charge-e/3 quasiparticle can tunnel from
the top edge of the Hall bar to either species at the bottom edge; let |A;|* denote the
sum of the squares of the amplitudes corresponding to charge e/3 tunneling across the
Hall bar and let |\s|* denote the square of the amplitude corresponding to tunneling
charge 2e/3 across the Hall bar. Tunneling from the external electron lead, described
in Eq (3.17), is dominated by two most-relevant terms, which have r, = +1,r. = 3.
We denote their respective couplings A1, A,. Hence, all of these most-relevant tunneling
terms have ¢* = 2/3 and r? = 2.

The experimental data is in terms of the source current, I, and the injected current,
I,,, which we need to express in terms of our theoretical parameters V, and V| (weakly
coupled lead) or Vi, Tr and Ty (temperature difference model). The source current is
related to the voltage Vj applied across the Hall bar by the Hall conductance, I, = %%VO.

In the weak coupling case, Eq (3.21) yields I,, = (I;n;)0 o< sgn(w;)w}, where w; = eVj.
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In the temperature difference model, we use the fit from Ref 118, which expresses the
temperatures in terms of the injected current by Tr /T —1 o |I,,|P, where p is determined

from the fit.

3.4.2 Theoretical prediction of excess current for the v = 2/3
edge weakly coupled to the current injection

We fit our theoretical expression for AS;,,, to data in Ref 46 and use the fit to predict
Aly,,. The experimental data includes a measurement of excess shot noise as a function
of I,, when I, = 0 and as a function of I, for several values of I,.

The excess shot noise as a function of I,, when I, = wy = 0 is shown in Fig 3.2,
overlaid with the experimental data for several transmission probabilities ¢ from Fig 2
in Ref 46. Using Eq (3.27), our theory predicts the scaling AS;,, o< |wi|*? o |1,|*/3,
which is plotted with only an overall scaling factor for each t. We have taken 7' = 0
for simplicity. The theoretical model fits the experimental data well at all transmission
probabilities. It is especially good at t = 99%, where perturbation theory is most
applicable.

In Fig 3.3 we show the excess shot noise ASy,,, as a function of the source current I,
for several values of injected current, [,,. The dots show the experimental data from Fig

3a in Ref 46, where the noise at I,, = 0 has been subtracted from the noise measured
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t=58% |
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Excess noise (1.42x10730 A%/Hz)
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Figure 3.2: Excess shot noise as a function of I, at v = 2/3. Dots show experimental

data at several transmission probabilities ¢ and lines indicate the theoretical prediction

AStun XX ’In|2/3

at finite I,,. The lines show our theoretical prediction, described in Sec 3.2.2 and shown

explicitly in Appendix C.3.5 for the v = 2/3 edge:

1\ 2
ASiun = 2a <§> sgn(7ly,) <sgn(c\/ || — 7ls)|mls — e/ \[n||4/3
8
+sgn(mls + e/ |1,])|mls + e/ |InH4/3 = gc\/ |In|]7r[S|1/3> (3.32)

where a o< [A|?|A1]? and ¢ = sgn(I,)|A1|~'/v/27 . We have taken |A;| = |Ay], consistent
with the symmetry of the measured data under Iy — —I,. From here on, we will take
the tunneling amplitudes to be constant for simplicity.? The constant a is only known up
to proportionality, as described in Appendix C.3. The factor of 2 in front is consistent

with the definition of shot noise in Ref 46. Fitting AS;,, at I, = —.5,—1.0, —1.5,

2Experimental data on transmission, as in Ref 46, is inconsistent with this assumption, but it does
not qualitatively affect our point.
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Figure 3.3: Excess shot noise as a function of source current at finite [, at

v = 2/3. Dots show the measured shot noise

at the indicated value of I,,, where the

contribution at I, = 0 has been subtracted. Lines indicate the theoretical prediction.
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and —2.0 nA and averaging the best fit values yields a = 4.4 x 10*30A2/Hz/nA4/3 and
c = sgn(1,)4.9 nA'/2. Fig 3.3 shows the excess noise at all four values of I, overlaid
with the theoretical prediction using the averaged best fit values. The fits show that a
change in temperature is not necessary to fit the excess noise that is measured.

We then use the fit parameters to predict the change in current, Al,,, that re-

sults from injecting the neutral current, as described in Sec 3.2.2 and computed in

Appendix C.3.5:

Al = g%sgn(fn) <—]7TIS — L ["? + |71, + /| L[ Y2 — gc\/ngn(Is)|7r[S\l/3)

(3.33)
This prediction for excess current is shown in Fig 3.4 using the best-fit values. Al,, has
the opposite sign as I, and a maximum magnitude of .12nA when I, = —2nA. Given
that I,, is measured in tenths of nanoamps, we expect Al,, = .12nA to be observable.
This prediction might explain the slight decrease in transmission in Fig 3a of Ref 46,
but it is difficult to discern from the measurement whether the effect is real. It would
helpful to increase I,, further and observe whether the change in transmission becomes

significant.
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Figure 3.4: Prediction of excess current when the injection lead is weakly
coupled to the edge of the Hall bar at v = 2/3. The absolute value in Eq (3.33)

causes the kink in each curve, which would be smooth at finite temperature.

3.4.3 Theoretical prediction of excess current for the v = 2/3
system with a temperature difference between the edges

In the temperature difference model, the excess noise at I, = 0 is given by Eq (3.31)

applied to the v = 2/3 edge,

4 1\?2 2 2 2
Srunlrmery = —— (27 TE) 3|\ |? [(5) sinh(?)B (— 1422 z9> i) (— n ig)

™

3 23 2 3 2
AN 2 2 N\ (2
+ 60 (- ) sinh(ra)B | - +ic, - —ia ) ip | = +ia ) | + h.c (3.34)
3 3 3 3
where a = I,/Tg and 6 = |\3]?/|\1]?. There is an extra factor of 2, consistent with

the definition of shot noise used in Ref 46. Using the best-fit value of § = .39 obtained
in Ref 118, we fit the shot noise at I, = 0 to find T = 48mK and |\|*> = 1.8 x

10-2K~1/3A%Hz™!. These values yield the fit in Fig 3.5 and allow us to predict the
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magnitude of excess current using Eqgs (3.28) and (3.29):

— son < B2 (3sin(azx) + 30sin(2ax))  isin(az) + 20sin(20w)
Bon = senln)ie (/ (Sink(52))? sinh ()77 (sinh ()73 )

(3.35)
where C' = (7Tg)"? |\ |?sin(27/3) and 8 = Tp/Tp. For simplicity we have taken
the tunneling amplitudes to be constant. In Ref 118, the authors find the fit § =
1 +5.05|7,, nA™*|**, which predicts that § increases from 1 to 8 as I, is turned up to 2
nA. The predicted current is shown in Fig 3.6, where the maximum change in current
is seen to be .12 nA. Coincidentally, this is the same magnitude as predicted from the
weak tunneling model. We believe this current to be observable in experiment.

The theoretical prediction is a good fit to the data but both the best-fit temperature
of T = 48mK and the best-fit temperature increase by a factor of g ~ 8 at [,, = —2
nA are significantly larger than the increase from 10mK to 25mK estimated in Ref 46.
This might be attributed to a discrepancy between the modified free-fermion model
used in Ref 46 to fit the data and the Luttinger liquid model used here. An independent
measurement in Ref 121 found the temperature of a v = 2/3 edge to increase from 30mK
to 130mK over a similar range of I,,, using quantum dot thermometry.*>1??2 However,
it is not clear whether the measurement in Ref 110 of excess noise that varies with
transmission probability at a QPC that has neutral modes impinging from both edges can

be explained completely by the temperature difference model: since both edges would be
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raised to the same temperature there would no longer be a temperature gradient across

the QPC.

[, =-0.0nA ,

Excess noise (1.42x1073° A% /Hz)

Ok ‘ ‘ o
-1.0 -0.5 0.0 0.5 1.0
I; (nA)

Figure 3.5: Excess noise when [, = 0 at v = 2/3. Dots show the measured noise

while lines show the theoretical best fit.

3.5 Discussion

We have used a theoretical model to predict that for an edge with counter-propagating
neutral modes, current injected downstream of the QPC causes a change in both the
shot noise and tunneling current across the QPC. In the specific case of v = 2/3, we have
compared our expression for excess shot noise to the values measured in experiment to
determine two fitting parameters. We then used these fitting parameters to predict that
the magnitude of the tunneling current could decrease by as much as .1 nA when down-

stream current is injected. This current should be barely large enough to be observed
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Figure 3.6: Prediction of excess current in the temperature difference model

at v =2/3.

experimentally; it would increase if the injected current increased, which could perhaps
be a subject of future work.

In a different model of the system which incorporates the injected current as a tem-
perature difference between the two edges of the Hall bar, fitting the experimental shot
noise data also (coincidentally) predicts that the tunneling current should change by ap-
proximately .1 nA. This fit yields a ratio of the temperatures Tr/Tg ~ 8, which seems
high, but is not unreasonable, given the measurements in Ref 121.

It is likely that the physical edge is described by a theory that contains elements from
both models. Since both models predict a measurable change in transmission when
current is injected downstream of the QPC, we believe this change is a real feature.
The prediction runs counter to the intuition that motivated the seminal experiment in

Ref 46; hence, it would be interesting to systematically study this effect experimentally.
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We expect that our theory could be applied to the v = 5/2 state by matching the scaling
dimensions of the tunneling operators, but the non-Abelian nature of some candidate
states might prove to be non-trivial. Another future direction would be to study the
dependence of the shot noise and tunneling current on the distance between the current

injection site and the QPC at x = 0.
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Chapter 4

Bulk-Edge Correspondence in
(2 4+ 1)-Dimensional Abelian

Topological Phases

In this chapter, we show that the same bulk two-dimensional topological phase can
have multiple distinct, fully-chiral edge phases. We give examples of this effect in the
integer quantum Hall states at v = 8 and 12 and the Abelian fractional states at
v = 8/7,12/11,8/15,16/5. We give a general criterion for the existence of multiple
distinct chiral edge phases for the same bulk phase and discuss experimental conse-
quences. We find that edge phases correspond to lattices while bulk phases correspond

to genera of lattices. Since there are typically multiple lattices in a genus, the bulk-
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edge correspondence is typically one-to-many. We explain these correspondences using
the theory of integral quadratic forms. We show that fermionic systems can have edge
phases with only bosonic low-energy excitations and discuss a fermionic generalization
of the relation between bulk topological spins and the central charge. The latter follows
from our demonstration that every fermionic topological phase can be represented as
a bosonic topological phase, together with some number of filled Landau levels. Our
analysis shows that every Abelian topological phase can be decomposed into a tensor
product of theories associated with prime numbers p in which every quasiparticle has a
topological spin that is a p™-th root of unity for some n. It also leads to a simple demon-
stration that all Abelian topological phases can be represented by U(1)" Chern-Simons
theory parameterized by a K-matrix.

This chapter is reprinted with permission from “Bulk-edge correspondence in (2 +
1)-dimensional Abelian topological phases,” by Jennifer Cano, Meng Cheng, Michael
Mulligan, Chetan Nayak, Eugeniu Plamadeala, and Jon Yard, Phys. Rev. B 89, 115116.

Copyright 2014 by the American Physical Society.

4.1 Introduction

In the limit of vanishing electron-electron interactions, the edge excitations of an

integer quantum Hall state form a multi-channel chiral Fermi liquid. These excitations
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are stable with respect to weak interactions by their chirality.'?* However, the Coulomb
energy in observed integer quantum Hall states is larger than the energy of the lowest
gapped edge excitation. Therefore, interactions are not weak in these experiments, and
we must consider whether interactions with gapped unprotected non-chiral excitations
can alter the nature of the gapless protected chiral edge excitations of an integer quantum
Hall state even when the bulk is unaffected.!

In this chapter, we show that sufficiently strong interactions can drive the edge of an
integer quantum Hall state with v > 8 into a different phase in which the edge excita-
tions form a multi-channel chiral Luttinger liquid while the bulk remains adiabatically
connected to an integer quantum Hall state of non-interacting electrons. This chiral
Luttinger liquid is also stable against all weak perturbations, but it is not adiabatically
connected to the edge of an integer quantum Hall state of non-interacting electrons even
though the bulk of the system is. For v > 12, there are several possible such stable

chiral edge phases corresponding to the same bulk phase. The edge excitations of many

n

ST form a

fractional quantum Hall states, such as the principal Jain series with v =
multi-channel chiral Luttinger liquid, which is stable against weak perturbations due to
its chirality. We show that such edges can also be subject to reconstruction into a dif-

ferent chiral Luttinger liquid as a result of strong interactions with gapped unprotected

'In fact, the Coulomb energy is often larger than the bulk cyclotron energy, too, so it is not a given
that the bulk state is in the same universality class as the non-interacting integer quantum Hall state,
but we will assume that this is true.
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excitations at the edge. The new chiral Luttinger liquid is also stable against all weak
perturbations.

A similar phenomenon was recently analyzed in the context of bosonic analogues
of integer quantum Hall states.?* Without symmetry, integer quantum Hall states of
bosons that only support bosonic excitations in the bulk, not anyons, occur only when
the chiral central charge, c. = cg — ¢, the difference between the number of right- and

left-moving edge modes, is a multiple of eight (or, equivalently, when the thermal Hall

conductance is fiz, = c_ ”2§%T with ¢_ = 8k for integers k).125 There is a unique 26127
bulk state for each possible value of ¢ = 8k, but there are many possible chiral edge

phases when the chiral central charge is greater than 8: there are two chiral edge phases
for c. = 16, twenty-four chiral edge phases for c. = 24, more than one billion for
c_ = 32, and larger numbers of such edge phases for ¢_ > 32. The transition between
the two possible chiral edge phases was studied in detail in the c_ = 16 case. 2128
These fermionic and bosonic quantum Hall states illustrate the fact that the boundary-
bulk correspondence in topological states is not one-to-one. There can be multiple pos-
sible edge phases corresponding to the same bulk phase. This can happen in a trivial
way: two edge phases may differ by unstable gapless degrees of freedom, so that one

30,129-132 (

of the edge theories is more stable than the other. One interesting refinement

of this scenario is that the additional gapless degrees of freedom can be protected by a

symmetry so that, in the presence of this symmetry, both edge phases are stable.!33)
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However, our focus here is the situation in which there are multiple edge phases, each of
which is stable to weak perturbations without any symmetry considerations and none of
which is more “minimal” than the others. In other words, in the integer and fractional
quantum Hall states that we discuss here — which have the additional property that they
are all chiral — all of the edge phases are on the same footing. Although they can bound
the same bulk, such edge phases generically have different exponents and scaling func-
tions for transport through point contacts and tunneling in from external leads. In some
cases, the differences only show up in three-point and higher edge correlation functions.

In Sections 4.7.1, 4.7.2 of this chapter, we discuss fermionic integer quantum Hall
states at ¥ = 8 and v = 12, their possible stable chiral edge phases, and the experimental
signatures that could distinguish these phases. In Section 4.7.3, we discuss the simplest
fractional quantum Hall states with multiple chiral edge phases, which occur at v =
8/7,8/15,16/5 (fermions) and v = 12/23 (bosons). Some of the edge phases that we
construct do not support gapless excitations with the quantum numbers of an electron.
When the Hall conductance is non-zero, the edge must have gapless excitations; in a
system of electrons, there must be a finite-energy excitation everywhere in the system
with an electron’s quantum numbers. However, it is not necessary that the electron
be among the gapless edge excitations of an electronic quantum Hall state; it may be
a gapped excitation at the edge, above the gapless excitations that are responsible for

carrying the Hall current.
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Given the above statement that the same bulk phase can have multiple distinct
chiral edge phases, we should ask what breaks down in the usual relation between bulk
topological phases and their associated edge spectra. By the usual relationship, we mean
the “integration by parts” of a bulk Abelian Chern-Simons action that gives an edge
theory of chiral bosons with the same K-matrix.?%!3° The answer is simply that the
usual relation focuses only upon the lowest energy excitations of a system and ignores
higher-energy excitations. These higher-energy excitations are necessarily adiabatically
connected to a topologically-trivial band insulator in the bulk and, generically, gapped
excitations at the edge. Surprisingly, interactions between these “trivial” modes and the
degrees of freedom responsible for the topologically non-trivial state can drive an edge
phase transition that leads to a distinct edge phase without closing the bulk gap. We refer
to the relationship between these two distinct edge theories associated with the same
bulk as stable equivalence. At the level of the gapless edge modes, this manifests itself
in the form of an edge reconstruction. While the interpolation at the edge necessarily
involves strong interactions, these can be understood using standard Luttinger liquid
techniques.

The relationship between the edge and the bulk can also be viewed in the following
manner. Bach quasiparticle in the bulk has a topological twist factor 6, = e2™ha,
with 0 < h, < 1. If the edge is fully chiral, each such quasiparticle corresponds to

a tower of excitations. The minimum scaling dimension for creating an excitation in
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this tower is min A, = h, + n, for some integer n,. The other excitations in the
tower are obtained by creating additional bosonic excitations on top of this minimal
one; their scaling dimensions are larger than the minimal one by integers. But if the
edge has a different phase, the minimal scaling dimension operator in this tower may
be min A, = h, + n,. Therefore, the spectrum of edge operators can be different, even
though the fractional parts of their scaling dimensions must be the same. (In the case of
a fermionic topological phase, we must compare scaling dimensions modulo 1/2, rather
than modulo 1. By fermionic topological phase, we mean one which can only occur in
a system in which some of the microscopic consitutents are fermions. At a more formal
level, this translates into the existence of a fermionic particle which braids trivially with
all other particles.)

The purpose of this chapter is to describe the precise conditions under which two
different edge phases can terminate the same bulk state, i.e. are stably equivalent.
These conditions are intuitive: the braiding statistics of the quasiparticle excitations of
the bulk states must be identical and the chiral central charges of the respective states
must be equal.

Let us summarize the general relation between bulk Abelian topological states and
their associated edge phases in slightly more mathematical terms. Edge phases are de-
B 19,136-140

scribed by lattices A equipped with an integer-valued bilinear symmetric form

We collectively write this data as £ = (A, B). The signature of B is simply the chiral
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central charge c_ of the edge theory. Given a basis e; for A, the bilinear form determines
a K-matrix K;; = B(ér,€7). In a bosonic system, the lattice A must be even while in
a fermionic system, the lattice A is odd. (An odd lattice is one in which at least one
basis vector has (length)? equal to an odd integer. The corresponding physical system
will have a fermionic particle that braids trivially with all other particles. This particle
can be identified with an electron. An even lattice has no such vectors and, therefore,
no fermionic particles that braid trivially with all other particles. Hence, it can occur
in a system in which none of the microscopic constituents are fermions. Of course, a
system, such as the toric code, may have fermionic quasiparticles that braid non-trivially
with at least some other particles.) Given the lattice A, vertex operators of the edge
theory are associated with elements in the dual lattice A*. For integer quantum Hall
states, A* = A, however, for fractional states A C A*. The operator product expansion
of vertex operators is simply given by addition in A*.

Each bulk phase is characterized by the following data concisely written as B =
(A, q,c_ mod 24):136:1387142 5 finite Abelian group A encoding the fusion rules for the
distinct quasiparticle types, a finite quadratic form ¢ on A that gives the topological
spin to each particle type, and the chiral central charge modulo 24. As we will discuss
at length, since the map £ — B associating edge data £ to a given bulk B is not
one-to-one, several different edge phases may correspond to the same bulk phase. We

will provide an in-depth mathematical description of the above formalism in order to
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precisely determine when two distinct edge phases correspond to the same bulk phase.
To determine all of the edge phases that can bound the same bulk, one can perform
a brute force search through all lattices of a given dimension and determinant. (For
low-dimensional cases, the results of such enumeration is in tables in Ref. 143 and in,
for instance, G. Nebe’s online Catalogue of Lattices.) Moreover, one can use a mass
formula described in Section 4.5 to check if a list of edge phases is complete.

We will exemplify the many-to-one nature of the map & — B through various ex-
amples. The most primitive example occurs for integer quantum Hall states. For such
states, the lattice is self-dual, A* = A so there are no non-trivial quasiparticles. For
c_ < 8, there is a unique edge theory for the fermionic integer quantum Hall state,
however, at c_ = 8, there are two distinct lattices: the hypercubic latttice Iy and the Eg
root lattice. Therefore, the associated gapless edge theories corresponding to each lattice
may bound the same bulk state; there exists an edge reconstruction connecting the two
edge phases. Fractional states for which A is non-trivial enrich this general structure.

A rather remarkable corollary of our analysis is the following: all rational Abelian
topological phases in 2+1 dimensions can be described by Abelian Chern-Simons theory.
By rational, we mean that there is a finite number of bulk quasiparticle types, i.e., the
group A has finite order. As may be seen by giving a physical interpretion to a theorem
of Nikulin'#* the particle types, fusion rules, and topological twist factors determine a

genus of lattices, from which we can define an Abelian Chern-Simons theory. A second
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result that follows from a theorem of Nikulin#* is that any fermionic Abelian topological
phase can be mapped to a bosonic topological phase, together with some number of filled
Landau levels.

The remainder of this chapter is organized as follows. We begin in Section 4.2 by
reviewing the formalism used to describe the bulk and boundary excitations of Abelian
Hall states. As a means to both motivate the general mathematical structure and
because of their intrinsic interest, we provide two examples of stable equivalence in the
fractional quantum Hall setting in Section 4.3 and summarize their physically distinct
signatures. In Section 4.4, we abstract from these two examples the general method for
understanding how distinct edge phases of a single bulk are related via an edge phase
transition. In Section 4.5, we explain the bulk-edge correspondence through the concepts
of stable equivalence and genera of lattices. In Section 4.6, we explain how fermionic
topological phases can be represented by bosonic topological phases together with some
number of filled Landau levels. In Section 4.7, we analyze observed integer and fractional
quantum Hall states that admit multiple stable, fully chiral edge phases. In Section 4.8,
we explain how a number of theorems due to Nikulin, that we use throughout the text,
apply to the description of all Abelian topological field theories in (2+1)-D. We conclude

in Section 4.9. We have three appendices that collect ideas used within the text.
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4.2 Preliminaries

4.2.1 Edge Theories

In this section, we review the formalism that describes the edges of conventional in-
teger and Abelian fractional quantum Hall states. We begin with the edges of fermionic
integer quantum Hall states. We assume that the bulks of these states are the con-
ventional states that are adiabatically connected to the corresponding states of non-
interacting fermions. As we will see in later sections, the edge structure is not uniquely
determined, even if we focus solely on chiral edge phases that are stable against all weak
perturbations.

All integer quantum Hall states have one edge phase that is adiabatically connected
to the edge of the corresponding non-interacting fermionic integer quantum Hall state.

This edge phase has effective action Sy + Sy, where
Sy = / dadt ' (i, + Ay + 0,10, + A,)) (4.1)

and J = 1,2,..., N. We shall later study two interesting examples that occur when
N =8 or N = 12. The operator @ZJ} creates an electron at the edge in the J'™ Landau
level; vy is the edge velocity of an electron in the J* Landau level. Inter-edge interactions

take the form
S, = / d dt (tyxe () CF )T 0+ he 4+ oo el + o). (4.2)
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The ... in Eq. (4.2) represent higher-order tunneling and interaction terms that are
irrelevant by power counting. We neglect these terms and focus on the first two terms.
Electrons in different Landau levels will generically have different Fermi momenta. When
this is the case, the tunneling term (the first term in Eq. (4.2)) will average to zero in
a translationally-invariant system. In the presence of disorder, however, t;;(z) will
be random and relevant (e.g. in a replicated action which is averaged over t;;(x)).
Moreover, it is possible for the Fermi momenta to be equal; for instance, in an N-layer
system in which each layer has a single filled Landau level, the Fermi momenta will be
the same if the electron density is the same in each layer. Fortunately, we can make the

change of variables:

y(z) = (7_36Xp (z /_ OO dm’M(x’)))JK (@),

where M (x) is the matrix with entries M;x = t x(z’) ei(kl{ﬁk?)m//ﬁ, T = ,v;5/N,
and P denotes anti-path-ordering. When this is substituted into Eq. (4.1), the first
term in Eq. (4.2) is eliminated from the action Sy + S;. This is essentially a U(N)
gauge transformation that gauges away inter-mode scattering. An extra random kinetic
term proportional to (v; —U)d;s is generated, but this is irrelevant in the infrared when
disorder-averaged.

The second term in Eq. (4.2) is an inter-edge density-density interaction; vy is the

interaction between edge electrons in the J% and K*® Landau levels. This interaction
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term can be solved by bosonization. The action Sy + S; from Eqs. (4.1) and (4.2) can

be equivalently represented by the bosonic action

S = / d dt(%auatd)fam — imam’amf + % ; em,auqﬁIA,,), (4.3)
where V;; = vy 4+ vy (no summation) and Vi = vy for I # J. The electron annihilation
operator is bosonized according to ¥; ~ n ;%" Here nys is a “Klein factor” satisfying
kg = —niny for J # K, which ensures that ¢ ;9 = —wg1;. Products of even
numbers of Klein factors can be diagonalized and set to one of their eigenvalues, 41,
if all terms in the Hamiltonian commute with them. They can then be safely ignored.
This is the case in all of the models studied in this paper. This action can be brought
into the following diagonal form (setting the external electromagnetic field to zero for
simplicity):

S = / dx dt (%&Jﬁtélﬁx&‘] — ivjauaxg%fax&) (4.4)
with an orthogonal transformation ¢! = O%¢” that diagonalizes V5, OLV; ;0% = 9101

Two-point correlation functions take the form

N

) ) 1
e’m1¢le’1mK¢K> = . 4.5
< I = marer -

There is no sum over J in the exponent on the right-hand-side of Eq. (4.5). The electron
Green function in the I** Landau level is a special case of this with my = 6.
It is now straightforward to generalize the preceding discussion to the case of an

arbitrary Abelian integer or fractional quantum Hall state.?” For simplicity, we will
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focus on the case of fully chiral phases in which all edge modes move in the same
direction. Such phases do not, in general, have a free fermion representation and can
only be described by a chiral Luttinger liquid. They are characterized by equivalence
classes of positive-definite symmetric integer K-matrices K, and integer charge vectors

t that enter the chiral Luttinger liquid action according to

1 1 1
Srp = /dxdt(EKUa@I&erJ - E‘GJax¢Iax¢J + %tleuvau¢IAV)' (4.6)

The fields in this action satisfy the periodicity condition ¢! = ¢! +27n! for n! € Z. Two
phases, characterized by the pairs (K1, 1) and (K, t,), are equivalent if K = W1 K,W
and t; = toW, where W € GL(N, Z) since the first and third terms in the two theories
can be transformed into each other by the change of variables ¢! = W1 ng~5‘] . So long as
W € GL(N,Z), the periodicity condition satisfied by ¢’ is precisely the same as the
periodicity condition satisfied by ¢!. The matrix V;; consists of marginal deformations
that do not change the phase of the edge but affect the propagation velocities. (If we
wish, we can think of each phase as a fixed surface under RG flow, and the V;;s are
marginal deformations that parametrize the fixed surface.) All such chiral edge theories
are stable to all weak perturbations by the same reasoning by which we analyzed integer
quantum Hall edges. The simplest fermionic fractional quantum Hall edge theory is

that of the Laughlin v = 1/3 state, for which K = (3) and ¢t = (1) (a 1 x 1 matrix and
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a l-component vector, respectively). Integer quantum Hall edges are the special case,
Krj = 015 or, allowing for basis changes, K = WTW with W € GL(N, Z).

It is useful to characterize these phases by lattices A rather than equivalence classes
of K-matrices. Let e} be the eigenvector of K corresponding to eigenvalue \,: Kjje% =
Aef. We normalize e so that ef}e(”] = 0% and define a metric gs = Ao0sp. Then,
K;;= gabe‘}ef’] or, using vector notation, K;; = e; - e;. We will be focusing mostly on
positive-definite lattices, so that g,, has signature (N,0) but we will occasionally deal
with Lorentzian lattices, for which we take g, has signature (p, N — p). The metric g
defines a bilinear form B on the lattice A (and its dual A*) — this just means we can
multiply two lattice vectors €7, €; together using the metric, €7-€; = e?gabef’, = B(€er, €y).
The N vectors e; define a lattice A = {me;|m; € Z}. The GL(N,Z) transformations
K — WTKW are simply basis changes of this lattice, so we can equally well describe
edge phases by equivalence classes of K-matrices or by lattices A. The conventional edge
phases of integer quantum Hall states described above correspond to hypercubic lattices
ZN, which we will often denote by the corresponding K matrix in its canonical basis,
Iy. The v = 1/3 Laughlin state corresponds to the lattice A = Z with dual A* = 37Z.
2 The connection of quantum Hall edge phases to lattices can be exploited more easily

if we make the following change of variables, X® = e%¢’, in terms of which the action

2This statement assumes the periodicity convention, ¢ = ¢ + 2mn, for n € Z.
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takes the form

1
S = . /dx dt <gab8tX“8xXb — vab&EX“&EXb) (4.7)
T

The variables X? satisfy the periodicity condition X = X + 27y for y € A and
vay = Vigflf], where fI are basis vectors for the dual lattice A*, satisfying fled =
era(K1)Het = 67,

Different edge phases (which may correspond to different bulks or the same bulk; the
latter is the focus of this paper) are distinguished by their correlation functions. The
periodicity conditions on the fields X dictate that the allowed exponential operators

are of the form eV ¥, where v € A*. These operators have scaling dimensions

, 1
dim[e™*] = |v/*. 4.8
im[e™ ] 5 [v| (4.8)
They obey the operator algebra
eV X o gva X pilvitva) X (4.9)
where : - : denotes normal ordering. Thus, the operator spectrum and algebra is entirely

determined by the underlying dual lattice A*.

In a quantum Hall state, there are two complementary ways of measuring some of
the scaling exponents. The first is a quantum point contact (QPC) at which two edges
of a quantum Hall fluid are brought together at a point so that quasiparticles can tunnel

across the bulk from one edge to the other. Even though a single edge is completely
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stable against all weak perturbations, a pair of oppositely-directed edges will, in general,

be coupled by relevant perturbations

S =Sr+Sp+ / dt Y vy e X Xsl, (4.10)

vEA*

Here, T', B are the two edges, e.g., the top and bottom edges of a Hall bar; we will use
this notation throughout whenever it is necessary to distinguish the two edges. The

renormalization group (RG) equation for vy is

dvy
= (1—v]*) vy (4.11)

If v - fi¢; # 0, the above coupling transfers v - f/¢; units of charge across the junction

and this perturbation will contribute to the backscattered current according to
1P o oy |2 VML (4.12)
A second probe is the tunneling current from a metallic lead:

S = Sedge+51ead

- /dt Z ty [1/};readal/};reada2¢;fead e ] eiV~X.

veA

The term in square brackets [...] contains n factors of wfead and n(n — 1)/2 derivatives,

where n = v - f/t; must be an integer. The RG equation for t,

dtv n2 1 )
S _ (2 .. 41
= (1= 55 (113)
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The contribution to the tunneling current from ¢, (assuming n # 0) is
I oc [t |* VIV L (4.14)

Here, we have assumed that the spins at the edge of the quantum Hall state are fully
spin-polarized and that tunneling from the lead conserves S,. If, however, either of
these conditions is violated, then other terms are possible in the action. For instance,

charge-2e tunneling can take the form

tpair/dt wljfeadﬁwljfead,i eiV'X7 (415>

where v - f/t; = 2. Then, we have tunneling current
I oc [t ]? VIV, (4.16)

Generically, two lattices A; and Ay can be distinguished by the possible squared
lengths |v|?> for v € A}. In many cases of interest, the shortest length, which will
dominate the backscattered current discussed above, is enough to distinguish two edge
phases of the same bulk. However, sometimes, as in the case of the two bosonic integer
quantum Hall states with ¢ = 16 discussed in Ref. 124 the spectrum of operator scaling
dimensions (not just the shortest length, but all lengths along with degeneracies at each
length level) is precisely the same in the two theories, so they could only be distinguished
by comparing three-point correlation functions. In either case, different edge phases can

be distinguished by their correlation functions.
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4.2.2 Bulk Theories

In a later section, we will explain how bulk phases correspond to the mathematical
notion of a genus of lattices, while their associated edge theories are given by lattices
within a genus (or in the case of fermionic theories, a pair of genera, one odd and one
even). In order to explain the relation between the genus of a lattice and a bulk Abelian
phase, we recall some facts about Abelian topological phases.

Suppose that we have a 2 + 1d Abelian topological phase associated to a lattice A.
Choosing a basis e; for the lattice A, we define K;; = e - e; and write a bulk effective

action

1 1
S = /d?’x(ﬂe“”pf(uai&,az + %j}‘ai). (4.17)

A particle in this theory carrying charge m; under the gauge field a; can be associated
with a vector v = m;f!, where f; is the basis vector of A* dual to e; and satisfying
(K~1)7e; = fI. Recall that because A C A*, any element in A can be expressed in
terms of the basis for A*, however, the converse is only true for integer Hall states for
which A = A*. Particles v, v/ € A* satisfy the fusion rule v x v/ = v 4+ v/ and their
braiding results in the multiplication of the wave function describing the state by an
overall phase e?™V'. Since this phase is invariant under shifts v — v+ X for X € A, the
topologically-distinct particles are associated with elements of the so-called discriminant

group A = A*/A. The many-to-one nature of the edge-bulk correspondence is a reflection
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of the many-to-one correspondence between lattices A and their discriminant groups A.
Equivalent bulk phases necessarily have identical discriminant groups so our initial choice
of lattice is merely a representative in an equivalence class of bulk theories.

We now define a few terms. A bilinear symmetric form on a finite Abelian group A

is a function b: A x A — Q/Z such that for every a,a’,a” € A,
bla+ad,ad")=bla,a")+b(d,a")

and b(a,a’) = b(a’,a). As all bilinear forms considered in this paper will be symmetric,
we will simply call them bilinear forms with symmetric being understood. A quadratic
form q on a finite Abelian group A is a function ¢ : A — Q/Z such that q(na) = n?q(a)

for every n € Z, and such that

qla+d') —qla) — q(a’) = b(a,d")

for some bilinear form b: A x A — Q/Z. In this case, we say that ¢ refines b, or is a
quadratic refinement of b. A bilinear b or quadratic form ¢ is degenerate if there exists
a non-trivial subgroup S C A such that b(s,s’) = 0 or ¢(s) = 0 for every s,s € S.
Throughout this paper, all bilinear and quadratic forms will be assumed nondegnerate.
Each K-matrix K determines a symmetric bilinear form B on R" via B(x,y) = x! Ky
that takes integer values on the lattice Z" C R". Every other lattice A C R" on
which B is integral can be obtained by acting on Z" by the orthogonal group {g €

GL(N,R) : gKg" = K} of K. On the other hand, an integral symmetric bilinear form
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is equivalent to a lattice according to the construction before Eq. (4.7) in Section 4.2.1.

)

We are therefore justified in using the terminology “lattice” and “K-matrix” in place
of “integral symmetric bilinear form” throughout this paper. Every diagonal entry of a
K-matrix K is even iff the (length)? of every element in the lattice ZV is even. We call
K even if this is the case, and otherwise it is odd. Even K-matrices determine integral
quadratic forms on ZY via Q(x) = %XTK x, while for odd K-matrices they are half-
integral. When we simply write bilinear or quadratic form or, sometimes, finite bilinear
form or finite quadratic form, we will mean a nondegenerate symmetric bilinear form,
or nondegenerate quadratic form, whose domain is a finite Abelian group. Throughout,

we abbreviate the ring Z/NZ of integers modulo N as Z/N.

The S-matrix of the theory can be given in terms of the elements of the discriminant

group:

1 w1 e
S ] = —==e VY = g 2mimi (K (4.18)

VAl VAl

where v = m;f!, v/ = m/,f/ € A* and |A| is the dimension of the discriminant group.
The bracketed notation [0] indicates an equivalence class of elements [v] € A*/A = A.
Our normalization convention is to represent elements in the dual lattice A* with integer
vectors my. The bilinear form B on A* reduces modulo A to define a finite bilinear form

on the discriminant group A*/A via

b([mlfl], [mf]f‘]]) = B(mlfl,mf,f‘]) = mI(K_l)Umf].
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The topological twists 6, which are the eigenvalues of the T" matrix, are defined by

27

T vy =€ 20 O O] v (4.19)

where
O = ™. (4.20)
Note that Eq. (4.19) implies that the theory is invariant under shifts of ¢_ by 24 so long
as the topological twists 0[] are invariant, but its modular transformation properties,
which determine the partition function on 3-manifolds via surgery,'# is sensitive to
shifts by c¢_ # 0 (mod 24).
If the topological twists are well-defined on the set of quasiparticles A, then they

must be invariant under v — v + A, where A € A, under which
Q[V} — 9[v+)\} = Q[V} eI, (4.21)

If the K-matrix is even, so that we are dealing with a bosonic theory, A - A is even for
all A € A. If the K-matrix is odd, however — i.e. if the system is fermionic — then there
are some A € A for which A - X is odd. In this case, the topological twists are not quite
well-defined, and more care must be taken, as we describe in Section 4.6. Given the
above definition, only T2 is well-defined.

In a bosonic Abelian topological phase, we can define a finite quadratic form ¢ on

the discriminant group, usually called the discriminant form, according to

1, 1 )
q([v]) = 5112 = émI(K Y m; mod Z, (4.22)
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where 7 = m;f!. In a topological phase of fermions, we will have to define ¢ with more
care, as we discuss in Section 4.6. Thus, we postpone its definition until then and will
only discuss Abelian bosonic topological phases in the remainder of this section. In

terms of the discriminant form ¢, the T-matrix takes the form

0, = e¥ria@), (4.23)
and the S-matrix takes the form
1 o oy (!
L (1.21)
VIA]
_ L orite(ata)—g(a)—g(a") (4.25)

S
The equation for the S-matrix makes use of the fact that the finite bilinear form b can be
recovered from the finite quadratic form according to b(a, a’) = g(a+a’)—q(a)—q(a’). (It
is satisfying to observe that the relation between the bilinear form b and the discriminant
form ¢ coincides exactly with the phase obtained by a wave function when two particles
are twisted about one another.) While the introduction of the discriminant form may
appear perverse in the bosonic context, we will find it to be an essential ingredient when
discussing fermionic topological phases.

In any bosonic topological phase, the chiral central charge is related to the bulk

topological twists by the following relation: 46

1 )
5 > d2, = e, (4.26)
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Here D = /), d? is the total quantum dimension, d, is the quantum dimension of the
quasiparticle type a, and 6, is the corresponding topological twist/spin. ¢ = ¢ — ¢ is

the chiral central charge. In an Abelian bosonic phase described by an even matrix K,

the formula simplifies to

1 . .
LS gt _ e (2

\% |A’ acA

since d, = 1 for all quasiparticle types. Here |A| = \/m and c. = ry —r_ is
the signature of the matrix, the difference between the number of positive and negative
eigenvalues. (We will sometimes, as we have done here, use the term signature to refer
to the difference r, — r_, rather than the pair (r,,r_); the meaning will be clear from
context.) Notice that e?m4(2) js just the topological twist of the quasiparticle represented
by a € A*/A. This is known as the Gauss-Milgram sum in the theory of integral lattices.

Let us pause momentarily to illustrate these definitions in a simple example: namely,
the semion theory described by the K-matrix, K" = (2). This theory has discriminant
group A = Z/27 = Z5 and, therefore, two particle types, the vacuum denoted by the
lattice vector [0] and the semion s = [1]. Recall that our normalization convention is to
take the bilinear form on A to be b([z], [y]) = @ - 5 - y; the associated quadratic form is

—

then ¢([Z]) = 1b([7], [£]). The discriminant form, evaluated on the semion particle, is
given by ¢([1]) = 3 - % The T matrix equals exp(—2mi/24)diag(1,), and the S-matrix,

S = \%(% _11). Evaluating the Gauss-Milgram sum confirms that c_ = 1.
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In order to determine the discriminant group from a given K-matrix, we can use the
following procedure. First, we compute the Gauss-Smith normal form of the K-matrix,
which can be found using a standard algorithm.*" Given K, this algorithm produces

integer matrices P, (), D such that
K = PDQ. (4.28)

Here both P and @ are unimodular |det P| = |det Q| = 1, and D is diagonal. The diag-

onal entries of D give the orders of a minimal cyclic decomposition of the discriminant
group
A~ H 7z / D JJ
J
with the fewest possible cyclic factors, giving yet another set of generators for the quasi-
particles. Although more compact, this form does not directly lend itself towards check-
ing the equivalence of discriminant forms.

Now recall that the bases of A and A* are related by K:
e; = K £’ (4.29)
Substituting the Gauss-Smith normal form, this can be rewritten
(P~")"eL = D™ Qe st (4.30)

The left-hand side is just a basis change of the original lattice. On the right-hand side,

the row vectors of () that correspond to entries of D greater than 1 give the generators
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of the cyclic subgroups of the discriminant group. A non-trivial example is given in

Appendix D.

4.3 Two Illustrative Examples of Bulk Topological

Phases with Two Distinct Edge Phases

The chiral Luttinger liquid action is stable against all small perturbations involving
only the gapless fields in the action in Eq. (4.6) (or, equivalently in the integer case,
the action in Eq. (4.1)). This essentially follows from the chirality of the theory, but it
is instructive to see how this plays out explicitly.?3 However, this does not mean that
a given bulk will have only a single edge phase.®® A quantum Hall system will have
additional gapped excitations which we can ignore only if the interactions between them
and the gapless excitations in Eq. (4.6) are weak. If they are not weak, however, we
cannot ignore them and interactions with these degrees of freedom can lead to an edge
phase transition.'?*

We will generally describe the gapped excitations with a K-matrix equal to o, =
((1] ,01). We may imagine this K-matrix arising from a thin strip of » = 1 fluid living
around the perimeter of our starting Hall state.®® For edge phase transitions between
bosonic edges theories, we should instead take the gapped modes to be described by a K-

matrix equal to o, = (‘1) (1)) It is important to realize that the existence of the localized
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(gapped) edge modes described by either of these K-matrices implies the appropriate
modification to the Chern-Simons theory describing the bulk topological order. This
addition does not affect the bulk topological order;'#® without symmetry, such a gapped
state is adiabatically connected to a trivial band insulator.

We illustrate this with two concrete examples. We begin with the general edge action
1 1 1
S = / do dt| —K;;0,0" 0,07 — —V170,0'0.¢” + —tr€,,0,0"A, ). (4.31)
47 47 2

The first example is described by the K-matrix

K = <(1) 101> , (4.32)

with ¢ = (1, —1)7. This is not an example that is particularly relevant to quantum Hall
states observed in experiments — we will discuss several examples of those in Section
4.7 — but it is simple and serves as a paradigm for the more general structure that we
discuss in Sections 4.5 and 4.6.

Let us suppose that we have an additional left-moving and additional right-moving
fermion which, together, form a gapped unprotected excitation. The action now takes

the form

1 1 1
S = / dr dt(ﬂ (K1 ®0,);,0:0"0.0" — Evuaxqsfagggw + %tlewaugblfly), (4.33)
where we have now extended ¢t = (1,—1,1,1)7. The K-matrix for the two additional

modes is taken to be o,. We will comment on the relation to the o, case in Sections 4.4

and 4.5.

141



Chapter 4. Bulk-Edge Correspondence in (2 + 1)-Dimensional Abelian Topological
Phases

If the matrix V;; is such that the perturbation

S = /da: dt u’ cos(¢z + ¢4), (4.34)

is relevant, and if this is the only perturbation added to Eq. (4.33), then the two addi-
tional modes become gapped and the system is in the phase (4.32). Suppose, instead,

that the only perturbation is
S = /dx dtu” cos(¢p1 — 11 + 23 + 4¢y). (4.35)

This perturbation is charge-conserving and spin-zero (i.e., its left and right scaling di-
mensions are equal). If it is relevant, then the edge is in a different phase. To find this

phase, it is helpful to make the basis change:

WHEK, ® o)W =K, ®o., (4.36)
where
31
Ky = ( 1 4 ) , (4.37)
and
0 0 1 0
0 2 0 1
V=122 3 0 2 (4.38)
1 =70 4
Making the basis change ¢ = W¢', we see that
¢1 — 11y + 203 + 4ds = ¢35 + @) (4.39)
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Therefore, the resulting phase is described by (4.37).

To see that these are, indeed, different phases, we can compute basis-independent
quantities, such as the lowest scaling dimension of any operator in the two theories.
In the K theory, it is 1/22 while in the K, theory, it is 3/22. Measurements that
probe the edge structure in detail can, thereby, distinguish these two phases of the edge.
Consider, first, transport through a QPC that allows tunneling between the two edges
of the Hall bar, as described in Sec 4.2.1. In the state governed by K7, the most relevant
backscattering term is cos(¢2 — ¢F). Applying Eq (4.12), the backscattered current will

depend on the voltage according to
10 oc VI (4.40)

An alternative probe is given by tunneling into the edge from a metallic lead. The most
T
1 .

relevant term in the K7 edge phase that tunnels one electron into the lead is Qﬁfeade"‘i’

Applying Eq (4.14) yields the familiar current-voltage relation,
"™ o V. (4.41)

In contrast, in the phase governed by K, the most relevant backscattering term
across a QPC is given by cos(¢y — ¢P), which from Eq (4.12) yields the current-voltage
relation

1Y oc V3L (4.42)
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while the most relevant single-electron tunneling term is given by ¢Ireade*3i¢/1T*i¢/2T, which
yields the scaling from Eq (4.14)

L™ oc V3. (4.43)

Since the two edge theories given by K; and K, are connected by a phase transition
just on the edge, we may expect they bound the same bulk Chern-Simons theory. Indeed,
the bulk quasiparticles can be identified up to ambiguous signs due to their fermionic
nature. First, the discriminant group of the K theory is Z/11. We define a quasiparticle
basis for this theory as ¢; = (—j,—65)",7 = 0,1,...,10. (While the cyclic nature of
the group Z/11 implies the identification (a,b) = (a/,t') mod (1,11) for a,b,d’,b" € Z,
we choose the above basis in order to ensure charge conservation.) The S matrix is
given by S = \/Lﬁe_%jj,. For the other theory given by Ks, the discriminant group
obviously has the same structure with the generator being (0,1)” and the quasiparticles
are denoted by ¢j. The S matrix is given by 57, = \/Lﬁe_%jj/. Now we make the

following identification:

Yy — 1Pj. (4.44)
This identification preserves the U(1) charge carried by each quasiparticle. The S ma-
trices are also identified:

1 TG - -/ 1 67 ;i
S. ., = eV = el =5, 4.45
DI /11 11 27 ( )
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Since the diagonal elements of S are basically T2, it follows that the topological spins
are also identified up to +1.

Our second example is

Kl = (é 2) , (4.46)

with ¢t = (1,1)T. As before, we suppose that a non-chiral pair of modes comes down
in energy and interacts strongly with the two right-moving modes described by (4.46).

The action now takes the form

S = / dx dt< (K{ @ 0,),, 000" 0,0 — 4—VU&E¢I(3$¢J ! e d,0" A ) (4.47)

If the matrix V7, is such that the perturbation

S = /dx dt u' cos(ps + ¢a) (4.48)

is relevant and this is the only perturbation added to Eq. (4.47), then the two additional
modes become gapped and the system is in the phase in Eq. (4.46). Suppose, instead,

the only perturbation is the following:

S" = /da: dtu” cos(p1 + Ta + ¢3 + 34). (4.49)

This perturbation is charge-conserving and spin-zero. If it is relevant, then the edge is

in a different phase. To find this phase, it is helpful to make the basis change

WT K, @o, )W =K, ®o,, (4.50)
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where
2 1
K} = (1 4> (4.51)
and
2 1 0 -1
A I S R R |
Wi=14 o -1 o (4.52)
-3 2 0 3
Making the basis change ¢ = W'¢', we see that
G1 + Tha + @3+ 304 = ¢y — ¢l (4.53)

Therefore, the resulting phase is described by (4.51). This is a different phase, as may
be seen by noting that the lattice corresponding to Eq. (4.51) is an even lattice while
the lattice corresponding to Eq. (4.46) is odd.

The difference between the two edge phases is even more dramatic than in the previ-
ous example. One edge phase has gapless fermionic excitations while the other one does
not! This example shows that an edge reconstruction can relate a theory with fermionic
topological order to one with bosonic topological order. Again, these two edge phases of
the v = 8/7 can be distinguished by the voltage dependence of the current backscattered
at a quantum point contact and the tunneling current from a metallic lead. In the K
edge phase (4.46), the backscattered current at a QPC is dominated by the tunneling

term cos(¢t — ¢F); using Eq (4.12) this yields the current-voltage relation
1Y oc VT, (4.54)
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while the single-electron tunneling into a metallic lead is dominated by the tunneling

term w;feadewf’ which, using Eq (4.14), yields the familiar linear current-voltage scaling
'™« V. (4.55)

In the K edge phase (4.51), the backscattered current at a QPC is dominated by the

backscattering term cos(¢s — ¢4P), yielding:
I o V3T, (4.56)

The tunneling current from a metallic lead is due to the tunneling of charge-2e objects
created by the edge operator €149 If we assume that the electrons are fully spin-
polarized and S, is conserved, then the most relevant term that tunnels 2e into the
metallic lead is 1] _ 0] e T49"  Using Eq (4.14) the tunneling current is propor-

tional to a very high power of the voltage:
I o V7, (4.57)

Again, although the theories look drastically different, we can show that the bulk S
matrices are isomorphic. First, the discriminant group of the K] theory is Z/7 whose

generator we can take to be the (0,4) quasiparticle. We label all quasiparticles in this

theory as ¢; = (0,45),5 = 0,1,...,6. The S matrix is given by S;; = %e_@jj'. For

T

the other theory given by KJ, the discriminant group is generated by (0,1)" and we

Ami ;21

denote the quasiparticles by ¢%. The S matrix is given by S, = %e‘Tﬁ . Now we
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make the following identification:

Yy — ;. (4.58)
The S matrices are then seen to be identical:

1 _ 327 ;0 ]_ _ 4w

S = We 7 il — We A (4.59)

JJ

4.4 Edge Phase Transitions

In the previous section, we gave two simple examples of edge phase transitions that
can occur between two distinct chiral theories. In this section, we discuss how edge
transitions can occur in full generality.

The chiral Luttinger liquid action is stable against all perturbations involving only
the gapless fields in the action in Eq. (4.6) (or, equivalently in the integer case, the action
in Eq. (4.1)). However, as we have seen in the previous section, strong interactions with
gapped excitations can drive a phase transition that occurs purely at the edge. While
the bulk is completely unaffected, the edge undergoes a transition into another phase.

On the way to understanding this in more generality, we first consider an integer
quantum Hall state. At the edge of such a state, we expect additional gapped excitations
that we ordinarily ignore. However, they can interact with gapless excitations. (Under
65)

some circumstances, they can even become gapless.®”) Let us suppose that we have an

additional left-moving and and additional right-moving fermion which, together, form a
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gapped unprotected excitation. Then additional terms must be considered in the action.
Let us first consider the case of an integer quantum Hall edge. The action in Eqgs. (4.1)

and (4.2) becomes Sy + S; + S, with

Sy = /dx dt (Q/JJTVH (i0; + Un41102) Yy + ¢jv+2 (10 — UN1200;) Yo + U¢JTV+1¢N+2

+ UI,N+11/}}¢I¢}L\/+1¢N+1 + UI,NH@wlewzz/’NH + h.c.+ £N,L>a (4.60)

where ¥n.11, ¥nyo annihilate right- and left-moving excitations which have an energy
gap u for vy yy1 = vy ny2 = 0. So long as vy 41 and vy y42 are small, this energy gap
survives, and we can integrate out ¥)n,1, Y12, thereby recovering the action Sy + S7 in
Egs. (4.1) and (4.2), but with the couplings renormalized. However, if v; 11 and vy y42
are sufficiently large, then some of the other terms in the action, which we have denoted

by Ly in Eq. (4.60) may become more relevant than u. These include terms such as

Ly g =urbihy, o +he +. ... (4.61)

In order to understand these terms better, it is helpful to switch to the bosonic
representation, where there is no additional overhead involved in considering the general

case of a chiral Abelian state, integer or fractional:

S = / dx dt(i (K ®0,);,010" 0,07 — i%J8x¢18x¢J
47 47

1
+ Z“mz cos (m1¢1) + 7 I EN,,(?#(bIA,,). (4.62)

my
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Here, I =1,2,...,N +2; and (K @ 0.),, is the direct sum of K and 0.: (K ®0.),;, =
Kijfor I =J=12,...,N, (K@&o.),,=1for I =J=N+1, (K®o.),, = -1
for /] =J =N+2,and (K@o,),, =0if I € {1,2,....N}, J € {N+1,N + 2}
or vice-versa. The interaction matrix has Vi y41 = vrny1, Vive2 = vrnye. The mls
must be integers because the ¢’s are periodic. For instance, m; = (0,0,...,0,1,—1)
corresponds to the mass term u(@b}r\,HwNH +h.c.) in Eq. (4.60), so u,;,, = u. In the last
term, we are coupling all modes equally to the electromagnetic field, i.e. this term can
be written in the form tquaﬂgzﬁ[ A, with t; = 1 for all I. This is the natural choice,
since we expect additional fermionic excitations to carry electrical charge e.

In general, most of the couplings u,,, will be irrelevant at the Gaussian fixed point.
An irrelevant coupling cannot open a gap if it is small enough to remain in the basin of
attraction of the Gaussian fixed point. However, if we make the coupling large enough,
it may be in the basin of attraction of another fixed point and it may open a gap. We
will not comment more on this possibility here. However, we can imagine tuning the
Vs so that any given w,,, is relevant. To analyze this possibility, it is helpful to change

to the variables X® = e%¢!, in terms of which the action takes the form

1 1
S = / de dt | —n1w0, X0, X° — — 04,0, X0, X°
47 47

1
+ mZumI cos (mrf1X*) + 7 ; fgfeu,,(?“X“Al,.) (4.63)
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e and f! are bases for the lattice Ayio and its dual Ay_,, where the lattice Ayno
corresponds to K @ o,. The variables X* satisfy the periodicity condition X = X + 27y
for y € Ay.o. Note that, since one of the modes is left-moving, the Lorentzian metric
Nap = diag(1n_1, —1) appears in Eq. (4.63).

Since f! is a basis of the dual lattice A% ,, the cosine term can also be written in

the form
Z Uy cos (v - X).
VGA}‘\,+2
The velocity/interaction matrix is given by v, = VisfLlf/. Now suppose that the

velocity /interaction matrix takes the form
Vagp = U Ocaéchdb, (464)

where O € SO(N + 1,1). Then we can make a change of variables to X* = 0% X*. We
specialize to the case of a single cosine perturbation associated with a particular vector
in the dual lattice vy = p;f! which we will make relevant (we have also set A, = 0 since

it is inessential to the present discussion). Now Eq. (4.63) takes the form

1 - . 3
S = o /dx dt <nab8tX“8$Xb — 000, X0, X0 + Uy, COS (plf(f(O_l)abXb)) . (4.65)
T

If this perturbation has equal right and left scaling dimensions (i.e., is spin-zero), then
its scaling dimension is simply twice its left scaling dimension with corresponding beta

function

duy,
¢

= (2 - q12\7+2) Uvgs (466>
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where ¢, = prf1(O1)%. The transformation O~! can be chosen to be a particular boost
in the (N + 2)-dimensional space RY¥T11. Because ¢, is a null vector (i.e., a light-like
vector) in this space, by taking the boost in the opposite direction of the “spatial”
components of ¢,, we can “Lorentz contract” them, thereby making qn.o as small as
desired. Thus, by taking v, of the form (4.64) and choosing O € SO(N + 1,1) so that
Q4o < 2, we can make this coupling relevant.

When this occurs, two modes, one right-moving and one left-moving, will acquire
a gap. We will then be left over with a theory with N gapless right-moving modes.
The gapless excitations exp(iv - X) of the system must commute with vy - X and, since
the cosine fixes vy - X, any two excitations that differ by vy - X should be identified.
Thus, the resulting low-energy theory will be associated with the lattice I' defined by
I' = Ay /A, where A, Aj C Ango are defined by A = {v € Ayyo|Vv-vy =0} and
Ay = {nvo|n € Z}. If g; is a basis for I', then we can define a K-matrix in this basis,

K;; =g - g;. The low-energy effective theory for the gapless modes is

1 - 1 - 1.
— / dxdt(EKU(?tgzﬁI@mqﬁJ — Evuangfam] + %tjqwaﬂgblfly) (4.67)

When vy = (0,0,...,0,1,—1) is the only relevant operator, ¢! and ¢ *2 are gapped
out. Therefore, I' = A and K 17 = Kj;. However, when other operators are present,
I' could be a different lattice I' 2 A, from which it follows that K; J # K (and,

K #WTKW for any W).
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We motivated the enlargement of the theory from K to K & o, by assuming that an
additional pair of gapped counter-propagating fermionic modes comes down in energy
and interacts strongly with the gapless edge excitations. This counter-propagating pair
of modes can be viewed as a thin strip of ¥ = 1 integer quantum Hall fluid or, simply,
as a fermionic Luttinger liquid. Of course, more than one such pair of modes may
interact strongly with the gapless edge excitations, so we should also consider enlarging
the K-matrix to K & o, @ o, ...PH o,. We can generalize this by imagining that we can
add any one-dimensional system to the edge of a quantum Hall state. (This may not
be experimentally-relevant to presently observed quantum Hall states, but as a matter
of principle, this is something that could be done without affecting the bulk, so we
should allow ourselves this freedom.) Any clean, gapless 1D system of fermions is in
a Luttinger liquid phase (possibly with some degrees of freedom gapped). Therefore,
K®o,®o,... Do, is actually the most general possible form for the edge theory.

One might wonder about the possibility of attaching a thin strip of a fractional quan-
tum Hall state to the edge of the system. Naively, this would seem to be a generalization
of our putative most general form K ® o, ® o,...® o,. To illustrate the issue, let us
consider a bulk v = 1 IQH state and place a thin strip of v = 1/9 FQH state at its edge.

The two edges that are in close proximity can be described by the following K-matrix:
1 0
(o). oo
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As discussed in Ref. 131, this edge theory can become fully gapped with charge-non-
conserving backscattering. Then we are left with the outer chiral edge of the thin strip,
which is described by K = (9), which can only bound a topologically ordered v = 1/9
Laughlin state. The subtlety here is that a thin strip of the fractional quantum Hall
state has no two-dimensional bulk and should be considered as a purely one-dimensional
system. Fractionalized excitations, characterized by fractional conformal spins only
make sense when a true 2D bulk exists. If the width of the strip is small, so that there is
no well-defined bulk between them, then we can only allow operators that add an integer
number of electrons to the two edges. We cannot add fractional charge since there is no
bulk which can absorb compensating charge. Thus the minimal conformal spin of any
operator is 1/2. In other words, starting from an one-dimensional interacting electronic
system, one cannot change the conformal spin of the electron operators. So attaching a
thin strip of FQH state is no different from attaching a trivial pair of modes.

In a bosonic system, we cannot even enlarge our theory by a pair of counter-
propagating fermionic modes. We can only enlarge our theory by a Luttinger liquid
of bosons or, equivalently, a thin strip of o,, = % bosonic integer quantum hall
fluid. 131:133:148 Quch a system has K-matrix equal to o,, which only has bosonic exci-
tations. Equivalently, bosonic systems must have even K-matrices — matrices with only
even numbers along the diagonal — because all particles that braid trivially with every

other particle must be a boson. Since the enlarged matrix must have the same de-
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terminant as the original one because the determinant is the ground state degeneracy

of the bulk phase on the torus, 3"

we can only enlarge the theory by o,, the minimal
even unimodular matrix. Therefore, in the bosonic case, we must enlarge our theory by
K — K & o,.

In the fermionic case, we must allow such an enlargement by o, as well. We can
imagine the fermions forming pairs and these pairs forming a bosonic Luttinger liquid

which enlarges K by o,. In fact, it is redundant to consider both ¢, and o,: for an odd

matrix K, W(K & o,)WT = K & o,, where

1 0 - 0 u —um
001 - 0 u -

w=1|: : : : : : (4.69)
0 0 - 1 yy —uyn
o 0 --- 0 1 -1
Ty T9 -+ Ty S 1—s

Here the vector Z has an odd length squared, i.e. #ZKZ is odd; by definition of K
odd, such an & must exist. The vector ¥ is defined as y = —KZ and the integer s by
s =1(1—-7TKZ). Thus K ® 0, is GL(N + 2, Z)-equivalent to K & o, and our previous
discussion for fermionic systems could be redone entirely with extra modes described by
o.. However, if K is even, then K @ o, is not GL(NV + 2, Z)-equivalent to K & 0.

We remark that although o, enlargement and o, enlargement are equivalent for
fermionic states when topological properties are concerned, they do make a difference

in charge vectors: the appropriate charge vector for the o, block should be odd and
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typically taken to be (1,1)T. However the charge vector for the o, block must be even
and needs to be determined from the similarity transformation.

To summarize, a quantum Hall edge phase described by matrix K; can undergo a
purely edge phase transition to another edge phase with GL(N, Z)-inequivalent K, (with

identical bulk) if there exists W € GL(N + 2k, Z) such that
Ko®o,®.. 00, =WI(Ki®o,®...®0,)W. (4.70)

for some number £ of 0,8 on each side of the equation. In a fermionic system with K;

odd, an edge phase transition can also occur to an even matrix Ky if

ngen@(fz@...@(fz:WT(ded@ax@"'@ax)W' (471)

4.5 Stable Equivalence, Genera of Lattices, and the
Bulk-Edge Correspondence for Abelian Topo-

logical Phases

4.5.1 Stable Equivalence and Genera of Lattices

In the previous section, we saw that a bulk Abelian quantum Hall state associated

with K has more than one different stable chiral edge phase if there exists GL(V, Z)-
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inequivalent Ky and W € GL(N + 2k, Z) such that
Ke®o,@.. @0, =W (K, @0, ®...00,)W. (4.72)

This is an example of a stable equivalence; we say that K; and K, are stably equivalent
if, for some n, there exist signature (n,n) unimodular matrices L; such that K; & L
and Ky @ Lo are integrally equivalent, i.e. are GL(N + 2n,Z)-equivalent. If there is
a choice of L;s such that both are even, we will say that K; and K, are “o,-stably
equivalent” since the L;s can be written as direct sums of o,s. We also saw in Eq. 4.71
that when K is odd and K5 is even, we will need Ly to be an odd matrix. We will
call this “o.-stable equivalence” since L, must contain a o, block. We will use U to
denote the signature (1,1) even Lorentzian lattice associated with o,. Then o,-stable
equivalence can be restated in the language of lattices as follows. Two lattices Aj, Ag
are o,-stably equivalent if Ay U ---® U, and Ay @ U --- ® U are isomorphic lattices.
Similarly, U, will denote the Lorentzian lattice associated with o,. Occasionally, we will
abuse notation and use o, and o, to refer to the corresponding lattices U, U.,.

Stable equivalence means that the two K-matrices are equivalent after adding “triv-
ial” degrees of freedom — i.e. purely 1D degrees of freedom that do not require any
change to the bulk. This is analogous to the notion of stable equivalence of vector bun-
dles, according to which two vector bundles are stably equivalent if and only if isomorphic

bundles are obtained upon joining them with trivial bundles.
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We now introduce the concept of the genus of a lattice or integral quadratic form.

Two integral quadratic forms are in the same genus!43149

when they have the same
signature and are equivalent over the p-adic integers Z, for every prime p. Loosely
speaking, equivalence over Z, can be thought of as equivalence modulo arbitrarily high
powers of p, i.e. in Z/p"™ for every n. The importance of genus in the present context

stems from the following statement of Conway and Sloane: !4

Two integral quadratic forms Ky and Ky are in the same genus if and only if K1 @ o,

and Ky ® o, are integrally equivalent.

Proofs of this statement are, however, difficult to pin down in the literature. It
follows, for instance, from results in Ref. 149 about a refinement of the genus called
the spinor genus. Below, we show how it follows in the even case from results stated
by Nikulin.'#* This characterization of the genus is nearly the same as the definition
of o,-stable equivalence given in (4.72), except that Eq. (4.72) allows multiple copies
which is natural since a physical system may have access to multiple copies of trivial
degrees of freedom. Its relevance to our situation follows from the following theorem

that we demonstrate below:

Two K-matrices Ky and Ky of the same dimension, signature and type are stably equiv-
alent if and only if K1 ® o, and Ky @® o, are integrally equivalent, i.e. only a single copy

of o, is needed in Eq. (4.72).
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Thus any edge phase that can be reached via a phase transition involving multiple
sets of trivial 1D bosonic degrees of freedom (described by K-matrix o,) can also be
reached through a phase transition involving only a single such set. We demonstrate

144 (

this by appealing to the following result stated by Nikulin which we paraphrase but

identify by his numbering):

Corollary 1.16.3: The genus of a lattice is determined by its discriminant group A, parity,

signature (r4,7r_), and bilinear form b on the discriminant group.

Since taking the direct sum with multiple copies of o, does not change the parity, or
bilinear form on the discriminant group, any K; and K, that are o,-stably equivalent
are in the same genus. The theorem then follows from the statement!'4? above that only
a single copy of o, is needed.

In the even case, the theorem follows directly from two other results by Nikulin:!4*

Corollary 1.13.4: For any even lattice A with signature (ro,r_) and discriminant quadratic
form q, the lattice A @ U is the only lattice with signature (ro +1,7_+1) and quadratic

form q.

Theorem 1.11.3: Two quadratic forms on the discriminant group are isomorphic if and

only if their bilinear forms are isomorphic and they have the same signature (mod 8).

If lattices A7 and A, are in the same genus, they must have the same (r,,r_) and

bilinear form b. According to Theorem 1.11.3, they must have the same quadratic form,
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namely ¢([x]) = 3b([x], [x]), which is well-defined in the case of an even lattice. Then,
Corollary 1.13.4 tells us that A; @ U is the unique lattice with signature (ry +1,7_+1)
and quadratic form ¢. Since Ay @ U has the same signature (r, +1,7_+1) and quadratic
form g, Ay ®U =2 Ay @ U. Thus, we see that any two even K-matrices in the same genus
are integrally-equivalent after taking the direct sum with a single copy of o,. Of course,
our previous arguments that used Nikulin’s Corollary 1.16.3 and the characterization of

3

genus from Conway and Sloane!4? are stronger since they apply to odd matrices.

4.5.2 Bulk-Edge Correspondence

Since the quadratic form ¢([u]) gives the 7" and S matrices according to Eqs. (4.23)
and (4.25), we can equally-well say that the genus of a lattice is completely determined by
the particle types, T-matrix, S-matrix, and right- and left-central charges. For a bosonic
system, the genus completely determines a bulk phase. Conversely, a bulk topological
phase almost completely determines a genus: the bulk phase determines (¢; — ¢_) mod
24 while a genus is specified by (¢, c_). However, if the topological phase is fully chiral,
so that it can have c_ = 0, then it fully specifies a family of genera that differ only by
adding central charges that are a multiple of 24, i.e. 3k copies of the Ejg state for some
integer k (see Section 4.7.1 for a discussion of this state). Thus, up to innocuous shifts

of the central charge by 24, we can say that
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A bulk bosonic topological phase corresponds to a genus of even lattices while its edge

phases correspond to the different lattices in this genus.

The problem of detemining the different stable edge phases that can occur for the same
bosonic bulk is then the problem of determining how many distinct lattices there are in
a genus.

In the fermionic case, the situation is more complicated. A fermionic topological
phase is determined by its particle types, its S-matrix, and its central charge (mod 24).
It does not have a well-defined T-matrix because we can always change the topological
twist factor of a particle by —1 simply by adding an electron to it. According to the

following result of Nikulin, these quantities determine an odd lattice:

Corollary 1.16.6: Given a finite Abelian group A, a bilinear form b : A x A — Q/Z,
and two positive numbers (ro,r_), then, for sufficiently large v, ,r_, there exists an odd
lattice for which A is its discriminant group. b is the bilinear form on the discriminant

group, and (ry,r_) is its signature.

Since the S-matrix defines a bilinear form on the Abelian group of particle types, this
theorem means that the quantities that specify a fermionic Abelian topological phase
are compatible with an odd lattice. Clearly, they are also compatible with an entire
genus of odd lattices since o, stable equivalence preserves these quantities. Moreover,

by Corollary 1.16.3, there is only a single genus of odd lattices that are compatible with
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this bulk fermionic Abelian topological phase. However, Corollary 1.16.3 leaves open
the possibility that there is also a genus of even lattices that is compatible with this
fermionic bulk phase, a possibility that was realized in one of the examples in Section
4.3. This possibility is discussed in detail in Section 4.6. However, the general result

that we can already state, up to shifts of the central charge by 24 is

A bulk fermionic topological phase corresponds to a genus of odd lattices while its edge
phases correspond to the different lattices in this genus and, in some cases (specificed in

Section 4.6), to the different lattices in an associated genus of even lattices.

In principle, one can determine how many lattices there are in a given genus by using

the Smith-Siegel-Minkowski mass formula'*? to evaluate the weighted sum

> |AT1(A)| = m(K) (4.73)

Aeg

over the equivalence classes of lattices in a given genus ¢g. Each equivalence class of
forms corresponds to a lattice A. The denominator is the order of the automorphism
group Aut(A) of the lattice A. The right-hand-side is the mass of the genus of K, which
is given by a complicated but explicit formula (see Ref. 143).

Given a K-matrix for a bosonic state, one can compute the size of its automorphism
group?, which gives one term in the sum in (4.73). If this equals the mass formula on the

right-hand-side of Eq. (4.73), then it means the genus has only one equivalence class.

3For generic K-matrices without any symmetries, the automorphism group often only consists of two
elements: W = £In«nN.
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If not, we know there is more than one equivalence class in the genus. Such a program
shows %9 that, in fact, all genera contain more than one equivalence class for N > 10, i.e.
all chiral Abelian quantum Hall states with central charge ¢ > 10 have multiple distinct
stable chiral edge phases. For 3 < N < 10, there is a finite set of genera with only a

51 all others have multiple equivalence classes. The examples

single equivalence class;!
of v = 16 analyzed in Ref. 124 and v = 12/23 that we gave in Section 4.7 are, in fact,
the rule. Bosonic chiral Abelian quantum Hall states with a single stable chiral edge
phase are the exception, they can only exist for ¢ < 10 and they have been completely
enumerated. 171

This does not tell us how, given one equivalence class, to find other equivalence classes
of K-matrices in the same genus. However, one can use the Gauss reduced form!*? to
find all quadratic forms of given rank and determinant by brute force. Then we can use

the results at the end of previous Section to determine if the resulting forms are in the

same genus.

4.5.3 Primary Decomposition of Abelian Topological Phases

According to the preceding discussion, two distinct edge phases can terminate the
same bulk phase if they are both in the same genus (but not necessarily only if they are
in the same genus in the fermionic case). It may be intuitively clear what this means,

but it is useful to be more precise about what we mean by “the same bulk phase”. In
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more physical terms, we would like to be more precise about what it means for two
theories to have the same particle types and S- and T-matrices. In more formal terms,
we would like to be more precise about what is meant in Nikulin’s Theorem 1.11.3 by
isomorphic quadratic forms and bilinear forms. In order to do this, it helps to view an
Abelian topological phase in a somewhat more abstract light. When viewed from the
perspective of an edge phase or, equivalently, a K-matrix, the bulk phase is determined
by the signature (r;,7_), together with the bilinear form on the discriminant group
A*/A induced by the bilinear form on the dual lattice A* determined by K. As we have
seen, this data uniquely specifies a nondegenerate quadratic form ¢: A*/A — Q/Z on
the discriminant group. Therefore, we may view the genus more abstractly in terms of
an arbitrary finite Abelian group A and a quadratic form ¢: A — Q/Z, making no direct
reference to an underlying lattice. We will sometimes call such a quadratic form a finite
quadratic form to emphasize that its domain is a finite Abelian group. The elements of
the group A are the particle types in the bulk Abelian topological phase.

Now suppose we have two bulk theories associated with Abelian groups A, A’
quadratic forms ¢: A — Q/Z, ¢': A” — Q/Z and chiral central charges c_, ¢ . These
theories are the same precisely when the chiral central charges satisfy c_ = ¢ mod 24,
and when the associated quadratic forms are isomorphic. This latter condition means
that there exists a group isomorphism f: A" — A such that ¢’ = go f. Note that if the

quadratic forms are isomorphic then the chiral central charges must be equal (mod 8)
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according to the Gauss-Milgram sum. However, the bulk theories are the same only if
they satisfy the stricter condition that their central charges are equal modulo 24.

The implications of this become more apparent after observing that any Abelian
group factors as a direct sum A ~ @,A, over primes dividing |A|, where 4, C A
is the p-primary subgroup of elements with order a power of p. Any isomorphism
f: A" — A must respect this factorization by decomposing as f = @,f,, with each
fo: A, — A,. Furthermore, every finite quadratic form decomposes into a direct sum
q = ©pqp of p-primary forms; we call g, the p-part of ¢q. This ultimately leads to a
physical interpretation for p-adic integral equivalence: if p is odd, two K-matrices are
p-adically integrally equivalent precisely when the p-parts of their associated quadratic
forms are isomorphic. Additional subtleties arise when p = 2 but, as we will see, these
are the reason for the distinction between o,- and o,-equivalence.

The image of a given finite quadratic form ¢ is a finite cyclic subgroup N 127 c
Q/Z isomorphic to Z/N,, where N, is the level of the finite quadratic form ¢. The level
is the smallest integer NV such that ¢ factors through Z/N, implying that the topological
spins of particles in A, are N,th roots of unity. Because the level of the direct sum of
finite quadratic forms is the least common multiple of the levels of the summands, the
level of ¢ = @,q, is equal to the product N, = Hp N,, of the levels of the g,. If p is
odd, the level of g, is the order of the largest cyclic subgroup of A,, while it is typically

twice as big for go. Physically, this means that the entire theory uniquely factors into a
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tensor product of anyon theories such that the topological spins of the anyons in the pth
theory are pth-power roots of unity. This decomposition lets us express a local-to-global
principle for finite quadratic forms: ¢ and ¢’ are isomorphic iff ¢, and q;) are for every
p. Indeed, if one views prime numbers as “points” in an abstract topological space?,
this principle says that ¢ and ¢ are globally equivalent (at all primes) iff they are locally
equivalent at each prime dividing |A]|.

Further information about the prime theories is obtained by decomposing each A,

into a product
A, =~ [ @/pm)®r (4.74)

of cyclic groups, where dyo, ..., dm,~1 > 0 and dymp > 0. When p is odd, there is a 1-1
correspondence between bilinear and quadratic forms on A, because multiplication by
2 is invertible in every Z/p™. Furthermore, given a quadratic form ¢, on A, for odd p,
we claim there always exists an automorphism g € Aut(A,) that fully diagonalizes g,

relative to a fixed decomposition (4.74) such that

weg=P (4o . eq.oq), (4.75)
" dpm‘trerms
where
+ P
Gy (T) = p—mQ x” mod Z,

4This space is known as Spec(Z). Rational numbers are identified with functions on this space
according to their prime factorizations.
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1
Gy () = —u,27 " 2% mod Z
pm

and u, is some fixed non-square modulo p”. A dual perspective is that, given g,, it is
always possible to choose a decomposition (4.74) of A, relative to which g, has the form
of the right-hand-side of (4.75). However, not every decomposition will work for a given
qp, because Aut(4,) can mix the different cyclic factors. For example, Aut((Z/p)?) ~
GL(d, Z/p) mixes the cyclic factors of order p. There will also be automorphisms mixing
lower-order generators with ones of higher order, such as the automorphism of Z/3 &
7)9 = (a3, ag) defined on generators by az — as and ag — az + ag. Physically, this
means that the anyon theory associated to A, further decomposes into a tensor product
of “cyclic” theories, although now such decompositions are not unique because one can

always redefine the particle types via automorphisms of A,.

4.5.4 p-adic Symbols

Two K-matrices are p-adically integrally equivalent iff the diagonalizations of the
p-parts of their associated finite quadratic forms coincide. The numbers d,» and the
sign of the last form in the mth block thus form a complete set of invariants for p-
adic integral equivalence of K-matrices. This data is encoded into the p-adic symbol,

l:tdpo :tdpl (p2):tdp2 .

which is written as (terms with d,m = 0 are omitted) and can
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be computed using Sage.®? Two K-matrices are p-adically integrally equivalent iff their
p-adic symbols coincide.

The p-adic symbol can be computed more directly by noting that K-matrices are
equivalent over the p-adic integers when they are equivalent by a rational transformation
whose determinant and matrix entries do not involve dividing by p. Such transformations
can be reduced modulo arbitrary powers of p and give rise to automorphisms of the p-
part A, of the discriminant group. Given a K-matrix K, there always exists a p-adically

integral transformation g putting K into p-adically block diagonalized*** form
9Kg" = Ky @ pKp & p°Kpe -+ -, (4.76)

where det(K,m) is prime to p for every m.

A more direct characterization of the genus can now be given: Two K-matrices are in
the same genus iff they are related by a rational transformation whose determinant and
matrix entries are relatively prime to twice the determinant, or rather, to the level N
of the associated discriminant forms. Such a transformation suffices to simultaneously
p-adically block-diagonalize K over the p-adic integers for every p dividing twice the
determinant, and a similar reduction yields the entire quadratic form on the discriminant
group, with some extra complications when p = 2. Such a non-integral transformation
mapping two edge theories as g(A;) = Ay does not, however induce fractionalization in

the bulk since it reduces to an isomorphism between the discriminant groups Aj/A; —
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A3/As. For example, the v = 12/11 K-matrices (4.32) and (4.37) are related by the

following rational transformation that divides by 3:

( 1 o) (3 1) (1 —1/3) _ (1 0)
—-1/3 1J\1 4)\0 1 0 11)°
One might be tempted to look at this transformation and conclude that one of the
particle types on the left-hand-side has undergone fractionalization and divided into 3
partons (due to the —1/3 entries in the matrix), thereby leading to the phase on the right-
hand-side. But in mod 11 arithmetic, the number 3 is invertible, so no fractionalization
has actually occurred.

When p # 2, the p-adic symbol can be directly computed from any such p-adic block
diagonalization, as the term (p™)*%™ records the dimension dym = dim(K,=) and sign

+ of det(K,m), the latter being given by the Legendre symbol

det(K ) +1 if p is a square mod p

(557) -
—1 if p is not a square mod p.

In this case, it is further possible to p-adically diagonalize all of the blocks Kpm, in

which case there exists a p-adically integral transformation g that diagonalizes the form

Q(x) = 3x"K'x on the dual lattice A* such that its reduction modulo A takes the

form (4.75).

When p = 2, it is possible that only some of the blocks Ky in the decomposition

(4.76) can be 2-adically diagonalized!'* (we call these blocks odd). The remaining even
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K-matrix p-adic symbols quadratic form
( 1 0) 172 17+
07 0 n
(14) | 1d&a 17 i
(61) |
(1) 1,2 111+t a;
(3 0) 172 113+t 1-15+T
05 0 + +
(% é) 1;;26n 1-13+1 1-15+1 q3 D gy
(%1?6) 142 1+193+ 0
( 1 6) even 23
KA4 1-4 1+35+1
even +
5@ 15 164 1+35+1 qs
KES 1;/8en
]18 18—8 0
Kg, @14
ISP 1112 0
KDE
( 2 § ) 22_\/261’1 q;?
KD4 1 e_v%en 2e_v2en q;,Q
(33) |20 113+ Gyo © a3

Figure 4.1: p-adic symbols and discriminant quadratic forms for various K-
matrices appearing in this paper. We begin with the canonical 2-adic symbol in
every case, followed by the symbols for each prime dividing the determinant. Each
block contains inequivalent-but-stably-equivalent matrices. The last few rows contain

K-matrices giving rise to some of the exceptional 2-adic quadratic forms mentioned in

the text.
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blocks can only be block diagonalized into 2 x 2 blocks of the form (2ba 2bc) with b odd,
or rather, some number of copies of o, and (2}). As with odd p, the 2-adic symbol
associated to such a block diagonalization records the dimensions dsm of the blocks,
together with the signs of the determinants det(Kym), which are given by the Jacobi
symbols

9 +1  if det(Kaom) = £1 mod 8
(det( )

Kom)
—1 if det(Kym) = +£3 mod 8

and record whether or not det(K,m) is a square mod 8. In addition to this data, the 2-
adic symbol also records the parities as well as the traces TrKo» mod 8 of the odd blocks.
An additional complication is that a given K-matrix can be 2-adically diagonalized in
more than one way, and while the dimensions and parities of the blocks will be the same,
the signs and traces of the odd blocks — and thus the 2-adic symbols — can be different.
While this makes checking 2-adic equivalence more difficult, it is nonetheless possible to
define a canonical 2-adic symbol!*? that is a complete invariant for 2-adic equivalence.
We record these canonical 2-adic symbols for many of the K-matrices considered in this
paper in Table 4.1.

The reason for the additional complexity when p = 2 is because multiplication by 2
is not invertible on the 2-primary part (Q/Z), of Q/Z. This implies that if ¢ refines a
bilinear form on a 2-group then so does q+% mod Z, and sometimes these refinements are

not isomorphic. For example, there is only one nondegenerate bilinear form bo(z,y) =

171



Chapter 4. Bulk-Edge Correspondence in (2 + 1)-Dimensional Abelian Topological
Phases

2 mod Z on Z/2, with two non-isomorphic quadratic refinements g5 (z) = £% mod Z.
Each of these refinements has level 4 and corresponds respectively to the semion K = (2)

and its conjugate K = (—2). These give the S and 7" matrices

. 1 1 1 + :F@ 1
=350 4) (L)

On Z/2 x 7Z/2, there are two isomorphism classes of nondegenerate bilinear forms.

The first class is represented by
(b2 ® bo)(w,y) = %(Ilyl + Z2y2) mod Z

and has the S-matrix
1 1 1

1

1 -1 1 -1
1 1 -1 -1
1 -1 -1 1

1
52®52:§

All the refinements in this case have level 4 and are given by tensor products of semions.
Up to isomorphism, this gives three refinements ¢ ®qy , ¢5 Bq, and g, Sq, , determined
by the K-matrices (2 2), (2 ,2) and (’2 72) with ¢_ = 2,0, —2 respectively.

The second class of bilinear forms on Z/2 x Z/2 contains the single form
bao(x,y) = (21y2 + 22y1) mod Z

and gives the S-matrix
1 1 1
1 -1 -1
-1 1 -1
-1 -1 1

So = =

—_ = = =
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It is refined by two isomorphism classes qu of quadratic forms with T-matrices T. ;fQ =
diag(1,£1,+1, —1) (these have level 2, the exception to the rule), up to the usual phase
of —2mic_/24. The form g3, is given by the K-matrix (, ?) and corresponds to the toric

code. The form ¢y, is given by the K-matrix

2 0 1 0
0 2 -1 0
Kp, 1 -1 2 -1
0 0 -1 2

of SO(8)1, or equivalently, by the restriction of the quadratic form associated to the K-
matrix (4%) to the 2-part of its discriminant group Z/2 x Z/2 x Z/3. Again, these are
distinguished by their signatures, which are 0 and 4 mod 8. The 2-adic diagonalizations
of these K-matrices contain examples of even blocks, as illustrated in to even blocks in
Table 4.1.

Further complexity arises for higher powers of 2: There are two bilinear forms b on
Z./4, and four bys™" on each Z/2™ when m > 3. There are also four quadratic forms
g™ on Z/2™ for every m > 2, all with level 2™*!. Therefore, the bilinear forms
b¥ have two refinements each, while the rest have unique refinements. On top of all
this, even more complexity arises from the fact that factorizations of such forms is not
typically unique. It is therefore less straightforward to check equivalence of 2-adic forms.
It is nonetheless still possible to define a canonical 2-adic symbol!4® that is a complete

invariant for 2-adic equivalence of K-matrices. However, this symbol carries strictly more

information than the isomorphism class of the 2-part of the discriminant form because it
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knows the parity of K. To characterize the even-odd equivalences that we investigate in
the next section, the usual 2-adic equivalence is replaced with equivalence of the 2-parts
of discriminant forms as in the odd p case above.

The 2-adic symbol contains slightly more information than just the equivalence class
of a quadratic form on the discriminant group. This is evident in our even-odd examples,
for which all p-adic symbols for odd p coincide, with the only difference occurring in the
2-adic symbol. It is however clear that two K-matrices Kqwen and Koqq of different
parities are stably equivalent precisely when either Keoyen @ 1 and Koqq € 1 are in the
same genus, or otherwise, when Kgwen ® 0. and Kyqq @ o, are in the same genus. A

detailed study of the 2-adic symbols in this context will appear elsewhere.

4.6 Stable Equivalence between Odd and Even Ma-

trices: Fermionic Bulk States with Bosonic Edges

We now focus on the case of fermionic systems, which are described by odd K-
matrices (i.e., matrices that have at least one odd number on the diagonal). We ask:
Under what circumstances is such a K-matrix equivalent, upon enlargement by o, (or

04, since it makes no difference for an odd matrix), to an even K-matrix enlarged by o,:

Kodd Do, = WT(Keven D O-z)W? (477)
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This question can be answered using the theory of quadratic refinements. 4142

As we have alluded to earlier, the naive definition of a quadratic form on the discrimi-
nant group breaks down for odd matrices. To be more concrete, %ﬁQ (mod 1) is no longer
well-defined on the discriminant group. In order to be well-defined on the discriminant
group, shifting @ by a lattice vector A € A must leave ¢(#) invariant modulo integers,
so that e?™(® in Eq. (4.23) is independent of which representative in A* we take for an
equivalence class in A = A*/A. When K is odd, there are some vectors A in the original
lattice A such that

—

q(i+ A) = q(u) + %mod L. (4.78)

Physically, such a vector is just an electron (A - A is an odd integer). One can attach
an odd number of electrons to any quasiparticle and change the exchange statistics
by —1. In a sense, the discriminant group should be enlarged to A & (A + Aoaq):
quasiparticles come in doublets composed of particles with opposite fermion parity, and
therefore opposite topological twists. The Gauss-Milgram sum over this enlarged set of
quasiparticles is identically zero, which is a clear signature that the Abelian topological
phase defined by an odd K-matrix is not a TQFT in the usual sense.

While the T" matrix is not well-defined for a fermionic theory, the S matrix, which
is determined by the discriminant bilinear form b([7], [¢']), makes perfect sense. This
is because a full braid of one electron around any other particle does not generate a

non-trivial phase.
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Given a bilinear form b, a systematic approach for defining a quadratic form that is
well-defined on the discriminant group comes from the theory of quadratic refinements.
The crucial result is that a given bilinear form can always be lifted to a quadratic form
q on the discriminant group. The precise meaning of “lifting” is that there exists a
well-defined discriminant quadratic form such that b([0], [0]) = q([7 + ¥]) — ¢([7]) —
q([¢"]). 141142 With ¢, the topological twists are well-defined: e?74(%) = e2ria(@+X) for all
u € N and A € A. We will give a constructive proof for the existence of such a ¢, given
any odd K-matrix.

Once the existence of such a quadratic form ¢([v]) is established, we can evaluate the
Gauss-Milgram sum (4.27) and determine ¢_ mod 8. We then appeal to the following

result of Nikulin; 144

Corollary 1.10.2: Given an Abelian group A, a quadratic form q on A, and positive
integers (ry,r_) that satisfy the Gauss-Milgram sum for q, there exists an even lattice
with discriminant group A, quadratic form q on the discriminant group, and signature

(ry,r_), provided ry + r_ is sufficiently-large.

Using Corollary 1.10.2, we immediately see that an even lattice characterized by
(A, q,c_ mod 8) exists, whose Gram matrix is denoted by Keyen. Recall that the chiral
central charge c_ is equal to the signature o = r, —r_ of the lattice. Next we show that

Keyen i 0,-stably equivalent to the odd matrix we started with: namely, (4.77) holds for
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this Keven. Since Kewen and K share the same discriminant group and S matrix, they
are stably equivalent upon adding unimodular lattices, according to Theorem 1. 1. 9.

In other words, there exist unimodular matrices U and U’ such that

K&U =~ Koen ® U (4.79)

Apparently U’ must be odd. We now add to both sides of the equation the conjugate of
U’ denoted by U”:

KOUU) ~ Keen @ (U @ T). (4.80)

On the right-hand side, U’ ® U’ is equivalent to o, ® 0, @ ---0,. On the left-hand
side, U @ U’ can be transformed to the direct sum of I, where n = o(U) — o(U’) =
0(Keven) — 0(K) and several o/,’s. Here I, is the |n| x |n| identity matrix and when
n is negative we take it to be —I|,. If n # 0 mod 8, then Ken has a different chiral

central charge as K. Therefore we have arrived at the following theorem:

For any odd K matriz, K &1, is o,-stably equivalent to an even K-matriz for an appro-

priate n.

The physical implication is that by adding a certain number of Landau levels the edge
phase of a fermionic Abelian topological phase is always stably equivalent to a purely

bosonic edge phase which has no electron excitations in its low-energy spectrum.
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The possible central charges of the bosonic edge theory are cgrm + 1+ 8m for m € Z.
We can consider a fermionic system with an additional 8m 4+ n Landau levels, where
m is the smallest positive integer such that 8m + n > 0. Such a fermionic theory has
precisely the same discriminant group as the original fermionic theory and, consequently,
is associated with precisely the same bosonic system defined by the refinement ¢([u]).
So even if the original fermionic theory does not have a stable chiral edge phase with
only bosonic excitations, there is a closely-related fermionic theory with some extra
filled Landau levels which does have a chiral edge phase whose gapless excitations are
all bosonic. A simple example of this is given by the v = 1/5 Laughlin state, which has
K = 5. The corresponding bosonic state has ¢ = 4, so the v = 1/5 Laughlin state does
not have a chiral edge phase whose gapless excitations are all bosonic. However, the
central charges do match if, instead, we consider the v = 3 + % = 16/5 state. This state

does have a bosonic edge phase, with K-matrix

2 100
1210

Ku=|o 1 91 (4.81)
001 2

corresponding to SU(5);. (Ordinarily, the Cartan matrix for SU(5) is written with —1s
off-diagonal, but by a change of basis we can make them equal to +1.)

In the following we demonstrate concretely how to obtain a particular discriminant
quadratic form ¢, starting from the odd lattice given by K. We already know that the

naive definition 3a@*(mod 1) does not qualify as a discriminant quadratic form. In order
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to define a quadratic form on the discriminant group, we first define a quadratic function
Qw (@) according to:

Qw() = Ju" — u- 0, (4.82)

for @ € A*. Such a linear shift preserves the relation between the quadratic function (7'

matrix) and the bilinear form (S matrix):

Qw (U +7) — Qw(U) — Qw(V) =u - U. (4.83)

—

(Notice that @ - ¥ is the symmetric bilinear form b(w,¥) in Stirling’s thesis!4?)

. Notice
that at this stage (Qw is not yet a quadratic form on A, being just a quadratic function.

If, for any A € A, Qy satisfies Qw (U + A) = Qw (@) mod 1 or, in other words,
A-A=-dmod 2. (4.84)
then we can define the following quadratic form on the discriminant group:

q([u]) = Qw(a).

Expanding @ in the basis of the dual lattice W = wy fl and expanding A’&;, we find that
this condition is satisfied if we take w; = K;ymod 2. Thus, for a Hall state expressed
in the symmetric basis, we may identify « with twice the spin vector s; = Kj;/2.135153

A central result of Ref. 141 is that such a w leads to a generalized Gauss-Milgram

suim:

g,

L Z 2miQu (@) —  2mio/8 (4.85)

=
IS
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where, in order for the notation to coincide, we have replaced the chiral central charge
with the signature o on the right-hand-side of the above equation. Note that the choice
of « here is not unique. We can check that the modified Gauss-Milgram sum holds for

W+ 2A* where A\* € A*. First note that

1 1 1 1
Qugor () = =% — =t - W — T - N = Qu(T — N*) — =X*2 — ZA\* .47, (4.86)
2 2 2 2
while at the same time
(W + 2A)% = @ + 4N - + 4X*2, (4.87)
Therefore,
6%@%2)\*)2 Z o2 iQu o+ (@) _ e%uﬂ Z p2miQa (=A%) _ 2mio/8 (4.88)

u u

One can freely shift @ by 2A*. Consequently, i is really an equivalence class in A* /2A*.
In Appendix E, we further prove that such a representative w can always be chosen
to lie in the original lattice A. We denote such a w by wy. The advantage of such a

choice can be seen from the expression

e2miQu, (@) _ em’ﬁ2 PRATAT

the topological twists. Since @, now lives in A, we have @ - W, € Z and ™% = 41,
This corroborates our intuition that one can salvage the Gauss-Milgram sum in the case

of odd matrices by inserting appropriate signs in the sum.
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In addition, we can prove that our quadratic function now defines a finite quadratic
form because Qg,(nt) = n’Qg, (%) mod Z. To see why this is true, we use the definition
of q:

2 2 2
Qu, (nil) = — 1> — gﬁ vy = (n—ﬁz - %ﬁ *0) mod Z. (4.89)

The second equality follows from the elementary fact that n? = n (mod 2) together with
@ - Wy € Z. Therefore the definition ¢([t]) = Qg, (%) mod Z is well-defined.

Having found the discriminant quadratic form ¢(u), the generalized Gauss-Milgram
sum now can be re-interpreted as the ordinary Gauss-Milgram sum of a bosonic Abelian
topological phase. As aforementioned, there exists a lifting to an even lattice with the
signature o’ = (o — w2) mod 8 where ¢ is the signature of the odd matrix K and thus
the number of Landau levels we need to add is n = —wj mod 8.

Hence, we have the sufficient condition for the existence of an even lattice that is
stably equivalent to a given odd lattice: ¢/ = o, or W = 0mod 8.

An obvious drawback of this discussion is that it is not constructive (which stems
from the non-constructive nature of the proof of Nikulin’s theorem **): we do not know
how to construct uniquely the even matrix corresponding to a given discriminant group,

quadratic form ¢, and central charge c¢. The distinct ways of lifting usually result in

lattices with different signatures.
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4.7 Novel Chiral Edge Phases of the Conventional

Bulk Fermionic v = 8§, 12, %, % states

Now that the general framework has been established, in this section we consider a

few experimentally relevant examples and their tunneling signatures.

4.71 v =28

The integer quantum Hall states are the easiest to produce in experiment and are
considered to be well understood theoretically. But surprisingly, integer fillings, too, can
exhibit edge phase transitions. The smallest integer filling for which this can occur is
at v = 8, because eight is the smallest dimension for which there exist two equivalence
classes of unimodular matrices. One class contains the identity matrix, Ig, and the other
contains Kp,, defined in Appendix F, which is generated by the roots of the Lie algebra
of Eg. Kp, is an even matrix and hence describes a system whose gapless excitations

124,133 (

are all bosonic although if we consider the bosons to be paired fermions, it must

contain gapped fermionic excitations.) Yet, counterintuitively, it is stably equivalent to

the fermionic Ig; for Wy defined in Appendix F,

WST(KES D UZ)WS = ]IS Do, (490)
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This is an example of the general theory explained in Section 4.6, but it is an extreme
case in which both phases have only a single particle type — the trivial particle. The
chiral central charges of both phases are equal and so Nikulin’s theorem guarantees
that the two bulk phases are equivalent (when the bosonic Eg state is understood to be
ultimately built out of electrons) and that there is a corresponding edge phase transition
between the two chiral theories.

The action describing the Ig state with an additional left- and right-moving mode is

S = / dx dt( (Is ® 0.),, 00" By’ — —VU@mqﬁIaxqu + i = ew,@”gbIAl,). (4.91)

1

The charge vector is implicitly t; = 1 for all I. As we have shown in previous sections,

the basis change ¢/ = Wg¢ makes it straightforward to see that if the perturbation

S = /dwdtu’ cos (gg £ @) (4.92)

is the only relevant term, then the two modes ¢f and ¢}, would be gapped and the
system would effectively be described by Kpg,.

As in the previous examples, measurements that probe the edge structure can distin-
guish the two phases of the edge. Consider, first, transport through a QPC that allows
tunneling between the two edges of the Hall bar. In the v = 8 state with K = I, the

backscattered current will be proportional to the voltage
I <V (4.93)
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because the most relevant backscattering operators, cos(¢t —¢?), correspond to the tun-

neling of electrons. In contrast, when K = Kp,, there is no single-electron backscattering

term. Instead, the most relevant operator is the backscattering of charge-2e bosons —i.e.
s

of pairs of electrons — from terms like cos(¢ — @I — ¢P + ¢/P), which yields different

current-voltage relation

Ih o V3, (4.94)

An alternative probe is given by tunneling into the edge from a metallic lead. In the
K =TI case, the leading contribution is due to electrons tunneling between the lead and

the Hall bar from the terms wfeadei‘g, yielding
IH:‘“ x V. (4.95)

However, in the Kp, case there are no fermionic charge-e operators to couple to the

electrons tunneling from the lead. Instead, the leading term must involve two electrons

from the lead tunneling together into the Hall bar. The amplitude for this event may

be so small that there is no detectable current. If the amplitude is detectable, then

we consider two cases: if the quantum Hall state is not spin-polarized or if spin is

not conserved (e.g. due to spin-orbit interaction), then the leading contribution to the
T

tunneling current is from terms like wfea 4 iwlTea 4 Tei¢'1T—i¢4 , which represents two electrons

of opposite spin tunneling together into the Hall bar, yielding
g o VP, (4.96)
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If the quantum Hall state is spin-polarized, and tunneling from the lead is spin-conserving,
then the pair of electrons that tunnels from the lead must be a spin-polarized p-wave
pair, corresponding to a tunneling term like @/)lTead7 ¢8¢Fead, iei‘bllT*i‘iﬁilT in the Lagrangian,
and we instead expect

Im o VP, (4.97)

Another important distinction between the two edge phases is the minimal value of
electric charge in the low-energy sector, which can be probed by a shot-noice measure-
ment, 230 as was done in the v = 1/3 fractional quantum Hall state.?"32 The Ig phase
has gapless electrons, so the minimal charge is just the unit charge e. However, the FEg
edge phase is bosonic and consequently the minimal charge is at least 2e (i.e. a pair of
electrons). (Electrons are gapped and, therefore, do not contribute to transport at low
temperatures and voltages.) Quantum shot noise, generated by weak-backscattering at
the QPC is proportional to the minimal current-carrying charge and the average cur-
rent. So we expect a shot-noise measurement can also distinguish the two edge phases

unambiguously.

4.7.2 v =12

In dimensions-9, -10, and -11, there exist two unique positive definite unimodular

lattices, whose K-matrices are (in the usual canonical bases) g 1911 or Kg, @11 23. In
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each dimension, the two lattices, when enlarged by direct sum with o,, are related by
the similarity transformation of the previous section. However in dimension-12, a new
lattice appears, Dj5, defined in Appendix F. One salient feature of this matrix is that it
has an odd element along the diagonal, but it is not equal to 1, which is a symptom of
the fact that there are vectors in this lattice that have odd (length)? but none of them
have (length)?=1. The minimum (length)? is 2. Upon taking the direct sum with o,
the resulting matrix is equivalent to I @ 0, — and hence to Kg, @ Iy @ o, using the
transformation of the previous section — by the relation ng(K D, @o,)Wip =T ®o,,
where Wi, is defined in Appendix F.

Consider the action of the v = 12 state with two additional counter propagating

gapless modes and with the implicit charge vector t; = 1:

1 1 1
S = / dx dt (E I ®0.);, 8t¢18x¢J—EVU8xgb10xng+% ; ewauqﬁfAV) . (4.98)

The matrix Wiy suggests a natural basis change ¢/ = Wi,¢ in which the perturbation

S = /dxdtu' cos (¢g £ ¢7,) (4.99)

can open a gap, leaving behind an effective theory described by K D

It is difficult to distinguish the ;5 edge phase from the Eg @ I4 phase because both
phases have charge-e fermions with scaling dimension-1/2. However, both of these edge
phases can be distinguished from the D}, phase in the manner described for the v = 8

phases in the previous subsection. At a QPC, the most relevant backscattering terms
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will have scaling dimension 1; one example is the term cos(¢/) — ¢'%), which yields the
current-voltage relation

Iy o V2 (4.100)
This is the same as in the Fjs edge phase at v = 8 because the most-relevant backscat-
tering operator is a charge-2e bosonic operator with scaling dimension 2. There is a
charge-e fermionic operator exp(i(¢5 + 2¢75)), but it has scaling dimension 3/2. Tts
contribution to the backscattered current is oc V°, which is sub-leading compared to the
contribution above, although its bare coefficient may be larger. However, if we couple
the edge to a metallic lead via 1, exp(i(¢f + 24/5)), single-electron tunneling is the

dominant contribution for a spin-polarized edge, yielding
I o V3, (4.101)
12

while pair tunneling via the coupling wfeadﬁwfeadewﬁ gives a sub-leading contribution
o V?°. If the edge is spin-unpolarized, pair tunneling via the coupling wfead Tz/)fead ieid’/lTl

gives a contribution with the same V' dependence as single-electron tunneling.

4.7.3 Fractional Quantum Hall States with Multiple Edge Phases

In Section 4.3, we discussed the v = 8/7 state, which has two possible edge phases.

Our second fermionic fractional quantum Hall example is

K = (g (5)) (4.102)
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with ¢t = (1,1)T. We again assume that a pair of gapped modes interacts with these two
modes, and we assume that they are modes of oppositely-charged particles (e.g. holes),

sothat t = (1,1, —1,—1)T. Upon enlarging by o, we find that K,®o, = W (Ky®o, )W,

where
2 1
o (2) s
and
1 301
0 3 01
W = 0010 (4.104)
1 8 0 3
If the following perturbation is relevant, it gaps out a pair of modes:
S = /dx dtu' cos(—3¢; — bpa + ¢35 + 3¢y4). (4.105)

Under the basis change (4.104), —3¢1 — 5a + ¢3 + 304 = ¢ + ¢}y, so the remaining
theory has K-matrix (4.103).
In the K edge phase (4.102), the backscattered current at a QPC is dominated by

the tunneling term cos(¢2 — @), which yields
I o V35, (4.106)

while the tunneling current from a metallic lead is dominated by the single-electron

tunneling term wfeade?’i‘z’lT, which yields
I oc V3, (4.107)

188



Chapter 4. Bulk-Edge Correspondence in (2 + 1)-Dimensional Abelian Topological
Phases

In the K5 edge phase (4.103), the backscattered current at a QPC is dominated by the

tunneling term cos(¢ — ¢F), yielding
Ib o VIS, (4.108)

while the tunneling current from a metallic lead is dominated by the pair-tunneling term

Pl 0wl e =795 which assumes a spin-polarized edge, and yields
I o VI (4.109)

As we discussed in Section 4.6, the v = 16/5 state can have two possible edge phases,

one with

K, = : (4.110)

o O O
OO = O
O = O O
o O O O

which is essentially the edge of the v = 1/5 state, together with 3 integer quantum Hall

edges. The other possible phase has

2 100
1210

Ks=1,71 5 1 (4.111)
001 2

Upon enlarging by a pair of gapped modes, the two matrices are related by K; & o, =

WT (K, ® o,)W, where

1 0 0 2 0 -1
-1 1 0 -4 0 2
1 -1 1 6 0 -3
W = 1 1 -1 -8 1 4 (4.112)
0o 0 0 5 0 =2
-1 1 -1 =10 1 5
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If the gapped modes are oppositely charged holes, then the following perturbation carries

no charge:

S = /dmdtu' COS(—gbl + 9252 — §b3 - 5@54 + 9255 + 3¢6) (4113)

If this perturbation is relevant, it will gap out a pair of modes and leave behind an
effective theory describe by the K-matrix (4.111),

The two edge phases of the v = 16/5 state can be distinguished by the voltage
dependence of the current backscattered at a quantum point contact and the tunneling
current from a metallic lead. In the K; edge phase, the backscattered current at a
QPC is dominated by the quasiparticle backscattering term cos(¢l — ¢¥), yielding the
current-voltage relation

1P oc V375, 4.114
1

In the K5 edge phase, there are several terms that are equally most-relevant, including,

for example cos(¢f — @), which yield the current-voltage relation
15 oc V35, (4.115)

Meanwhile, in the K; edge phase, single-electron tunneling from a metallic lead given

by, for example, wfeadew?, yields the dependence

1™ oV, (4.116)
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while in the K, edge phase there are only pair-tunneling terms; one such term for a

spin-polarized edge is 9, 09 "+ which yields
L™ oc VO, (4.117)

We now consider an example of a bosonic fractional quantum Hall state with v =
12/23,

Kb = @ 136) (4.118)

and t = (1,1)7. (This is a natural choice of charge vector for bosonic atoms in a

rotating trap. For paired electrons in a magnetic field, it would be more natural to have

t = (2,2)7) By a construction similar to the one discussed in the fermionic cases of

v =8,12,8/7,8/15 and the bosonic integer quantum Hall cases of v = 8,16, this state

has another edge phase described by

Kb = (‘11 é) (4.119)

and t = (1, —1)T. As in the previous cases, the two edge phases can be distinguished by

transport through a QPC or tunneling from a metallic lead.
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4.8 Some Remarks on Genera of Lattices and Bulk

Topological Phases

The focus in this paper is on the multiple possible gapless edge phases associated with
a given bulk topological phase. However, having established that the former correspond
to lattices while the latter correspond to genera of lattices (or, possibly, pairs of genera
of lattices), we note here that some results on genera of lattices published by Nikulin in
Ref. 144 have direct implications for bulk topological phases. We hope to explore these
relations more thoroughly in the future.

We begin by noting that the data that determine a genus of lattices is precisely the
data that determine a 2 4+ 1-D Abelian topological phase. Recall that the elements of
the discriminant group A of a lattice form the particle content of an Abelian topological
phase. We can turn this around by noting that the particle content and fusion rules
of any Abelian topological phase can be summarized by an Abelian group A whose
elements are the particle types in the theory and whose multiplication rules give the
fusion rules of the theory. The fusion rules take the form of the multiplication rules
of an Abelian group because only one term can appear on the right-hand-side of the
fusion rules in an Abelian topological phase. Meanwhile, specifying the S-matrix for the
topological phase is equivalent to giving a bilinear form on the Abelian group A according

L, —2mib([v],[v'])

to Sy = e

T . A quadratic form ¢ on the Abelian group A determines
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the topological twist factors or, equivalently, the T-matrix of an Abelian topological
phase according to O = > Finally, the signature of the form, the number of
positive and negative eigenvalues r, and r_ of the quadratic form ¢, determines the
right and left central charges, according to cg = r, and ¢, = r_. The chiral central
charge c. = cg — ¢p, is given by c_ = r, — r_ which, in turn, determines the modular
transformation properties of states and, consequently, the partition functions of the bulk
theory on closed 3-manifolds (e.g. obtained by cutting a torus out of S®, performing a
Dehn twist, and gluing it back in). The signature is determined (mod 8) by the quadratic

form ¢, according to the Gauss-Milgram sum:

27rz 2mc /8
VPR

acA

We now consider Nikulin’s Theorem 1.11.3, given in Section 4.5 and also his result

Proposition 1.11.4: There are at most 4 possible values for the signature (mod 8) for the

quadratic forms associated with a given bilinear form on the discriminant group.

Theorem 1.11.3 (given in Section 4.5) states that the S-matrix and 7, —r_ (mod 8)
completely and uniquely determine the T-matrix, up to relabellings of the particles that
leave the theory invariant. In Section 4.6 we show constructively that such a T-matrix
exists in the fermionic case. Proposition 1.11.4 tells us that, for a given S-matrix, there

are at most 4 possible values for the signature r, — r_ (mod 8) and, therefore, at most
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4 possible T-matrices. One way to interpret this is that the elements of the T-matrix
are the square roots of the diagonal elements of the S-matrix; therefore, they can be
determined, up to signs from the S-matrix. There are, at most, four consistent ways of
doing this, corresponding to, at most, four possible values of the Gauss-Milgram sum.
Then, Theorem 1.10.2, stated in Section 4.6, tells us that the quadratic form defines
an even lattice. Thus, to any fermionic Abelian topological phase, we can associate a
bosonic Abelian topological phase with the same particle types, fusion rules, and S-
matrix. The bosonic phase has a well-defined T-matrix, unlike the fermionic phase. In

addition, we have:

Theorem 1.3.1: Two lattices S1 and Sy have isomorphic bilinear forms on their discrim-

wmant groups if and only if there exist unimodular lattices Ly, Lo such that S; & L =

S @ Ls.

In other words, two lattices have isomorphic bilinear forms if they are stably equiv-
alent under direct sum with arbitrary unimodular lattices, i.e. if we are allowed to take
direct sums with arbitrary direct sums of 0,, 0., 1, and Kg,. One example of this is two
lattices in the same genus. They have the same parity, signature, and bilinear form and
are stably equivalent under direct sum with o, as required by the theorem. However, we
can also consider lattices that are not in the same genus. The example that is relevant

to the present discussion is a pair of theories, one of which is fermionic and the other
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bosonic. They have the same S-matrix but may not have the same chiral central charges.
The theorem tells us that the difference can be made up with unimodular theories. But
since o, and ¢, do not change the chiral central charge, the unimodular lattices given
by the theorem must be hypercubic lattices. (In the fermionic context, the Eg lattice
is 0,-stably equivalent to the 8-dimensional hypercubic lattice.) In other words, every
fermionic Abelian topological phase is equivalent to a bosonic Abelian topological phase,
together with some number of filled Landau levels.

Finally, we consider Nikulin’s Corollary 1.16.3, given in Section 4.5, which states
that the genus of a lattice is determined by its parity, signature, and bilinear form
on the discriminant group. Recall that the parity of a lattice is even or odd according
whether its K-matrix is even or odd. The even case can occur in a purely bosonic system
while the odd case necessarily requires “fundamental” fermions, i.e. fermions that braid
trivially with respect to all other particles. Therefore, specifying the parity, signature,
and bilinear form on an Abelian group A is equivalent to specifying (1) whether or not
the phase can occur in a system in which the microscopic constituents are all bosons,
(2) the S-matrix, and (3) the chiral central charge. (According to the previous theorem,
the T-matrix is determined by the latter two.) This is sufficient to specify any Abelian
topological phase. According to Corollary 1.16.3, these quantities specify a genus of
lattices. Thus, given any Abelian topological phase, there is an associated genus of

lattices. We can take any lattice in this genus, compute the associated K-matrix (in
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some basis) and define a U(1)"+*"~ Chern-Simons theory. A change of basis of the lattice
corresponds to a change of variables in the Chern-Simons theory. Different lattices in the
same genus correspond to different equivalent U(1)"™+*"~ Chern-Simons theories for the
same topological phase. Therefore, it follows from Corollary 1.16.3 that every Abelian

topological phase can be represented as a U(1)N Chern-Simons theory.

4.9 Discussion

A theoretical construction of a bulk quantum Hall state typically suggests a particular
edge phase, which we will call K;. The simplest example of this is given by integer
quantum Hall states, as we discussed in Sections 4.2 and 4.7. However, there is no reason
to believe that the state observed in experiments is in this particular edge phase K. This
is particularly important because the exponents associated with gapless edge excitations,
as measured through quantum point contacts, for instance, are among the few ways to

50,154

identify the topological order of the state. In fact, such experiments are virtually the

only way to probe the state in the absence of interferometry experiments3358,87,9496,99,155
that could measure quasiparticle braiding properties. Thus, given an edge theory K,
that is deduced from experiments, we need to know if a purely edge phase transition

can take the system from K; to K, — in other words, whether the edge theory Ko

is consistent with the proposed theoretical construction of the bulk state. We would
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also like to predict, given an edge theory K, deduced from experiments, what other
edge phases K3, Ky, ... might be reached by tuning parameters at the edge, such as the
steepness of the confining potential. In this paper, we have given answers to these two
questions.

The exotic edge phases at v = 8, 12 discussed in this paper may be realized in exper-
iments in a number of materials which display the integer quantum Hall effect. These
include Si-MOSFETSs,? GaAs heterojunctions and quantum wells (see, e.g. Refs. 5, 156

157 graphene, %8 polar ZnO/Mg,Zn; ,O

and references therein), InAs quanutm wells,
interfaces. ' In all of these systems, edge excitations can interact strongly and could
be in an Eg phase at v = 8 or the Dy, phase or the Fg & I; phase at v = 12. To the
best of our knowledge, there are no published studies of the detailed properties of edge
excitations at these integer quantum Hall states.

The novel edge phase that we have predicted at v = 16/5 could occur at the v =
3+ 1/5 state that has been observed® in a 31 million cm?/Vs mobility GaAs quantum
well. This edge phase is dramatically different than the edge of the v = 1/5 Laughlin
state weakly-coupled to 3 filled Landau levels. Meanwhile, a v = 8/15 state could occur
in an unbalanced double-layer system (or, possibly, in a single wide quantum well) with
v = 1/3 and 1/5 fractional quantum Hall states in the two layers. Even if the bulks

of the two layers are very weakly-correlated, the edges may interact strongly, thereby

leading to the alternative edge phase that we predict. Finally, if an v = 8/7 state is
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observed, then, as in the two cases mentioned above, it could have an edge phase without
gapless fermionic excitations.

We have focussed on the relationship between the K-matrices of different edge phases
of the same bulk. However, in a quantum Hall state, there is also a t-vector, which
specifies how the topological phase is coupled to the electromagnetic field. An Abelian
topological phase specified by a K-matrix splits into several phases with inequivalent
t-vectors. Therefore, two different K-matrices that are stably equivalent may still belong
to different phases if the corresponding t-vectors are are not related by the appropriate
similarity transformation. However, in all of the examples that we have studied, given a
(K, t) pair, and a K’ stably equivalent to K, we were always able to find a t’ related to t by
the appropriate similarity transformation. Said differently, we were always able to find an
edge phase transition driven by a charge-conserving perturbation. It would be interesting
to see if there are cases in which there is no charge-conserving phase transition between
stably-equivalent K, K’ so that charge-conservation symmetry presents an obstruction
to an edge phase transition between K, K.

When a bulk topological phase has two different edge phases, one that supports
gapless fermionic excitations and one that doesn’t, as is the case in the v = 8 integer
quantum Hall state and the fractional states mentioned in the previous paragraph, then
a domain wall at the edge must support a fermionic zero mode. For the sake of concrete-

ness, let us consider the v = 8 IQH edge. Suppose that the edge of the system lies along
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the z-axis and the edge is in the conventional phase with K = I for < 0 and the Kpg,
phase for x > 0. The gapless excitations of the edge are fully chiral; let us take their
chirality to be such that they are all right-moving. A low-energy fermionic excitation
propagating along the edge cannot pass the origin since there are no gapless fermionic
excitations in the Fg phase. But since the edge is chiral, it cannot be reflected either.
Therefore, there must be a fermionic zero mode at the origin that absorbs it.

We discussed how the quadratic refinement allows us to relate a given fermionic
theory to a bosonic one. One example that we considered in detail related K; = (1 0)

07

to Ky = (i 411) Both of these states are purely chiral. However, we noted that we

are not restricted to relating purely chiral theories; we could have instead considered a

transition between the v = 1/7 Laughlin edge and the non-chiral theory described by

21 0
K =11 4 0 |. This transition does not preserve chirality, but the chiral central
0 0 —1

charges of the two edge theories are the same. It can be shown that there exist regions
in parameter space where the non-chiral theory is stable — for example, if the interaction
matrix, that we often write as V', is diagonal, then the lowest dimension backscattering
operator has dimension equal to 4. Even more tantalizingly, it is also possible to consider
the v = 1/3 Laughlin edge which admits an edge transition to the theory described by
K = (:? :;) @ I343. The upper left block is simply the conjugate or (—1) times the

Cartan matrix for SU(3);. About the diagonal V' matrix point, the lowest dimension

backscattering term is marginal; it would be interesting to know if stable regions exist.
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The theory of quadratic refinements implies that any fermionic TQFT can be realized
as a bosonic one, together with some filled Landau levels, as we discussed as the end of
Sec. 4.8. In particular, it suggests the following picture: a system of fermions forms a
weakly-paired state in which the phase of the complex pairing function winds 2N times
around the Fermi surface. The pairs then condense in a bosonic topological phase. The
winding of the pairing function gives the additional central charge (and, if the fermions
are charged, the same Hall conductance) as N filled Landau levels. The remarkable
result that follows from the theory of quadratic refinements is that all Abelian fermionic
topological phases can be realized in this way.

In this paper, we have focused exclusively on fully chiral states. However, there are
many quantum Hall states that are not fully chiral, such as the v = 2/3 states. The
stable edge phases of such states correspond to lattices of indefinite signature. Once
again, bulk phases of bosonic systems correspond to genera of lattices while bulk phases
of fermionic systems correspond either to genera of lattices or to pairs of genera — one
even and one odd. Single-lattice genera are much more common in the indefinite case
than in the definite case.'#® If an n-dimensional genus has more than one lattice in it
then 4l21d is divisible by k(2 for some non-square natural number k satisfying k =0 or 1
(mod 4), where d is the determinant of the associated Gram matrix (i.e. the K-matrix).

In particular, genera containing multiple equivalence classes of K-matrices must have
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determinant greater than or equal to 17 if their rank is 2; greater than or equal to 128
if their rank is 3; and 5@) or 2 - 5(5) for, respectively, even or odd rank n > 4.

Quantum Hall states are just one realization of topological phases. Our results apply
to other realizations of Abelian topological states as well. In those physical realizations
which do not have a conserved U(1) charge (which is electric charge in the quantum Hall
case), there will be additional U(1)-violating operators which could tune the edge of a
system between different phases.

Although we have, in this paper, focussed on Abelian quantum Hall states, we believe
that non-Abelian states can also have multiple chiral edge phases. This will occur
when two different edge conformal field theories with the same chiral central charge are
associated with the same modular tensor category of the bulk. The physical mechanism
underlying the transitions between different edge phases associated with the same bulk
is likely to be the same as the one discussed here. In this general case, we will not be
able to use results on lattices and quadratic forms to find such one-to-many bulk-edge
correspondances. Finding analogous criteria would be useful for interpreting experiments

on the v = 5/2 fractional quantum Hall state.
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Future Directions

The experiment described in Chapter 2 is currently in progress. We look forward to
seeing the signatures of various fractional edge phases.

We are also curious if the microwave experiment could be carried out in topological
insulators to provide evidence of the topological phase, complementary to the conduc-
tance plateau. In the topological phase, there would be a single peak because both edge
modes have the same velocity under time reversal symmetry; the experiment would
measure this velocity. Upon applying a magnetic field, the peaks would split and then
disappear.

We would like to extend the results of Chapters 3 and 4 to non-Abelian states. It
is clear how to compute the tunneling current and shot noise described in Chapter 3

for the v = 5/2 state, but the calculation is technically more difficult. However, it
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is not immediately clear how to extend the classification scheme of Chapter 4 to non-
Abelian states because the K-matrix description does not apply. This result could be
important regarding the v = 5/2 state because some existing experiments strive to
distinguish candidate states by their tunneling signatures, which could change if the
system transitioned to a different edge phase.

Another immediate question that arises from Chapter 4 is how to tune the transition
between different edge phases experimentally. In the integer case, this would require a
10-fermion interaction term, which seems intractable. In the fractional case, it might
only require a 4-fermion term, which is more feasible. However, there is no experimental
precedent for tuning the interactions at the edge in a controlled manner.

There is a lot more to learn. We hope to continue the investigations described in

this work and uncover more of the mysteries hidden in quantum Hall edges.
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Appendix A

Magnetoplasmon lifetime from

phonon coupling

Here we calculate the decay rate of the magnetoplasmon edge modes at Laughlin

fractions v = 1/m by considering their coupling to phonons, following Ref. 161
Smp—ph = /dtdgfd3f/pgp(f7 t)vw(f - f’)@iuj(f’, t) (A].)

where the field @ is the ion displacement field, psp is the 3D charge density, and V is
symmetric in its indices and contains the deformation potential, which is the effect of
deformations of the lattice on the local electron density, and the piezoelectric effect,

which is the long-ranged electric field caused by lattice distortions, according to (as
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discussed, for instance, in Ref 162)
Vij(& = &) = DI(T — 7')05; + eh1aVij (7 — ) (A.2)

where D is the deformation potential constant, hy4 is the piezoelectric coupling constant,

and the electric potential generated by a lattice strain satisfies
. A (A
Zqz“/;j(q_j = Zsz(q) (Eq‘)j (A.3)
i A

where e;-\ is the polarization vector for a phonon with polarization A\ and wave vector ¢,
h14 is a piezoelectric coupling constant and M) is an anisotropy factor.

We consider here a circular geometry,

psp(T) = 0(2)0(R —[r|)p(s) (A.4)

for which the interaction action can be rewritten as

dw 1 d>q S
Swm= [ 5772 [ Grpothehl@ -0k (A.5)

where

L

L ingOz( \Nk
Ci(k, q) Z—Qz‘k‘gVij(ff)e %(i) Jnk(gqll) (A.6)

and 0z is the azimuthal angle of ¢ g| is the magnitude of the component of ¢ that lies in
the plane of the droplet; .J,, is the nth Bessel function of the first kind; and n, = kL /27.

The decay rate of the edge modes is given by the self-energy

Slh) =~y | @ )~ =Gk DG~k —D) (AT
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The imaginary part of the self-energy gives us the decay rate of the edge mode. Using

the phonon propagator,

(0@ 0~ —) = 2 )

T pw?— (vAq)? +id (A.8)

where p is the mass density of the device, we find the imaginary part of the self-energy,

Im [E(k,w)] = inp / (3;?3 (S (g L/27))? (D%ﬁ +e2h2, XA: (MA(Q))2> m6(w? — vig?)
(A.9)
We immediately find the contribution proportional to D?:
D o hw?
Im [YX(k,w)]” =D F—— (A.10)

To find the piezoelectric contribution requires the anisotropy factors for a 2DEG oriented
on the (001) plane of GaAs:1%3
2 4
QQJ_QH
2(q7 + qf)?
8¢1qf + qf
A(qt + qf)?

(Mi(gy,4.))° =

(Mi(gy,q1))" = (A.11)

where ¢, is the component of ¢ perpendicular to the plane of the 2DEG, from which we
find,

o131 91
Im [S(k, )] = W} j—— | —— + =~ A2
B (32v§+32v3) (A-12)

We now specialize to the parameter values for a GaAs quantum well: 165164165 ) — 12¢V

hiy = 1.2 x 10"V/em, v = 5.14 x 10°m/s, vy = 3.04 X 10°m/s and p = 5.3g/cm?. For
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droplets with L = 10 — 50pum, these numbers yield

Im [ (k,w)]” = (vn}) x (.01 — 1.5kHz)

Im [E(k, w)]"* = (vng) x (2.8 — 14MHz)

where ny = Lk/27 is the mode number.
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Appendix B

Correction to absorption peak

heights in the presence of a QPC

B.1 Integer and Laughlin states

To find the first order correction d R(w) in the presence of Ly, it is helpful to define
the retarded Green’s function x(si, s2,t) = —iO(t)([¢(s1,1), P(s2,0)]) and its Fourier
transform x(ky, ko, w) = fOL ds,dsqe k151 k282 [ dte™'x(sq, s9,t), in terms of which we
can write the absorption spectrum using the fluctuation-dissipation theorem

2

E Bw . .
R(w) = WCOth7 ];;(—klkz)y(kl)y(k?z) <ZX(_]<71, —ka, w) — ix(—ka, —k1, —W)>

(B.1)
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To find the order A correction to R(w) we need to find the order A correction to x. We

do perturbation theory in imaginary time:

SX(51, 82, wn) = /0 drdr' (401, 7652, 0) Leun(7))o = (851, )52, 0))o{ Lran (7))o )
- / drdr e ((0(51,7) (650, ™) - 90,652, 0) (D5, )~ 650 7)o Lran (7o)
= (X0(81, Sa; wn) = X0(81, 8p,wn)) (X0(S2: Sas —wn) — Xo(82, Sp, —wn)) (Lrun(0))o  (B.2)

where all the expectation values are imaginary time ordered and the subscript 0 indi-

cates correlation functions calculated at A = 0. We have omitted contributions to a

zero frequency peak. The middle equality comes from the identity for quadratic fields

(01041903} = <<0102> - a2(0103)(0203>> (¢°°03) and time translational invariance

allows us to change the argument of Ly, in the last line. Using the Lagrangian (2.2),

we find,
= -2 S LS 59
From which we can simplify Eq B.2
1k s] —ikjsq __ fikjsb)
5)((81782,(,0” - m2L2 H Z ]f j+1 ZW ) k‘jv) <£tun(0)>0 (B4)

and find the order A correction to Eq B.1 by taking iw, — w + in,

_ E2 6 1 ik1Sq ik1sp ikosq ik sy
OR(w) = =5 coth—=(Lun(0))oz D ylkn)y(ky) (e — (e — elteer)

k1,k2

2 n(w) B n(w)
v(ky + k) (U(WQ + 2 2) (B:5)
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There is a subtlety in calculating the expectation value of the tunneling Lagrangian
(L4un(0))o. As mentioned in Sec 2.3.1, electrons acquire a phase 6 upon circling the
droplet, so the field ¢ is not perfectly periodic. Instead, W (s = 0) = Wy(s = L)e?,
where ¥, = €™ is the electron annihilation operator, from which it follows that ¢(0) =

¢(L) + 6/m. Hence, the mode expansion of ¢ includes a zero-mode proportional to 6:

— 0 s 2 1 ik(s—vt) —ik(s—ot) .
(b(s’t)__mL—{_”mL Z \/E<e oK+ e gbk> (B.6)

k=27>0

We can regard 6 as a classical variable that commutes with the ¢, which themselves

satisfy [gbk, gbL,] = Og 7. The value of 6 is fixed by macroscopic parameters:
6 = 27'(‘(@/@0 ‘I— ntot) (B?)

where ® is the flux penetrating the droplet, &5 = h/e is the flux quantum and 7y is
the number of charge e/m quasiparticles in the bulk in the Laughlin case (in the integer
case, ng = 0.) Consistency with the definition of 6 requires arg(\) = —0r,/m+ «a, where
« is independent of magnetic field and quasiparticle number and 6, = 27 (®1 /Py + ny)
is the Aharonov Bohm phase an electron would acquire from circling only the left lobe
of the droplet when there is flux ®; piercing the left lobe and n; quasiparticles inside.

Using the mode expansion (B.6), we can now correctly evaluate:

(Lomn(0))0 = [\|2c08 (arg(A)_W) exp [% 3 %(cos(k(sa—sb)) _ 1)coth@
(B.8)
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B.2 v=5/2

To find the first order correction dR(w) to the absorption spectrum at v = 5/2 in

52
tun

the presence of L2 we follow the calculation in Appendix B.1 and reach Eq B.5 with

m = 2 and

tun

(Leun(0))o = (L22(0))o = M0 (54,0)0(sp, 0)) (e/4500/2c=10(0:0/2) | p (B.9)

We can find

Buk .95/2 Sa — Sb
2 4 L

6(50.0)/2-i6(0)/2y _ oo | TS L ) - _
(e e "PE0)) = exp [L Z k (cos(k(sq — sp)) — 1) coth i

(B.10)

where we have used the mode expansion

_ | L ik(s—ut) —ik(s—vt) ;T\ _ @i

where 055 = 27 (®/®y + n40¢/2) and ney is the number of e/4 quasiparticles in the bulk,
to account for the non-periodicity of ¢, as described in Appendix B.1. Consistency with
the choice of 05/, requires arg(\) = —01/4 + o, where « is the non-Aharonov Bohm
contribution to the phase and 0, = 27(®. /Py + ny) is the Aharonov-Bohm phase an
electron would acquire from circling the left lobe of the droplet.

We now seck the correlation function (o(s,)o(sp)). When there are no bulk quasi-

particles, the correlation function is given by %6

efiw/lﬁ

(Lsin (2(sq — 1)) "

<U(Sa>a<8b)>no qp — (Bl?)
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A quasiparticle in the bulk contributes a branch cut that crosses the perimeter of the
droplet at some point s; for all times. We can think of this branch cut as coming from the
creation of a quasiparticle at s; at a time in the far past and its subsequent annihilation
in the far future. Hence, the two point function with one quasiparticle in the bulk is

computed by

~ m ((0(sj, T)o(Sast)o(sp,t)0 (S5, =T ) )no qp
<0‘(Sa, t)U(Sb(t)>bulk qp — ’]lﬁoo <0‘(Sj, T)O‘(Sj, _T>>n0 v

(B.13)
The numerator and denominator can be calculated using bosonization, % specifically,
by the method of 167. Additional quasiparticles can be included by adding more pairs
to the numerator and denominator. When we do this, we always assume that the pair
of o quasiparticles at the QPC are fused to the identity, i.e. there is an energy cost for
creating a fermion on the edge. We also assume that the fermion parity of the entire

system, consisting of the droplet and the point at infinity, is even. We cite the results

for specific cases in earlier sections.
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Appendix C

Non-equilibrium correlation

functions

C.1 Introduction

Because current flows from one edge of the Hall bar to the other, the system at
hand is not in equilibrium. Hence, we rely on the Schwinger-Keldysh formalism 168169
to calculate correlators: to do this, we double the time contour so that ¢t goes from —oo
to +o00 and back to —oo again. It is convenient to label the forward and backward
moving time paths by a superscript u© = 4, so that each time t is now labeled by t*

and an integral over all times is now [, dt = [*_dt* + [ Zdi~ = [T_dtT — [~ di~.

Correlation functions now depend on which side of the contour the times lie on. A
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thorough explanation of bosonic correlators is given in Refs 29 and 92. Here we state

the result for right- or left-moving bosonic fields ¢r/r:

<¢R/L(tlfa x1)¢R/L(t57 532)) =-—In GIIQV/L(tl —t2, 21 — $2)

= —1In (E + ’iKMV(tl — tg)(’UR/L(tl — tg) + (IL‘l — Ig))) (C].)

where

K" (t) = O(uv)sgn(ut) + ©(—pv)sgnr (C.2)
vr/r, > 0 denotes the velocity of the respective mode and € is a small positive number.
Fermions get an extra minus sign:

Rt — ty)
G%;L(tl — tQ,ZL’l — 1’2)

WR/L(W»%WL/L@Z’%)) (C.3)

Similarly to the minus sign for fermions, we need to consider the Klein factors for
the bosonic tunneling operators when we consider systems with two QPCs, as in Sec 3.2.
Without the Klein factors, the tunneling terms in the Lagrangian at z = 0 and = = d

generically do not commute:

(eiq¢T(0)6iq¢B(0)) (e@(d)e—irdm(d)) (e@(d)e—imﬁ(d)) (eiq¢T(0)eiq¢B(0)) eim(anrn—gere)sgn(d)

(C.4)

(We have bosonized the external lead ¥ ~ ¢~ and shown the spatial arguments but
suppressed the time arguments.) However, because the product of the pair of operators

in each set of parenthesis is bosonic, they are physically required to commute. This
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discrepancy is resolved by including Klein factors. The prescription is as follows: to each
tunneling quasiparticle or electron operator, we attach a Klein factor x, r/ g/, where the
subscript = 0, a indicates the position at which the tunneling operator acts and T'/B/E
indicates the edge: top/bottom /external lead. For example: ¢¢7(0) — /f:g’Teiq‘f’T(O). The

ks then must satisfy the commutation relation:

t t 1 1 —im(gnrn—qere)sgn(d
Ko, rk0,BRq gRd,T = Kgq pRd,Tkg 1k0,BE (@nrn—gere)sen(d) (C.5)

In the calculation of any physical quantity, the xs will come in pairs l{g /4, 7H0/d,B/E-

Following Ref 170, it is convenient to bosonize these pairs:

’fg),T’io,B =e ", “L,Effd,T = e 1 (C.6)
Using sgn(d) = —1, we find [0y, 04] = —in(g.rn — qere). If gore > g1y, then conventional
raising and lowering operators can be defined by a = —————— ( + i6;), where

27T(QC7"C*Qnrn)

(aTa)y = 0,(aa’) = 1. This readily yields (fofs) = —{(0400) = i(Ooho) = i(0404) =
i5 (qere — qnrn). (If gurn > qere, the roles of a and a' are reversed). Finally, since the
system is not in equilibrium, we will actually need to use (6o(t))0a(ty)) = i3 K* (t1 —
t2)(qere = Gnn)-

The Klein factors drop out of the leading order current and noise calculations, which

only include one QPC, but are important in computing the excess noise and current.
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C.2 Fermionic excess current and noise calculations

Here we show the details of how to find Aly,, to leading order as written in Eq (3.13)
using the correlators described in Sec C.1. As a warm-up, we calculate the leading order
noise and current across a QPC using the Keldysh formalism. Model the current injection

at © = d by the tunneling term
Liun = =N 0Pl pf 1+ 40,82 — d) + hec (C.7)

where each of the fermion fields obeys the Lagrangian (3.1) for some chirality that will
not be important here. The current operator corresponding to this tunneling term is
Ly = e%NT = ie[Nr, H] = —ierc)\e*iwot@f{ s blaby iy -+ -, + h.c., where Np is the
number operator for the charged electron fields on the top edge and r. is an integer that

counts the charged fields. Then the current across the QPC is given to leading order by

<Itun>0 - <Itunl/dtﬁtun>
n 2n

= er A /K dt [ [l )w; D] ] (0" wl(@))e ™" + h.c.

=1 j=n+1

:erc|/\|2/K ([G(::—((:g)zn(_%sm(w))

_ —2i€TC’)\|2 </OO dt (Sgn(—t))Q” B (_1)27;n> Sin(w(]t)

N I (D))

= . ere A (wo)?" ! (C.8)
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where here we have absorbed the velocity into the coupling constants. We have placed
the time 0 on the + side of the Keldysh contour (as long as it is fixed, either side is
correct) and integrated the time ¢ over both sides. We have suppressed the space index
because it does not enter. Notice that in the second to last line, the integrand disappears
when ¢ > 0, which enforces chirality. This result yields Eqs (3.10) and (3.11).

The noise across the junction S(t) = ${Iyun(t7), Itun(07)} is similarly computed and

its Fourier transform S(w) is found to be

1
S(w) = §erc[tun (|1 — w/w0|2”’1 + |1+ w/w0|2”’1) (C.9)

which yields the usual relation in the zero-frequency limit S(w = 0) = er.l;,,. However,
when there are multiple tunneling terms Ly, ; that tunnel different amounts of charge

ny, the proportionality of the total current and noise that are measured is lost, and

S(w = 0)/Trun = € g lrunk) [ (3o Lrunk)-

C.2.1 Excess current

We now tackle the next order in perturbation theory to find Al,,. Using Eqgs (3.3),

(3.5), and (3.13) and the correlation functions of the previous section yields

Al 27 si -
e[ Aa|?|As] K (GHH(—=11,0))" (G (ta — t3,0))

x <FL(0, 1,2,3) + F1.(0,3,1, 2)) (FR(O, 1,2,3) + Fi(0,3, 1,2)) (C.10)
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where

KRt (t; — ) K0ty — 1)
Gt — t, e — ) Gt (b, — o — 1)

FL/R(iaja kal) = (Cll)

and tyg = 0,29 = 7 = 0,29 = x3 = d. The subscripts R/L have been omitted where
there is no « argument. The factor of 2 in front of Eq (C.10) is from another set of terms
that occurs in Eq (3.13) which is related by to < t3.

We now consider each term in Eq (C.10) when the product in the second line is
expanded. The term Fp(0,1,2,3)Fg(0,1,2,3) disappears when all parts of the Keldysh
contour are summed over (even before integration) because it does not mix times 0
and t; with t9,t3. We now consider the term Fp,(0,1,2,3)Fg(0,3,1,2), which, when
each contribution of the Keldysh contour is added, contributes to the right hand side of

Eq (C.10)

0 4 si ; o
AItun,12 = / dt dtodts ZSm(wO 1+ w1( 3 2)) "

—0 (6 — it1>3
( 1
(sgn(te — t3)e +i(te — t3))3(e —i(ts — dr))(sen(ty — t2)e + i(ty — t2 + dg))
1
C(—e+i(ty — t3)3(—e —i(ts — dg))(sgn(t; — ta2)e + i(ty — bt + dg))

1
(6 + Z(tg — t3))3(€ — Z(tg — dR))(—E + ’L(tl — tg + dR))

+ ! ) + h.c
(—sgn(ta — tz)e +i(ta — t3))3(—€ —i(ts — dr))(—€ + i(t1 — ta + dg)) o

= o 1 1
= @(—dR)ﬂ'/ dtldt34l sm(—wotl + wltg) ((E — it1)3 + (6 i Zt1)3> X
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A N rer)
(6 — it3)3(€ — Z(tg — tl)) (6 + it3)3(€ + Z(tg - t1>)

o0

= 81°O(—dp) /_Oo dty ((6 _lz'tl)?’ * (€ +1it1)3) :

(—w1t1 cos(wot1) + sin(wot)(1 — $t5wi) — sin((wo — wl)tl))
ty

(C.12)

We have introduced dr/;, = d/vgr/, and absorbed overall factors of velocity into the
tunneling constant. In the first line of Eq (C.12), the integral is only written for ¢; < 0
because the t; > 0 terms cancel; this is an example of how the Keldysh contour enforces

chirality. To get the first equality, we used the expression for a delta-function

lim ———— = 78(z) (C.13)

e—0 €2 + g2

with some algebraic manipulations. The second equality is from doing the t3 integral
exactly. The denominator 1/¢? in the first line should not be a concern because the limit
of the entire term in parenthesis is a constant as ¢t; — 0. Consequently, we can push the
pole at t; = 0 to either side of the imaginary axis in order to do the contour integral.

This strategy yields

2
Alyuni = =727 (10w — St +w}) O(—=dr) (C.14)

We now impose the condition that the neutral fermions are Majorana fermions. This gen-
erates an extra term in the 4-point correlation function (14 (0, 0)1o(t1, 0)1o(t2, d)o(ts, d))

of Eq (C.10) that is equivalent to taking w; — —w;. Consequently, when the neutral
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fermions are Majorana fermions,
4 3 4
A[tun,12 = 57'(' w0w1@<—dR) (Cl5)

This yields Eq (3.14) in the main text.

The next term in Eq (C.10) to consider is the term that contains the product
F1(0,3,1,2)Fr(0,1,2,3). By symmetry, this term will yield Eq (C.15) with d <> —d.
The final term in Eq (C.10) is that which contains F7,(0,3,1,2)Fg(0,3,1,2) and con-

tributes to the right hand side of Eq (C.10),

0 ..
4 t bty —t
A]tun,QQ = / dtldtht3 ZSIH(Q_}O 1 +‘w1 (23 2))
—o° (E — Ztl)

< (€ —i(ts +dp)) H(sgn(ty — ta)e +i(ty — ty — dp)) !
(sgn(te —t3)e +i(ta — t3))%(e —i(ts — dr))(sgn(ty — ta)e + i(ty — ta + dg))
(—e —i(ts +dp)) Hsgn(ty — to)e +i(ty — to — dp))™?

(—e+i(ty — t3))%(—€ —i(ts — dgr))(sgn(ty — ta)e + i(ty — to + dr))
B (€ —i(ts +dp)) H(—e+i(ty —ta — dp))™*

(€4 i(ta — t3))%(e —i(ts — dr))(—e + i(t; — ta + dRr))

(—e —i(ts +dp)) H(—e+i(ty —to — dp)) ™!

T Cogn(ts —fa)e + i(ts — 19))2(—c —i(ts — dp))(—e + i(t, — s 1 dR))> e

0 43 sin(woty + wi (tz — t2)) 1
= dt dtodt
/oo B (e —ity)” (—(dR+dL)2>

1
) ((Sgﬂ(tz —t3)e +i(ty — 13))*(e — i(ts — dr))(sgn(ts — t2)e + i(t1 — t2 + dg))
1
(—6 + Z(tQ - t3))2(—€ - Z(tg - dR))(SgIl(tl - t2)€ + Z(tl — tQ + dR))
1
(E + Z(tQ — t3))2(6 — Z(tg — dR))(—G + Z(tl — tQ + dR))

+ ! > + h.c
(—sgn(t2 — t3)€ + l(tg — tg))Q(—G - Z(tg — dR))(—E + Z(tl — t2 + dR)) o
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= _(dRi—ﬂdL)Q /_: dt1dtoisin(wot; — wits) ((e —lit1)2 e +1it1)2>
1 1

X <(€ —its)2(e — i()tQ +t1)) + (e +ity)?(e + i(to + tl)))

— sin(wstz) <(€ —Zit2)4 e +Zl-t2)4>>

83 1

where we have absorbed overall factors of velocity into the tunneling constant. In the
first equality, we have taken dr/;, < 0 and removed the infinitesimal €’s from terms in the
denominator that are not small and approximated their values (specifically, the integral
is dominated by ¢3,t2 ~ dg < 0 and t; ~ 0, so +€ — i(t3 + d) = —i(dg + dr) while
+e+i(ty —ty — dp) = —i(dr + dr). By symmetry, we will get the same answer when
drsr > 0. The second equality again utilizes the delta-function identity (C.13), along
with some algebra. The third equality uses the derivative of the delta-function identity
and integration by parts. In the main text, we consider the case where the injected
current is far away from the tunneling QPC, so that |dr + d| > 1/wp, 1 /w1, and hence
Al 20 K Alyyp 12. However, Aly,, 22 is present, and in a future experiment where d is
of the same scale as the length scale set by the voltages, we would expect it to have an

effect, which is independent of the sign of a.
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C.2.2 Excess noise

The excess shot noise is defined by

ASun(t) = 5 ({12(1), L2(0)}) |a, — ({12(t), 12(0)})|a,=0)

UL (t), L(0)) (z / dthfm.> (z / dtgcfnj)>0 (C.17)

We will compute ASy,(w) = [ dte™ AS,,(t) using the tunneling terms Eqgs (3.3) and

N — N~

(3.5):

AS’tun(w) > 2 COS(Wot + wi (t3 — tg))
_— = — dt2 t dtydts
EDWENE / cos{w >/K S (=1, 0)2 (G (t3 — 1, 0))?

o0

(F(0,1,2,3) + F1.(0,3,1,2)) (Fr(0,1,2,3) + Fz(0,3,1,2)) (C.18)

The factor of 1 that is in the definition of S(t) is cancelled by a factor of 2 that comes
from a different term that takes ¢y <> t3. Eq (C.18) looks very similar to Eq (C.10) so
we can provide an abbreviated analysis.

The term that contains the product F1(0,1,2,3)Fg(0, 1,2, 3) disappears, as in the ex-
cess current calculation. We now consider the term that contains F7,(0, 1,2, 3)Fr(0, 3, 1, 2),

the analogue of Aly,, 12 defined in the previous section:

oo

’ bt (ts —t
ASpun2(w) = 4/ dt cos(wt)/ dtht3COS(W0 + Wl(s 2))
e —o0 (e +it)

1
. ((sgn(t2 — tg)E + Z(tQ - t3))3(€ - Z(tg — dR))(E + Z(t — tg + dR))
1
(—6 + Z(tg - t3>>3(—€ - Z(tg — dR>>(€ + Z(t — tz + dR))
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1
(6 + ’L(tg - t3))3(€ - i(tg — dR))(—E + l(t — t2 + dR))

1
+(—Sgn(t2 — t3)€ + Z(tz — t3))3(—€ — Z(tg — dR))(—E + Z(t — tg + dR)))

= O(— dR)47r/ dtdts cos(wt) cos(wot — wits) ((6 +1¢t)3 (e —12'15)3)

( (e + it3)? G—l(t—t:a)) - (6—@'t3)3(€1+’i(t—t3)))
_o(— dR)SWZ/dtcos(wt)<( Lt 3)1

~ e+it)3  (e—it)? ) t3

X
N

1
cos(wot)(—1 + §t2wf) — twy sin(wot) + cos((wp — wﬂt))

w= 273

=0, @(_dR)E (—|wo|® = 10w; |wo|? + Bwisgn(wo ) |wol* + |wo — wi]?)
L |e=dr) el jwol < Ja]

©=0, (C.19)

—O(—dp)* 2 wi|wi Psgn(wowr)  |wo| > |l
As in the previous section, we have absorbed overall factors of velocity in the coupling
constants. To obtain the limits of integration in the first line, we used the fact that
the integral is dominated by ¢ ~ 0 and t,,t3 &~ dr because of the placement of the
poles. The rest of the equalities follow similarly to the excess current calculation in
the previous section. The result is that in either the limit |wo| > |wi| or |wi| > |wol,
|AStun12(w = 0)] = e|Alyn 12|, but generically, this proportionality does not hold. If the
neutral fermions are Majorana fermions then the extra term in the 4-point correlation

function contributes an overall factor of two.
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Returning to Eq (C.18), the term containing F7(0,3,1,2)Fx(0,1,2,3) is the same
as ASpm12 with d — —d. The final term is that containing F7,(0, 1,2, 3)Fg(0,3,1,2).

Similarly to the calculation of Aly,, 22, We compute

AStun22(w) = 4/O:lt cos(wt) /0 dtydts COS(wot(:-_:J;t()Zng —t3))
( (€ —i(ts+dp)) e+ i(t —ty—dp))™?
(sgn(ts — ta)e + itz — t3))%(c — i(ts — dg)) (e + i(t — t2 + dp))

(—6 — Z(t3 + dL>>71(6 + Z(t — 1ty — dL))il
(-6 + Z(tQ — t3))2(—6 - Z(tg — dR)>(€ + Z(t — t2 + dR))
B (e —i(ts+dp)) H(—e+i(t —ty —dp))™!
(6 + Z(tz - t3))2(€ - Z(tg — dR))(—E + Z(t — tQ + dR))
n (—E—Z(tg —f—dL))il(—E—f—Z(t—tg —dL))il )
(—sgn(ty — t3)e + i(ty — t3))%(—e — i(ts — dr))(—€e +i(t — t2 + dr))

4 o 0 COS((JJOt + wq (tg — tQ))
= dt cos(wt dtodt
(dr +dp)? /oo (wt) /oo o (e +it)”

1
% ((sgn(tz —t3)e+i(ta — t3))%(e —i(ts — dr))(e + i(t — t2 + dRr))
1
(—6 + Z(tz - t3))2(—€ - ’L(tg — dR))(G + Z(t — t2 + dR))
1
(E + Z(tz — tg))Z(E — Z(tg — dR)>(—E —l— Z(t — tg + dR))

1
+(—sgn(t2 — t3)€ + Z(tQ — t3))2<—€ — Z(t3 — dR))(—G + Z(t — tz + dR)))
A o 1 1
- NCPEYSE /_OO dtdty cos(wt) cos(wot — wits) ((e e + = it)2>

(=T T )
(€ —ita)2(e —i(ta + 1)) | (e +ita)2(e +i(ts + 1))

_ s /Ojit i) (L)L
Tt dn)2 ) S (e T e—i2)
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X (cos((wo + wi)t) — cos(wpt) + twy sin(wot))

473
3(dg + dp)? (=

3w, < wH+wol?  Jw—wol? >)
sgn(w +wp)  sgn(w — wp)
w=0 87T3

" 3dn + dp)? (—lwo + wif® + |wol® + Bwisgn(wo)|wo|?)

w+wo + w1+ |w—wy — wi*) + (Jw+ wol® + |w — wol?)

873 3
N s el wo| <
w=0 (dr+dr) (CQO)
7.1.3
Gty |wolw?  lwol 3> |wi]

We have absorbed overall factors of velocity into the coupling constants. We assumed
d < 0 and since the result is symmetry under d — —d, it holds for d > 0 as well.

From these results, we see that in any of the limits |wo| > |wi| > 1/dg/r, |wi1] >
lwo| > 1/dg/L, |wo| < |wi] < 1/dgyr, or |wi| < |wo| < 1/dpg/L, the excess noise and

excess current are proportional via ASy,,(w = 0) = eAlyy,.

C.3 Bosonic excess current and noise calculation

Here we will show the details of how to find Al,, to leading order as written in
Eq (3.23) using the correlators and Klein factors described in Appendix C.1 and the
tunneling terms in Eq (3.16) and (3.17). We first find the leading order current and noise,
which follow similarly to the fermion case of the previous section. For the remainder of

this section, we will omit the sum over quasiparticles and consider the contribution to
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the tunneling noise and current from a single species described by ¢ = (¢,, g.) tunneling
from the top edge at x = 0 to a single species ¢ = (q),,q. = q.) at the bottom edge,
with amplitude A and a single charge-e species tunneling to the external lead described

by r = (ry,r.) with tunneling amplitude A.

<[tun>0 = <Itun2/dt£tun>
_ qu*’MQ/ dt<eiqn¢n,T(0+)e—iqn¢n,T(t”)><eiqc¢c,T(0+)e—iqc¢c,T(t“)>
K

<6_iq':z ¢n,B (O+) eiq':z ¢n,B (t#)> <€_iQ£¢c,B (O+) eiQQ‘ﬁc,B (t'u) > e_iQCWOt + h.C.

—2i sin(qewot)
= {c *)\2 dt 2 12
D [t e

0 1 1
. * 2 o .
- qce ’)\| / dt ( 2/L Sln(chot)) <(E _ it)q2+ql2 (E + it)q2+ql2)

—00

_ 27?Qc€*|)\’25gn(wo)|cho|q2+q/2_1

[(¢* +¢?)

(C.21)

The generalization from Eq (C.8) for fermions is clear. A similar calculation yields:

onho = ome|A|2sgn(w: ) |wi |
e T(1+72)

(C.22)

where we have absorbed overall factors of velocity into the coupling constant.
The leading order contribution to the shot noise at the QPC at x = 0 is found in the
same way, yielding

m|A* (gee”)’
[(¢* +¢?)
w0, 27\ (gee’)”

D2 +q7) *

Smn(w) = (’w + ch0|q2+q/2_1 + |w o ch0|q2+q/2_1)

wo| T+ (C.23)
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This yields the expected proportionality Sy,,(w = 0) = g.e* ;... However, if there are
multiple species of tunneling quasiparticles, then the total current and shot noise are a

sum over the contributions from all quasiparticles and their proportionality is lost.

C.3.1 Finite temperature

At finite temperature the correlation functions can be deduced from the zero-temperature

correlators by conformal transformation. The result is!™

sin(rT'G" (t, z))

e
G* (t,x) — —

(C.24)

where T indicates the temperature. Consequently, the results of the previous section are

modified as follows:

* _9isin(qewot)(xT)e 4"
-[un = )\ 2 dt 24 42
tunbo = €*|A /_OO (sin(nT'(e — it))a+a

*)\2 9 P ‘C 2 12

(27T)1-a*~ 2 21T 2
(C.25)
where B is the beta-function B(x,y) = I'(z)['(y)/T'(x + y). Similarly,
Srun(w = 0) = (¢*)2A2(27T)C+* 12 cos (g (¢ + q’2)) x
: 2 4 42
B(1—¢q4¢? -0 1 . 2
( ( A v +h.c (C.26)

There will be an additional contribution from interactions between the QPC and the

noise in the source current.
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C.3.2 Excess current

We now compute the correction to Al,, from the injected current. This is similar to
the calculation in Appendix C.2.1, but more difficult because the bosonized edge allows

for fractional exponents. Expanding on the definition of Aly,, in Eq (3.23) we find

Al 2i sin(qewot ty —t
_ D :2/ At dtsdt A
qee*[ AP A K (GHi(—t1,0))2+0? (GYo (ty — t5,0)) "

HlRHQL (027)

where

v q7j - qiT;
= (1P (Ghr(—te =) (Gl (11— ta,—)
j’ a — 5 (KT (—t2)+ K1 (t1—t3)) o v 4575
((—1)75)a 2 1=t (GE/L< t3,—d)> (G%/L( t2,—d)>

(ieK ™ (—to) — (—to & dpryr))*" (ieK" (ty — t3) — (t — t3 £ dryp))™"™
(ie K+ (—t3) = (=t £ dryr))"s (ie K1 (b — t2) — (b — ta £ dpyr)) W7

(C.28)
the index j = 1,2 corresponds to n,c. We have introduced dg/;, = d/vg/r, and absorbed
overall factors of velocity into the coupling constants. The R/L index has been sup-
pressed on the correlation functions that have no spatial argument. The powers of 7 in
H; g1 keep track of the Klein factors, as discussed in Appendix C.1. When we sum over
both sides of the Keldysh contour for the times ¢;, we see that only times ¢; < 0 survive;
this is another example of the Keldysh method enforcing causality. Hence, the integral
(C.27) is dominated by ¢; =~ 0, to3 ~ dr < 0. (As shown in Fig 3.1, we are interested in

d < 0, although by the symmetry of Eq (C.27), the computation for d > 0 will be the

same as that for d < 0 if we swap ¢,, 7, <> ¢, re.) Consequently, the branch cuts in Hyp,
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do not approach zero, so we can take e = 0 in Hyy, as well as ty = t3, and find Hyp, = 1.
We cannot make these approximations in Hyr because ¢ will matter when the branch
cuts get close to zero. Writing out the sum over all parts of the Keldysh contour with

this simplification yields

A]tun . 0 Sin(chotl + w1 (tg — tg))
Ty
e DA / dhdtadts = N
% |: 1 ((16 — (—tg + dR))(z'esgn(tl — tg) — (tl — t3 + dR)))ann
(6 + Z|t2 — t3|)1+r2 (16 — (—tg + dR))(iesgn(tl — t2) — (tl — tg + dR>)
B 1 ( (ie - (—tz + dR))(—iE — (tl - t3 + dR)) )ann
(6 — Z(tg — t3))1+T2 (—ZE — (—tg + dR))(iesgn(tl — tg) — (tl — tQ + dR))

—00

_ 1 ((—’Lf — (—tg + dR))(iesgn(tl — tg) — (tl — t3 + dR)))ann
(€ +i(ty — t3))tHr? (i€ — (—t3 + dg))(—ie — (t; — ta + dR))
1 (—iE - <—t2 + dR))(—iG — (tl - t3 -+ dR)) dn'n c
el =) <(—ie (it 4 dn)) (i — (h—ta + dR))) } hec.
[ . 1 1
= 44 /_OO dtldtgdtg sm(chotl + wy (tg — tz)) <(€ — /L.t1>q2+q/2 - (6 + itl)q2+q/2)
B 1 (26 — (tl — t3 + dR))q"T”
- [@“2 s (<e +i(ty — t5)) 1 (ie — (—ts + d)) @
B 1 (—iﬁ — (tl — t3 -+ dR))ann)
(€ —i(ty — t3))*  (—ie — (—t3 + dg))™""

(e = (“tatdr)tm (ie— (—ty + dp)™
( )

1€ — (tl — t2 + dR)>q"T" (—i€ — (tl — tQ + dR))q”T"

1 (ic — (—ta + dp))"
+ @(t:} — t2> ((6 — Z(tQ — t3))1+r2 (26 o (tl — 1y _'_ZR))ann
_ 1 (—ie — (—ty + dg))o"" )
(€ +i(ty — t3))1*7 (—ie — (t; — to + dg))4™

(ie = (t1 — ts +dg))™™  (—ie — (t; — t3 + dg))™"™
% ( (ie — (—tz + dg))an (—ie — (—t3 + dg))anrn ﬂ
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e 0
= 42/ dtl / dtgdtg sin(chotl + wy (tg — tg))@(tg - t3>

€ — — qnTn
« 9Tm [ 1 (ie — (t; — t3 + dR)) }

(e +i(ts — 13))F7° (ie — (—ts + dgg))o™

. { (i€ — (—ty + dg))dn™ } olm { 1 }

(i€ — (t; — to + dg))inrn (€ —ity)7*+a?

= 42/ dtldtgdtg Sin((]chtl —+ wq (tg — t2))6(t2 - tg)

e

1€ — (tl — tg))ann

m [W} (C.29)

where again we have absorbed overall factors of velocity into the coupling constant.
Notice that we have replaced sgn(t; — t3) with 1; this should not change the integral
since it has little or no contribution when ¢; < t53. To get the third equality, in the
term involving O(t3 — to) we shift t53 — t33 + t1, then take t; — —t1, to <> t3. This
procedure produces an extra region of integration, ¢; > 0, 0 < o3 < t1, but the integral
over this region is negligible. To obtain the fourth equality we shift to3 — to3 + dr
and add another negligible region of integration so that all ¢; have the same limits of
integration. We have assumed |dg| > 1/|wo|, 1/|w1].

The remaining integral is difficult to do analytically, but by rescaling the variables it
is evident that Al,, will be a sum of terms |wp|®|w;|? where o + 8 = ¢* + ¢% + r? — 2.
We expect that exponents «, 3 that appear will be independent of the product g,r,,

although the coefficients might be dependent. To make progress on the integral above,
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we here consider ¢,r, = 1, knowing that it will probably give us the right terms with
the wrong coefficients; we have confirmed this intuition by repeating the computation

with g,r, = 2 (not shown). With this simplification,

A[tun
qee*[AP|AP

o ) ty t
= 47T/ dtydts sin(q.wots + w1 (ts — t1)) ((e BRI - (et itl)qzﬂlz)

l )
X . — + . . C.30
<<€ +i(ty — t3)) (t3 +i€) (e —i(t; —t3))""(t3 — u—:)) ( )
We have utilized the delta-function identity (C.13). If we assume r? is an integer, we can

do the integral over t3 as a contour integral, as shown in Eq (C.36)), and then assume

analytic continuation to all n. The result is

M = —8§ n(w )27‘( /Oo dt tl . tl
qee* | A[2[A[2 gniwi 1 (e—itl)q2+‘1’2 (e+z’t1)q2+q'2

o e isgn(w1)(gewots +wi (t3—t1))
X dt : — | +h.c
/oo ’ ((6 +it —t3))7" (ts + ZE))
82 (—i)" L [ 1 1
= —_— dt -
sen(wn) = /0 P\ (e —it)PH? (e ity) P

(F(TZ) - F(T27 it1|w1])) ettisgn(wi)(wi—gewo)
tT2—1
1
167 (=i)* 2 sin(3(a? + ¢°)
['(r?)

* L0 = DO ity ) ersntonn -
X dtl r2+q2+q2—1
0 ty

X + h.c.

= sgn(w)

+ h.c.

. e 1
= sgn(wn) 167 (1) sin(5m (g + ¢)lgeo|* (sgn(wiwn))”

x ((1 - qt.iio)AF(_A) —i% (q‘c";[))kr(—Aw)) +hee.

k=0
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p

sgn(wy) 1672 sin(m (g + )| getwo” 02wy |

ST(h—q*—¢?+2) ((wi \" .
XZ T i |wo| > |w|
k=0

(k+7r2+1) qewo

= 2 & 2 4 2 Lk —A) 12 4w ;
= sgn(n) 167 sin(m(g? + 2))eoa|® (ZW( 1) (w)

— (1—¢*—q¢” k) |gwo o k+1
— Z sgn(wows ) :
L'(r2—k) w1
k=0
ift Jwi | > fwo

(C.31)

where we have defined A = r2 + ¢ + ¢> — 2 and assumed n € Z. Notice that this
reproduces the results of Eq (C.14) in either limiting case.

This calculation gives the contribution to the change in tunneling current from a
single species ¢ = (¢n,q.) tunneling from the top edge of the Hall bar to a species
¢ = (q,,q.) on the bottom edge and a single species r = (r,,7.) tunneling into the
external lead. Physically, quasiparticles with ¢, — —¢, and r, — —r, will also be
present and could tunnel from the top edge to a species ¢’ on the bottom edge. From
the symmetry of the model, taking ¢,r, — —q¢,r, is equivalent to taking w; — —w;
in the computation of Al,,. Hence, if the tunneling amplitudes for the two types
of quasiparticles with opposite contributions from the neutral mode are equal, then the

leading contributions from Eq (C.31) will cancel and the subleading terms will dominate.

In this case, Al,, will be even in w; and odd in wy.
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When a — —a, i.e. the current injection is upstream of the QPC, g,r, — q.rc
in Eq (C.29). At first, this transformation seems inconsequential — after all, we ar-
gued that this exponent only changes the final answer by an overall pre-factor — but it
becomes important when regarding the symmetry considerations of the previous para-
graph. Namely, when a > 0, Eq (C.29) is invariant under ¢, — —¢,. Consequently,
when the contributions from quasiparticles with ¢ = (gn,q.) and (—¢,, q.) are added,
Al,, doubles, in contrast to the case when d < 0 and terms odd in w; disappear. If
q®> > 1/2, the leading term in Aly,, is odd in wy; hence, when a > 0, Aly,, is larger
by a power of Max (‘:—?, :’—é) than when d < 0. This agrees with the intuition that there

should be a larger change in tunneling current when the injection is upstream of the

QPC than when it is downstream.

C.3.3 Excess noise

Using Eq (3.16) and (3.17), the excess noise is given by

AStun(t> = <<{]tun(t)7 ]tun(o)}>|/\ - <{]tun(t)7 Itun(o)}>|/\:0)

U Loun(1), Toun (0)} (z / dtzcmj> (z / dtgﬁmj)>0 (C.32)

Here we seek ASyy,, (w) = [ dte™*ASy,,(t). The correlation functions and Klein factors of

N — N~

Appendix C.1 yield the contribution from a single pair of quasiparticle species described
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by m = (Qna QC)7TL = (’I“n,TC),

ASiun e 2 cos(qewot + wy (t3 — t2))HirHar,
—— = — dt2 t dtodts
(a:e P IAPIAP /oo oSl )/K PG (1, 0) R (G (1 — )T
(C.33)
where H;p/p, are defined with g = —. The similarity to Eq (C.27) is clear. Following the
manipulations of Eq (C.29),
ASpn(w o
m =—4 /OO dtdtadts cos(wt) cos(qewot + wi(ts — 2))O(ta — t3)
e — (— qnTn
x 2Re % 2Im (ZE ( t2>)
(e —it)r+a (i€ — (t — tg))nmm
1 (i€ — (t — t3))t™
21 .34
o e el ==y (30

We have again absorbed overall factors of velocity into the coupling constants. We
now make the simplifying assumption that ¢,r, = 1; as in the current case, we have
separately checked that when ¢,r,, = 2, the only change is a pre-factor (which is the same
pre-factor as in the current case). Note that in this case, though, the transformation

GnTn — —QnTy 18 equivalent to wy — —wg. Under this assumption,

—00

AStun(w> o . o t t
W = 47'('7,/ dtdt3 COS(Wt) COS(quOt + wl(tg — t)) (E — it)42+q'2 -+ (e T it)q2+ql2

X ((e—i- 6 —13)) (s +i6) | (e —i(t —t3))" (15 — ie))

00 e—isgn(w1)(chot+w1(t3—t)
= =27 dtdts cos(wt)2Re
/_OO 3 cos(wt) [ |:(€+7;<t—t3)>r2<t3+7;6>:|

t
(i
8m2(—g)” "t [ 1 1
= 7 dt t
() /0 R N P A P v
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(D(r2) = D(r2, it|w,|)) et -—aewosgn(en))

8 4r2—1 + h.c.
_167%(— i)t eos(Z (2 + ¢?))
B ['(r?)
- ((T(r2) — T(r2, it|w: |)) eit(wrl—gewosgn(wn))
- /o dt cos(wt) 12+ +r2—1 + h.c.

(

sgn(wywp) 1672 sin(m(g* + q’2))]cho|‘12+‘1'2_2|wl|’"2

EOO)F q&“ it ol > e
1 W, w
— Fk:+7’2 Wo 0 !

q
w—0 [(k—A wo \F
== { —167%sin(r(q® + ¢?)) Iw1|A< k+1)>‘(—1)rg<qw0)
k=0 1
— 2 /2_1 k
Z 1—61 —CZ — k) |gewo |* +sgn(w0w1)k+1
— k) w1 7

if |wi| > |wol

(C.35)
We have utilized the delta-function identity Eq (C.13) and the integral Eq (C.36), taken
n € Z and defined A = r? 4+ ¢®> + ¢?> — 2. The excess noise from a single species
q¢ = (gn, qc) on the top edge tunneling across the QPC to a species ¢ = (¢/,,¢.) on the
bottom edge and a species r = (r,,r.) tunneling from the external lead is proportional
to the contribution to the excess current from the same species. When quasiparticles
with ¢, — —¢, and r,, — —r, are also present and tunnel with equal amplitudes, their

contribution to the noise will be given by Eq (C.35) with wy — —wyp.
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Now consider the case of d > 0. Similar to the discussion at the end of the previous
section, when d > 0, ¢,r, — ¢.r. in Eq C.34. Consequently, when d > 0 and the
contributions to the excess noise from quasiparticles with (+¢,, ¢.) are added together,
the excess noise doubles. This is in contrast to the d < 0 case when the terms odd in wy
drop out. Thus, when |wg| > |w;] or when ¢* < 1/2 and |w;| > |wo|, the excess noise

will increase by a factor of Max (ﬂ Zj—;) when d > 0.

wy’

C.3.4 A useful integral

dt : :
o Pty =ty +ie) 7 (ts + i)

o (e—i(wosgn(wl)—|w1|)t1 r?—1 (_1)r2—1—k<_2"w1|)k€—iwosgn(w1)t1)
— 4Tl

/OO 67i(wosgn(w1)f|w1|)t17i|w1|t3

= + =
(—t1) P kit —*

> r2 [ k re—1 r2_1/- k
= —2m (Z (_1) (Z|w1|> -+ (_1> <Z|w1’> > e—iwosgn(wl)tl

r2—k r2—k

o (D7 (e )
Y, — e iwpsgn (w1 )1

; ke —r

-\ 72 C (i)k+1‘wl‘k+r2 —iwpsgn(w
= —27'('(_2) Z (k +7"2)' ]f 0% ( vt
k=0 )
27T’i(—1)r2 9 2 . it1 (Jw1|—wosgn(wi))
— —W (F(T ) — F(T ,zt1|w1|)) e (CB6)
1

where I'(r?, z) is the incomplete gamma function. The last equality gives the result for

n & 7 by analytic continuation.
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C.3.5 Specific results for > =2 ¢* = 2/3

As discussed in the text, the v = 2/3 edge is expected to be described by r? = 2, ¢* =
2/3. Using these values, we can do the integrals in Eqgs (C.31) and (C.35) exactly (bear
in mind that we expect these integrals to be correct up to a constant of proportionality,
since we have assumed ¢,,r, = 1, which does not correctly describe the state, but should

not be expected to change the scaling):

1673
I'(7/3)

e 4
Alun = SINPIAP S sgn(on) (I =l = Junsgn(onllgnl' + fanl*

(C.37)

2 16 3 . _ 4/3
A = (5) PN gy (een =

4 1
= /3 4/3
F(7/3) ) 3 |Cd1 | |ch0| + sgn(wowl) |ch0| )

sgn(l — cWow1
(C.38)

where g.wy = €Vy/3. When we assume that quasiparticles with ¢, — —¢, and 7, — —71,

tunnel with equal amplitudes, we obtain Eqgs (3.32) and (3.33) in the main text.
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Gauss-Smith Normal Form Example

We now apply the method described in Section 4.5 to the SO(8); theory, which is

given by the following K matrix:

2.0 1 0
0 2 -1 0

K=11 1 9o 4 (D-1)
0 0 -1 2

It is not clear, simply by inspection, what vectors correspond to generators of the fusion

group.

The Gauss-Smith normal form is

1 000
0100

D = 00 20 (D.2)
000 2

Hence, the fusion group of the theory is Z/2 x Z/2.
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and the Q matrix

N W N
o = O

1
0
0

— = O

Q= (D.3)

1 000
So the fusion group is generated by the two quasiparticles corresponding to (2,0,0,1)

and (1,0,0,0). We can then compute the S, T matrices and the result agrees with
what is known (all nontrivial quasiparticles are fermions and they have semionic mutual
braiding statistics with each other).

Another useful piece of information from the Smith normal form is that the discrim-

inant group for a 2 x 2 K-matrix

K = (Z lc’) (D.4)

with ged(a,b,¢) = 1 and d = |ac — b?| is Z/d. More generally, it is Z/f x Z/(d/f) when

ged(a, b, c) = f.
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Existence proof for shift vector in

the generalized (GGauss-Milgram sum

Here we show that @ € A exists such that A- A = XA - @ mod 2 for all A € A. As
discussed in Sec 4.6, the existence of such a vector is necessary to write a generalized
Gauss-Milgram sum for fermions. We begin by showing that for any K-matrix, there

exists a set of integers w; such that

N
K=Y Kpyw;mod2, forall I (E.1)
J=1
where N is the dimension of the K-matrix.

Assume the K-matrix has M < N rows that are linearly independent mod 2; denote

these rows Ry, ...Ry and define the set R = {R;}. The linear independence of the R;
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implies that Eq (E.1) is satisfied for these rows, i.e., there exists a set of integers (wyp)s
satisfying

N
K = ZKIJ(UJO)J mod 2, for all I € R (E.2)
J=1

For a row I ¢ R, the elements of the I'" row in K can be written as a linear combination

of the rows in R:

K[J = Z CIRZ'KRZ'J mod 2, for I g B (E3)
R,€ER

where the ¢rr, € {0, 1} are coefficients. It follows that for I € R:

K= E cir, Kr;1 = g crr, Krr,

Ri€ER Ri€ER

— — 2

= E C]RiCIRjKRiRj = g C[RiKRiR,-
R;,R;ER R,eR

= E CIRiKRz‘Ri mod 2 (E4)
R,€ER

Furthermore, for I € R

N N
ZKIJ(w(J)J = Z Z cir KR, (wo)s
J=1

J=1 R;€ER

= Z cir, Kg,r, mod 2 (E.5)
R,€ER

Hence, for I ¢ R, K;1 = Zf};l K1j(wp)y mod 2. Since this equation already holds for
I € R, we have shown that wy is a solution to Eq (E.1).

It follows that for any choice of A = \;€; € A,

N N
A= Z )\])\JKIJEZ)\[K[]
I=1

I,J=1
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N N
EZ)\IZKU(wO)JE)\-wO mod 2 (E.6)

where Wy = (wp) € is a vector in A.
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Appendix F

Relevant large matrices

Here we define matrices referred to in 4.7:

2 -1 0 0 0 0 0 0
1 2 -1.0 0 0 -1 0
0O -1 2 -1 0 0 0 0
0O 0 -1 2 -1 0 0 0
Boe=1f0o o 0o -1 2 -1 0 0 (F.1)
O 0 0 0 -1 2 0 0
O -1 0 0 0 0 2 -1
O 0 0 0 0 0 -1 2
-5 -5 -5 5 5 5 5 5 8 16
~10 -10 =10 9 9 9 9 9 15 30
-8 -8 -8 8 7T T 7 7 12 24
-6 -6 -6 6 6 5 5 5 9 18
4 4 —4 4 4 4 3 3 6 12
Ws=1_9 9 9 92 92 92 2 1 3 ¢ (F.2)
-7 -7 -6 6 6 6 6 6 10 20
-4 -3 -3 3 3 3 3 3 5 10
1 1 1 -1 -1 -1 -1 -1 -3 —4

-2 -2 =2 2 2 2 2 2 4 7
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(F.3)

—~

=

=
N0 YO NV F D ON o I
N — N M AN~ |
CoococooocococooOo
™
a_u5m98765432_
© ™
[0S o0 0 ™
n,ﬂ5m9oo765421n_4
™
45m98765321_
© ™
[0S o0~ © < ma
q,.w5mgoo_{raA_:.;oo)jln_A
™
%5m98654321_
© ™
oS oo ma
™
%5m87654321_
10 D 00 - © D H D A
e B N
< O 00 - O H D A
e R e

0O AN O
191111186423
— L

—4

-1 0

-1 -1 -1 -1 -1 -1 -1 -1

1
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