Abstract of “Interferometry in Topological Quantum Liquids” by Zezhu Wei, Ph.D., Brown Univer-
sity, May 2024.

Topological phases of matter have recently attracted intense interest. Among topological phases,
topological quantum liquids, such as fractional quantum Hall liquids and gapped quantum spin
liquids, possess exotic excitations with fractional statistics, known as anyons. They are of great
interest to quantum information science. The most direct method to probe anyonic statistics in-
volves electronic interferometers, which have proven successful in fractional quantum Hall liquids
very recently. This thesis gives a comprehensive description of the interferometery technique and
explains how electronic interferometers can be adapted to thermal interferometry that can probe
the non-Abelian anyonic statistics of charge-neutral excitations in Kitaev spin liquids. We compare
the Fabry—-Pérot geometry and the Mach—Zehnder geometry and identify unique signatures of Ising
statistics in Kitaev spin liquids. Furthermore, the idea of thermal interferometry can be generalized
to probe almost any Abelian or non-Abelian anyonic statistics in topological liquids. In general, the
absence of interference current in a Mach—Zehnder device is a smoking-gun evidence of non-trivial
anyonic statistics. This thesis also addresses the problem of electronic quantum Hall interferometers
with multiple edge channels, explaining how a closed inner edge channel affects the measured I-V
curve at a finite source-drain bias voltage. When the inner mode is completely reflected and the
outer mode is partially transmitted, we find striking features at low temperatures related to the
resonance of excitations of the closed inner channel. However, these features disappear rapidly with
increasing temperature. Another feature brought by the closed inner channel is the exponential
decay in the I-V curve at a high bias, which is due to the fluctuations of the quasiparticle number

on the inner channel.
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Preface

In modern condensed matter physics, topology is an important concept in studying the exotic
properties of matter. The introduction of topology starts with Kosterlitz and Thouless’ discovery
of topological phase transitions in 1973 [1]. Since von Klitzing discovered the integer quantum
Hall effect (IQHE) in 1980 [2], the phrase “topological phase of matter” was coined to describe a
phase of matter whose properties are precisely quantized in a wide range of parameters. Topological
quantum liquids are a subset of topological phases. Strong quantum fluctuations in topological
quantum liquids prevent them from forming a crystal-like phase [3]. This thesis focuses on two
primary examples of topological quantum liquids: fractional quantum Hall (FQH) states and gapped
quantum spin liquids (QSL). They exhibit “topological orders”, and have fractional excitations
known as anyons. These anyons have different exchange statistics from fermions or bosons and can
be used to build a topological quantum computer.

As implied in the title, the interferometry technique is the main theme of this thesis. Electronic
interferometers are proven to be powerful tools for probing the fractional statistics of anyons in the
v =1/3 FQH state. This thesis aims to extend the theory of interferometers in two directions: one
is electronic interferometers for quantum Hall (QH) states with multiple channels, and another is
thermal interferometers for topological liquids with an arbitrary topological order. The latter goal
originates from the problem of adapting the interferometry technique to gapped QSLs. QSLs are
known to have no charge excitations; hence, there is no electric current to measure. However, thermal
transport is universal in all topological liquids, and we will show that thermal interferometers are
capable of probing neutral excitations in spin liquids.

Chapter 1 of this thesis is an introduction to fundamental concepts in topological liquids, anyons,
and electronic quantum Hall interferometers. We introduce the thermal interferometers for spin
liquids in Chapter 2, where we focus on the Kitaev spin liquid. We compare the Fabry—Pérot
geometry and the Mach—Zehnder geometry and identify unique signatures of Ising statistics in Kitaev
spin liquids. The idea of thermal interferometry is generalized to probe almost any Abelian or non-
Abelian anyonic statistics in topological liquids. In general, the absence of interference current in a
Mach—Zehnder device is a smoking-gun evidence of non-trivial anyonic statistics. Chapter 3 addresses
the problem of electronic quantum Hall interferometers with multiple edge channels, explaining how
a closed inner edge channel affects the measured I-V curve at a finite source-drain bias voltage.

When the inner mode is completely reflected and the outer mode is partially transmitted, we find

vi



striking features at low temperatures related to the resonance of excitations of the closed inner
channel. However, these features disappear rapidly with increasing temperature. Another feature
brought by the closed inner channel is the exponential decay in the I-V curve at a high bias, which

is due to the fluctuations of the quasiparticle number on the inner channel.
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Chapter 1

Introduction

1.1 Fractional quantum Hall effect

ZrB

"

Ix

Figure 1.1: The basic setup for the Hall effect. Source: D. Tong, “Lectures on the quantum Hall
effect”, arXiv:1606.06687 [hep-th].

The classical Hall effect, shown in Fig. 1.1, is a well-known phenomenon in classical electrody-
namics. When a voltage V is applied to a conductor under a magnetic field B, it will generate a
steady transverse current I,. It occurs when the electrostatic force balances the Lorentz force on
charge carriers (electrons or holes). To reach the quantum limit, one needs to restrict the motion of
electrons to a two-dimensional (2D) plane, which can be realized in semiconductor devices. These
electrons form the so-called two-dimensional electron gas (2DEG). In 1980, von Klitzing found that
when applying a perpendicular magnetic field to the 2DEG, its transverse resistance R, is quantized
at integer values [2],

Roy=p =12 (L)
where v = 1,2,3,... is known as the filling factor. This is known as the integer quantum Hall
effect (IQHE). These integer quantum Hall (IQH) states manifest themselves as plateaux in the
plot of transverse resistance R, versus magnetic field B. Later in 1982, the quantization of R, at
fractional filling factors, which is known as the fractional quantum Hall effect (FQHE), was observed

in experiments [5, 6]. The first observed fractional filling factors are 1/3 and 2/3, but more filling

1
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Figure 1.2: Fractional quantum Hall traces in 2D hole systems. The longitudinal resistance R,
(black and blue) and transverse resistance R, (red) are traced against the perpendicular magnetic
field B, . The fractional quantum Hall states are marked with their filling factors. Source: C. Wang
et al., “Even-denominator fractional quantum Hall state at filling factor v = 3/4”, Phys. Rev. Lett.
129, 156801 (2022)

factors have been observed subsequently, including, but not limited to, 1/5, 2/5, 3/7, 4/3, and 5/2.
Fig. 1.1 shows the FQHE in 2D hole systems, and a number of fractional filling factors are visible,
including an exotic v» = 3/4 filling [7].

1.1.1 Landau levels and integer quantum Hall effect

To understand the quantum Hall effect, one has to solve the problem of free electrons under a
magnetic field B in quantum mechanics first. It turns out that the eigen energy of electrons is

quantized at the so-called Landau levels,

= tun(n+ ), 0

where wp = eB/m is the cyclotron frequency and the Landau level index n = 0,1,2,... is an
integer. If we adopt a symmetric gauge for the magnetic field, the vector potential is set to A =
(—yB/2,zB/2), and the wave function of the state in the lowest Landau level (n = 0) takes a simple
form [4],

Yo (2)2) =~ 241 (L3)
G =T N ‘

where z = x — iy and z = x + iy are complex coordinates, m is the angular momentum quantum

number, and [p is the magnetic length defined by

Ip =1/ —. (1.4)
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To find the degeneracy N of each Landau level, we notice that the probability density |1o,m|? is

maximized on a ring of radius v/2mlp, then

A AB
- == 1.5
2T lzB (Do ( )
where A is the area of the sample and ®( is the magnetic flux quanta defined by
2mh
@0=-%-=Bx2m%. (1.6)

In fact, the IQHE is the result of v fully-filled Landau levels of non-interacting electrons. The

density of electrons of v fully-filled Landau levels is
n=_—uv, (1.7)

which is consistent with the experimental fact that the center of a plateau occurs at the magnetic
field

B="h_"g, (1.8)

ve v

Using the so-called “Laughlin’s charge pumping” argument, one can show that the resistivity R, is
indeed quantized at integer values in a Corbino geometry [8]. Actually, the transport properties of
the QHE could be better understood in terms of the edge states [9]. Every real-world material has
its boundary, and the boundary of a two-dimensional material is its edge. The confining potential
on the edge leads to edge excitations without an energy gap, while the bulk state has an energy
gap hwp set by the Landau levels. Furthermore, the disorder potentials inside the material will
create localized states in the bulk, but the edge states will remain extended. It is known that only
the extended states carry the electric current, and the energy of a localized state lies either above
or below the extended states in a given Landau level. Therefore, this explains the robustness of
plateaux in the Hall resistance plot versus the magnetic field.

To summarize, the IQH state is a quantum liquid state with a gapped bulk and gapless edge
states. The bulk is also called incompressible due to the analogy of hydrodynamics. However, the
same picture cannot explain the FQH states, since one expects no energy gap for partially filled
Landau levels. The crucial ingredient missing in the argument is the Coulomb interaction between
electrons, and the FQHE is a problem of strongly corrected electrons rather than non-interacting
electrons. In 1983, Laughlin constructed a many-body wave function that can explain the FQHE
at filling factor v = 1/3 [10]. This ground-breaking result leads to theoretical studies of QH states
at various filling factors, and opens the door to a new world of topological order. Like IQH states,
FQH states are also incompressible quantum liquids and host gapless edge excitations. The most
striking feature of FQH states is that they have quasiparticle excitations with fractional charge and
fractional statistics.

The next two subsections are devoted to the FQHE, including aspects of their bulk physics
and edge modes. This arrangement is a reflection of the bulk-edge correspondence, which is a

widely accepted idea for topologically non-trivial systems. It asserts that there is a one-to-one



correspondence between the bulk physics and the edge physics. In the context of QH physics,
the bulk is described by Chern—Simons theories in 2 + 1 dimensions, and the edge is described by

conformal field theories in 1 + 1 dimensions.

1.1.2 Physics in the bulk
Laughlin wave function

At filling factor ¥ = 1/m, where m is an odd integer, the many-body bulk state is described by the

Laughlin wave function [8],

U(z) ~ [[(2i — 2)™ exp <— 3 |:l2|3 ) : (1.9)

i<j i=1
where z; is the complex coordinate of the i-th electron, and n is the total number of electrons. This
state is an incompressible quantum fluid with a gapped spectrum. Excitations in FQH states are
called quasiparticles or quasiholes. The wave function for the FQH state with a localized quasihole
sitting at a complex coordinate 7 is given by

n

Uan(zi) ~ [ [(2i = m) [[ (2 — 20)™ exp (— Z IZ?L ) (1.10)

i=1 k<l

One can show that a quasihole carries a fractional charge of e/3 [10] and obeys a fractional statistics
with an exchange phase of & = w/m [11, 12]. In contrast, a quasiparticle carries a fractional charge
of —e/3 but has the same exchange phase of m/m. The exchange phase of the combined object with
n quasiholes is n?m/m. Excitations with fractional statistics are called anyons and will be discussed

in detail in Section 1.3.

Hierarchical states

The Laughlin wave function is only for FQH states at filling factor v = 1/m, and it was pointed out
later that quasiparticles and quasiholes can form a QH condensate on top of the v = 1/m state and
give birth to a daughter state [12, 13]. One can successively build FQH states in this way, and these
states are called hierarchical states. For the daughter states of v = 1/m, the additional filling factor

due to the quasiparticles is

1
avest = £ G p? £’ ()
where p is a positive integer, and the total filling factor is
2p
= — 1.12
v 2pm£1’ (1.12)

where —1 is for quasiparticles and +1 is for quasiholes. When m = 3,p = 1, the daughter state due
to quasiparticles is v = 2/5, and the daughter state due to quasiholes is v = 2/7. If we continue to
condense quasiparticles of the v = 2/5 state and keep doing these, we can get a series of hierarchical
states with v = 3/7,4/9,5/11, ... As will be seen in the subsequent sections, these hierarchical states

can be thought of as composite electrons with integer fillings, and they have multiple edge channels.



Composite fermion

The composite fermion picture introduced by Jain [14, 15] provides an alternative and more intuitive
way to understand the FQH states. In this picture, the FQH states of electrons can be viewed as the
IQH states of composite fermions, which are electrons attached with an infinitely thin magnetic flux
tube. We attach 2s units of magnetic flux quanta ® to electrons and let these composite fermions
form an IQH state under magnetic field B* with filling factor v* = p, where s and p are integers.
From the theory of IQHE, | B*| = n®/p, where n is the density of electrons. Next, we smear out the
flux attached to the electrons to a uniform magnetic field, and the total magnetic field for electrons

is

1
B = B* + 2sn®g :n@0(2si5). (1.13)
We can immediately find the filling factors for electrons
n®g D
-9 _ . 1.14
v B 2sp+1 ( )
A sequence of these states is known as the Jain sequence. When s = 1 and B* > 0, v =

1/3,2/5,3/7,4/9 for p = 1,2,3,4. These are exactly the hierarchical states we have seen in the
previous section—daughter states of the v = 1/3 Laughlin state. The composite fermion also tells
us what happens when the Landau level is hall-filled. When s = 1,p — oo, the filling factor v — 1/2,
but the effective magnetic field for composite fermions B* — 0 simultaneously. In the absence of
a magnetic field, the state is a Fermi liquid of composite fermions without an energy gap, and this

explains why no FQH plateau at v = 1/2 is observed in experiments.

Non-Abelian states

Despite the absence of a v = 1/2 plateau, a FQH plateau at ¥ = 5/2 is visible in experiments,
suggesting that the v = 5/2 state is an incompressible fluid. Since 5/2 = 2 + 1/2, the state should
have a fully-filled lowest Landau level with both spins and a half-filled second Landau level. One
candidate for the half-filled incompressible state is the non-Abelian Moore-Read Pfaffian state,
where the composite fermions pair up and form a p, + ip, superconducting state. The Moore-Read
wave function for an even number of electrons at filling factor ¥ = 1/m, where m is an even integer,

is given by [16]

U(z) = Pf(zi i ) H(zl — z;)™ exp (— ; Zg), (1.15)

z
17 i<y

where Pf denotes the Pfaffian of a skew-symmetric matrix. The wave function of two quasihole

). (1.16)

Each quasihole excitation has an electric charge of e/2m. It is shown that the 2n-quasiholes states

excitations at coordinates 7; and 7 is

Uan(2:) = Pf<(zi = m)(z =) + (2 = m)(z = 772)) [1Gi —2)™exp (- i |

2
2
Zi — Zj
v J i<j 4lB

are degenerate, and the degeneracy is 2"~! [17]. This is quite an exotic property since it suggests



that the Hilbert space dimension of a single quasihole is v/2. In fact, quasiholes of the Moore-Read
Pfaffian state are non-Abelian anyons that follow the Ising statistics, while excitations of hierarchical
states are Abelian anyons. Since the Moore-Read Pfaffian state is a p, + ip, superconductor of
composite fermions, it also has Majorana fermion excitations. The Ising topological order in this
non-Abelian state manifests in the presence of both anyonic excitations. These non-Abelian anyons
are also seen as candidates for topological qubits, which can be used to build a topological quantum

computer [18].

Effective theory: Chern—Simons theory

Effective theories are powerful tools to study low-energy excitations in the topological phases of
matter. The effective theory for the bulk of a v = 1/m (m odd) FQH liquid is a Chern—-Simons
theory in 2 + 1 dimension with a Lagrangian density [3]

1
L= —Hauﬁya,\e’“’)‘ + %Auaua)\el“/)\? (117)

where p,v, A take the values of 0,1,2, e#** is the Levi-Civita tensor, A, is the vector potential for
the magnetic field, and a, is an emergence gauge field such that the electron number current J* is

given by
JH = ia,,aAe“”‘. (1.18)
2

If we use j* for the quasiparticle number current and assume the quasiparticle carries [ units of a,,

charge, then the effective theory has an additional term
L=..+la,j5". (1.19)

We can find that the quasiparticle carries a fractional electric charge of —lve. Furthermore, the sta-
tistical phase of exchanging two quasiparticles is [?v7. Both properties match those of the combined
object of [ fundamental quasiparticles that carry electric charge —ve. Indeed, the Chern—Simons
theory in Eq. (1.17) and the Laughlin wave function describe the same FQH state.

According to the hierarchical picture, quasiparticles can form their own condensate. We use
a matrix K to construct the corresponding Chern—Simons theory for hierarchical states [3]. The

Lagrangian density is
1 v € v
L= —EKIJ(J,IM&,GJ)\G“ A %(HAM@,,GD\EM A (1.20)

where ay, is the gauge field for the I-th condensate, and ¢ is a charge vector that tells how the
gauge fields couple to the magnetic field. The filling factor of the state is found to be v = ¢ K ~1q.
If we denote the quasiparticle current of a hierarchical state as j*, and add the following term to

the Lagrangian density

L= +lagj* (1.21)



where [; are integers, the charge and statistical phase of the quasiparticle labeled by [ are
Q =—eTK Y 6 =nTKl. (1.22)

The matrix K and charge vector g, together with the Wen—Zee shift .S and spin vector s [19], are
topological quantum numbers that characterize the topological orders of Abelian QH states. The
Wen—Zee shift S and spin vector s are associated with QH states on a curved space. If we ignore S
and s, two states (K1, q1) and (K>, g2) are equivalent if there exists a W € SL(n, Z) that

©=Waq, K =WKWT. (1.23)
. 3 -1 1\ . .
For example, the v = 2/5 state described by K; = L o ,q1 = 0 is equivalent to Ky =
3 2 1 1 0
142 = . The transformation matrix is W = .
2 3 1 11

As one would expect, the effective theory for non-Abelian QH states is the non-Abelian Chern—
Simons theory. In a general Chern—Simons theory, the gauge field a,, is a Lie-algebra-valued field. If
the corresponding Lie group G is a non-Abelian group, then the theory is known as a non-Abelian
Chern—Simons theory. A Chern—Simons theory also contains a quantized coupling constant k, which
is called the level. Therefore, the Abelian Chern—Simons theory in Eq. (1.17) is a U(1) Chern—
Simons theory at level K = 1/v. The Chern—Simons theory for the v = 1/2 Moore-Read Pfaffian
state has two gauge fields: one is U(1) at level 2, and another is SU(2) at level 2. More details of
the non-Abelian Chern-Simons theory can be found in Ref. [20].

1.1.3 Physics on the edge

Effective theories for FQH edges are conformal field theories in 1+ 1 dimension. For Abelian states,
their edge excitations are chiral Luttinger liquids. At filling factor v = 1/m, the Lagrangian of a

right-moving edge is

L= dz [(829) (0 + v0:)¢] (1.24)

T4

where ¢ is a Bose field, and v is the velocity of the edge mode. The edge Hamiltonian is given by

H= 4% dz (8:0)°. (1.25)
The equal-time commutation relation is
[¢(), #(y)] = invsgn(z — y). (1.26)
The charge density of the FQH edge is
p= %&Bd). (1.27)

The operator that annihilates quasiparticles with charge —ve (or create quasiholes with charge ve)

is given by a vertex operator,

¥(z) = \/%eik””e_w(m), (1.28)



where F is a unitary Klein factor and a is a cutoff length [21, 22]. One can verify the charge of
the quasiparticle operator by computing the commutator of the charge density and the quasiparticle

operator,

[o(2), ¥ (y)] = ved(z — y)P(y). (1.29)
As a side note, one can always scale the field ¢ without changing the edge physics, and a convenient
choice is ¢ = ¢/1/v, in which the correlation function is [¢(z),d(y)] = imsgn(z — y) and the
quasiparticle annihilation operator is ¥(z) = \/%Taeik”e_iﬁ (),
For Abelian hierarchical FQH states characterized by the K-matrix and charge vector ¢, its
Lagrangian is

h
L=—p / do (K 15010007 + VisDa10:$), (1.30)

where V is a positive-definite matrix. The edge Hamiltonian is

H= / 4z V10,610, (1.31)

with commutation relations given by

[61(2), ¢5(y)] = im(K )1 sgn(z — y). (1.32)
The charge density is given by
e
= 410.01, 1.
p= 5-00ab1 (1.33)

and a quasiparticle operator of the form
) oc e~ ror (1.34)

annihilates quasiparticles of charge Q; = —el” K~'q. One can simultaneously diagonalize K and V'

by the transformation ¢; — Ur J¢~S 7, such that
KIJ=(UTKU)IJ=SI(SIJ, V[J=(UTVU)IJ=UI(SIJ, (1.35)

where s; = +1 represents the parity of the eigenvalues of K and v; > 0. The Hamiltonian and

commutation relations can be expressed as
h’U[ Y \2
H= T T ) 1.
; yo /daz(a é1) (1.36)
[1(x), $.(v)] = ims61s sgn(z — y). (1.37)

We can see that vy is the velocity of the I-th eigenmode, and s; determines its chirality, with +1
for right-moving and —1 for left-moving.
The edge theory of the non-Abelian Pfaffian state at filling factor ¥ = 1/2 consists of a chiral

boson charge mode and a co-propagating Majorana neutral mode [23, 24]

L=y [do0:d)(O+v06+ o [ dovi@+ 0o}, (1.38)



where v, and v, are velocities of the charge mode and the neutral mode respectively. The corre-

sponding Hamiltonian is

hwe Iy,
H= 21; / dz (9,9)2 — 4:1 / dz b, (1.39)

where the boson operator satisfies the usual commutation relation in Eq. (1.26), and the Majorana

fermion operator 1 satisfies the anticommutation relation

{v(2),¥(y)} = 2m6(x — y). (1.40)

The electron operator is given by ®.; = ¢ei\/§¢. The operator for quasiparticles with charge e/4
is /4 = oei®/ 2‘/5, where o is the (non-local) Ising spin field in the free Majorana fermion theory.
Details of the free Majorana fermion theory and its connection with the Ising model can be found
in Chapter 12 of Ref. [25].

1.2 Quantum spin liquid

Unlike the FQHE, another kind of topological phase, the spin liquid, is yet less understood in
experiments. QSLs are highly correlated spin systems, and our understanding of quantum spin
liquids started with the theoretical proposals made by Anderson in 1973 [26]. Some spin liquids
with gapped bulk excitations have non-trivial topological orders, including the Kalmeyer—Laughlin
liquid [27] and the Kitaev magnet [28]. Since the proposal of the Kitaev magnet, there have been
many experimental attempts to find any material that can realize this topological phase. Some [29]
claimed that RuCls has a Kitaev spin liquid phase, but some other experiments cast doubts on this
claim [30]. In this section, I will give a brief introduction to the Kitaev magnet model, and discuss

its topological order and edge theory.

Figure 1.3: The Kitaev magnet defined on a honeycomb lattice. Source: D. Aasen et al., “Electrical
probes of the non-Abelian spin liquid in Kitaev materials”, Phys. Rev. X 10, 031014 (2020).

The Kitaev magnet is a model of spins on a honeycomb lattice model, with the Hamiltonian
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defined by
H=-J, Z ooy —Jy Z ojol —J, Z oio} (1.41)

where 0%, 0Y, 0% are spin (Pauli) operators, J;, Jy, J, are coupling parameters, and z, y, 2-links refer
to links of three different orientations, marked with green, red, and blue in Fig. 1.3. Kitaev showed

that it can be exactly solved by a spin-fermion transformation:
o =ib%c, (1.42)
where b* and c are emergent fermions and o = z,y, 2. The Hamiltonian is transformed into

1 .
H = 1 ;2Jaujkcjck, (1.43)
3,

where @), = ib7by and it commutes with the Hamiltonian.

gapless

gapped

J,=1,=0 J=1,=0

Figure 1.4: Phase diagram of the Kitaev magnet. Source: A. Kitaev, “Anyons in an exactly solved
model and beyond”, Ann. Phys. (N. Y.) 321, 2-111 (2006).

There are two distinct phases in the Kitaev magnet model depending on the parameters (J, Jy, J.),
and the phase diagram is shown in Fig. 1.4. Phase B is gapless, but one can open a gap by applying

an external magnetic field and adding a perturbation H’ to the original Hamiltonian,
H =-H-o, (1.44)

where H is the magnetic field. Two types of excitations would emerge in the gapped phase B: one
is emergent Majorana fermion v, and another is Zy-vortex o, as known as the Ising anyon. The
statistics of the o excitations is the same as the e/2m quasiparticles in the Moore-Read Pfaffian
state discussed in the previous section.

Similar to the case of FQHE, the edge of the gapped bulk hosts chiral gapless excitations. Since
the gapped bulk has excitations with the Ising statistics, by the bulk-edge correspondence, its edge
theory also contains the free Majorana fermion theory like the Moore-Read Pfaffian state. The edge
Hamiltonian is

thv

H=——" [ dzyo.y, (1.45)

where v is the edge velocity. The only difference is that there is no charge mode in the Hamiltonian,

as one would expect from the fact that the Kitaev magnet is a spin model.
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1.3 Anyons

In the previous two sections, we showed that topological liquids with topological orders have exotic
excitations with fractional statistics. This seems to be incompatible with our basic notions of particle
statistics in quantum mechanics, namely the classification of fermions and bosons. As explained in
standard quantum mechanics textbooks, exchanging two particles would induce a phase factor e**

to their wave function
P(r1,12) = € *9(ra,11). (1.46)

Therefore, when one particle goes in a full circle around the other, it acquires a phase e’ = €% in
its wave function. Usually, we think the two-particle system returns to its original state after one
cycle, and hence 2o = 2nw. However, it was pointed out that particles in two (spatial) dimensions
do not necessarily follow this rule [32]. Wilczek coined the name “anyons” for particles that do not
follow the boson or fermion statistics [33]. The exchange of anyons is a unitary operator on the state,
and is also called braiding because it is described by representations of the braid group [20, 28]. We
usually use a braiding diagram shown in Fig. 1.5 to illustrate the braiding process. If braiding acts
on the state of anyons as a single phase factor, then the anyon is an Abelian anyon; otherwise, it is

a non-Abelian anyon. Equivalently, we call an anyon non-Abelian if there are degenerate states for

J L) J
e

n anyons at fixed positions.

RS

AN

Figure 1.5: A typical braiding diagram of anyons.

Anyons are closely related to the topological order. Characterizing a topological order is equiv-
alent to characterizing the anyonic excitations it contains. To achieve this, we use the algebraic
theory of anyons [28, 34]. Let the letters a,b,c,... denote different types of anyons. They form
a finite set M. This letter is also known as the superselection sector, the topological charge, or
simply the label. Two anyons with topological charge a and b can have a total topological charge c
in multiple ways, forming a Hilbert space V5. This process, known as fusion, is governed by fusion

rules written as

axb= ZN;,,C, (1.47)

where NS, = dim V7 is the fusion multiplicity that counts the number of ways of fusing a and b
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into c. Equivalently, anyons with topological charge c can also be split into a and b in NS, ways,
and the Hilbert space is the split space V,2*. The set M contains a trivial topological charge, also
known as a vacuum sector, denoted by 1. Each anyon a has its own unique antiparticle a, such that
N ;b = dpz- A quantum dimension d, can be defined for anyons with topological charge a, such that
the Hilbert space dimension of fusing n anyons ~ (d,)"™ when n is large. When two anyons a and b
fuse, the probability that they fuse into anyon c is
dc

dody

Another important piece of information in the fusion theory is the F-matrix, denoted as Fjbc, which

Pgb = gb (1-48)

appears when we fuse three anyons of topological charge a, b, ¢ into d. Specifically, the matrix ngc
; ; b fyrb
is a transformation from @, V2° ® V© to @, V' Ve

The braiding of two anyons a,b that fuse into c is represented using the R-matrix R%® defined
as the transformation between two split spaces V,?* and V.’ in the counterclockwise direction. The

topological spin 6, is a complex number associated with anyon a and is defined by

0o =d;* > d. TrR. (1.49)

The absolute value of the topological spin is always unity, and 6, = 6;. When a and b fuse to ¢, the

statistical phase exp (iqﬁgb) of a circling around b can be calculated from the topological spins,

b . N
RZGRZ}) = ldvab = exp(z¢zb) ldvab . (1.50)
6,6, f; g
It is also worth mentioning the topological S matrix defined by
1 . b
Sab = 75 Xc: Nagmdc» (1.51)

where D = /)", d? is known as the global dimension.
As examples, the data for anyons in the semion order and Ising order are shown in Table 1.1 and
1.2.

Table 1.1: Basic data in the algebraic theory of semions.

Algebraic property Value

Topological charge 1, s (semion)

Fusion rule sxs=1

Quantum dimension d; =ds=1

F-matrix F?%% = —1, other F-matrices =1
R-matrix R? =i

Topological spin 0,=1,0,=1

1.4 Electronic interferometry

Electronic interferometers, especially their applications in FQH systems, are studied extensively in

the past 20 years, both in theories [18, 35-56] and experiments [57—78]. They are analogies to their
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Table 1.2: Basic data in the algebraic theory of Ising anyons.

Algebraic property  Value

Topological charge 1, o (Ising anyon), ¢ (Majorana fermion)

Fusion rule oxo=1+¢,oxvp=0,Yx9p=1
Quantum dimension dy =dy =1, d, = V2

. voo . (1/V2  1//2 )
F-matrix Fgo° = (1;\/5 _1//\/5), Fgw” = —1, F¥°% = —1, other F-matrices = 1
R-matrix R{° = e™™/8, RI7 = &37/8, RJY = RY = e ™/2 RYY = -1
Topological spin 61=1,0,=-1,0,=e"/8

optical counterparts. But instead of photons, it is quasiparticles that travel in loops inside the
device. When quasiparticles travel, they would braid with other localized quasiparticles inside the
loop and hence introduce an additional braiding phase to the interference current. By measuring
the current, one can identify the fractional statistics of the quasiparticles and further understand
the topological order of the QH liquid.

1.4.1 Fabry—Pérot geometry

(a)

A

Figure 1.6: Schematics of a Fabry—Pérot interferometer (a) and a Mach—Zehnder interferometer (b).

Two basic geometries for electronic interferometers are the Fabry—Pérot type and the Mach—
Zehnder type. We first discuss the Fabry—Pérot interferometer shown in Fig. 1.6(a). The QPC1 and
QPC2 in the figure refer to the quantum point contacts. A quantum point contact is a constriction
in the QH liquid created by either applying a gate voltage or etching the edges. Two edges are
brought close by a quantum point contact, allowing quasiparticles to tunnel between the edges. The
Fabry—Pérot interferometer has two counter-propagating edges, and quasiparticles can tunnel across
either of the QPCs. The tunneling amplitudes at two QPCs are denoted as I';y and I's. When we

apply a bias voltage on the edge, to the lowest order of I'; 2, the quasiparticles would follow one of
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the two paths: one is S-QPC1-D2, and another is S-QPC2-D2. The interference loop is the difference
between the two paths, and the quasiparticle going around this loop would acquire a phase. The
cross inside the interference loop denotes localized quasiparticles. For Abelian FQH states, this

phase is the combination of the Aharonov—Bohm (AB) phase and a total statistical phase,

e*BA[
9 =2r—
7Te (I)O

+ N10,, (1.52)

where e* is the quasiparticle charge, A; is the area of the interference loop, 6, is the phase of a
single quasiparticle, and Ny, is the number of localized quasiparticles. The tunneling electric current

of the interferometer is
It = e*(IT1|? + |T2|?)ro(V, T) + 2¢*|T1Ta|r1(V, T) cos 8, (1.53)

where V is the bias voltage and T is the temperature. It is worth mentioning that if the voltage
bias is not applied symmetrically on two edges, the phase 6 has an additional contribution from the
charge accumulated on the edges, which is equal to 2eaf// hv, where a is the distance between the
QPCs and V is an average of the voltages on two edges [39].

Eq. (1.52) and Eq. (1.53) are actually results of a highly idealized case, where the bulk is in
an incompressible QH state and the bulk-edge coupling is absent. The situation for experiments
might be much more complicated. If the bulk state is a compressible state and the interfering edge is
coupled to the compressible bulk, then the interference pattern would fall into a Coulomb-dominated
(CD) regime, different from the ideal Aharonov—Bohm (AB) regime [49, 55]. However, we will focus
on the ideal AB regime in this thesis.

For QH liquids at v = 1/m, the oscillatory coefficient r1(V,T) in Eq. (1.53) can be computed in
the weak backscattering limit, namely, assuming small I'; . If we set the edge velocity v = 1, r;
will be expressed as [35]

T) ~ A(rT)?7 B (g —ig g +ior ) H T)sinh (57 ) 1.54
ri(V,T) (xT) Blg ZQWT’9+Z27TT g(wr,a,T)sin 57 ) (1.54)

where g = v, wy = e*V/h, a is the distance between two QPCs, B(z,y) is the Beta function, and
Hy(w,z,T) is defined by

I'(29) e—297T|z| I {eiwlxl F(g,9 — 5251 —i5%; e—47rT|ac|) }
I'(g) sinh g7 T(g+i5%) T(1 — iz ’

where T'(z) is the Gamma function, and F is the hypergeometric function. When m = 1, the bulk

Hy(w,z,T) =27 (1.55)

state is an IQH state and the tunneling particles are free fermions; therefore, the tunneling current
can be solved exactly for any I'; 2, and the result is
4Am?T

(V1) ~ sinh(27T'a)

sin(wya). (1.56)

Recent experiments have successfully observed the fractional statistics in the v = 1/3 FQH state
using electronic Fabry—Pérot interferometers [70]. Novel device designs that screen the Coulomb in-

teractions made this breakthrough possible. The experimental conductance plot is shown in Fig. 1.7,
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Figure 1.7: Conductance oscillations versus magnetic field and side gate voltage in the Fabry—Pérot
interferometer. Source: J. Nakamura et al., “Direct observation of anyonic braiding statistics at the
v = 1/3 fractional quantum Hall state”, Nat. Phys. 16, 931 (2020)

where the side gate voltage V; on the vertical axis is used to change the interference area A;. Values
of the discrete phase jumps in this figure are close to the theoretically predicted value Af = 27/3,
which is twice the value of the exchange phase of quasiparticles in a v = 1/3 FQH state.

For the non-Abelian Moore-Read Pfaffian state at ¥ = 5/2, it was shown that there is no
interference pattern when the number of localized e/4 quasiparticles in the bulk is odd [36, 37].
This is the even-odd effect. To explain this effect, we notice that the total topological charge of
localized quasiparticles is o when the number of localized quasiparticles is odd. The tunneling e/4
quasiparticle also carries a topological charge o, and it will fuse with the total localized charge o,
with a result of 1 or ¥ in equal probabilities. The two fusion channels lead to two statistical phases

that differ by 7. They cancel each other, and hence no interference current would appear.

1.4.2 Mach—Zehnder geometry

The Mach—Zehnder geometry, shown in Fig. 1.6(b), also has two QPCs, and resembles the Fabry—
Pérot geometry. There are two major differences. First, the two edges in a Mach—Zehnder interfer-
ometer are co-propagating; therefore, the interference current depends on the difference of distances
between QPCs along two edges, not the sum. Second, the drain denoted by D2 is topologically
inside the interference loop; therefore, the interference phase depends on the topological charge of
the drain, which determines the state of a Mach—Zehnder interferometer. The topological charge of
the drain changes after each tunneling event; therefore, the state of the interferometer will change

during the measurement, and all measured quantities should be averaged over all possible states.
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Figure 1.8: Transitions between states of a Mach—Zehnder interferometer in a Laughlin v = 1/m
FQH liquid (a) and a Pfaffian v = 5/2 FQH liquid (b) at zero temperature. Source: D. E. Feldman
et al., “Shot noise in an anyonic Mach-Zehnder interferometer”, Phys. Rev. B 76, 085333 (2007).

Fig. 1.8(a) shows transitions in a v = 1/m FQH liquid, and the label denotes the number of
quasiparticles in the drain mod 1/v. The transition rate connecting state n and state n + 1 is given
by

* BA
PE = (|1"1|2 + |1"2|2)r0(V, T) 4 2|11 Talr (V, T) cos(27r% > LA Gk), (1.57)
0

where 0, = 2nvk is the statistical phase accumulated by the quasiparticle when it encircles n
quasiparticles, and r¢ and r; are coefficients defined in Eq. (1.53). At zero temperature, the average
current is

I— e

T l/v-1,
k=0 Uk

(1.58)

where ¢, = 1/pj, is the average time for one transition [39].

Transitions in a Pfaffian v = 5/2 FQH state are shown in Fig. 1.8(b), and the states are labeled
by both the number of quasiparticles mod 4 and the topological charge. The transition rates are
still given by Eq. (1.52), but the statistical phase now takes four difference values, 6, = 7k/2,
k =0,1,2,3 [40]. Since the Pfaffian state is a non-Abelian state with Ising order, by its fusion
rules, a state of interferometer with topological charge o has equal probabilities to transit into two
different states, and we need to multiply the transition rate p; by the probability 1/2.

If we consider the shot noise in the Mach—Zehnder interferometer defined by

S(w) == / Cat et (1(0)I(t) + I(t)I(0)), (1.59)

—00
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the non-Abelian states would show unique features. At zero temperature, the Fano factor, which
is defined as the ratio between shot noise and current in the unit of electron charge e, is smaller
than 1 for Laughlin states and can be greater than 1 for the Pfaffian state [40]. Also, in the high-
frequency limit, the shot noise shows no inference effect for an arbitrary fractional statistics, while

the interference would appear for fermions [40].



Chapter 2

Thermal interferometry in

topological quantum liquids

2.1 Introduction

A key feature of topological order is the existence of anyons obeying fractional statistics [55]. The
statistics of Abelian anyons manifests itself in braiding phases, accumulated by particles traveling
around each other. To define the statistics of non-Abelian anyons one also needs to know how
different particles fuse into composite anyons. Fractional statistics has been discussed for decades
in the context of the fractional quantum Hall effect (QHE), and multiple probes of anyons in the
quantum Hall effect have been proposed [55]. Several of them have recently been implemented [55].

The bulk-edge correspondence hypothesis connects the statistics of anyons in the bulk of a 2D
system with the structure of a 1D gapless edge theory [3]. The latter determines the quantized
thermal conductance at the temperatures much below the bulk energy gap [79-81]. Thus, the
experimentally measured thermal conductance [82-84] gives an evidence of fractional statistics. In
particular, fractional quantization of thermal conductance has brought experimental evidence of
non-Abelian statistics in the QHE at v = 5/2 in GaAs [83]. Thermal conductance yields however a
rather indirect evidence of statistics. A more direct approach involves anyon collision experiments
[85]. Arguably, the most direct approach is anyonic interferometry [35—40, 49, 62, 69, 70].

The idea of anyonic interferometry naturally follows from the definition of the braiding phase.
The schematics of the setup is illustrated in Fig. 2.1. Two QHE edges are brought close to each
other at two constrictions. Charge tunnels between the edges at the constrictions and hence two
paths emerge, which connect source S1 and drain D2 via one of the two constrictions. The electric
current in D2 depends on the phase difference of the two trajectories. The phase difference includes
a sample-dependent contribution from the constrictions, the Aharonov—Bohm phase, proportional
to the device area, and the statistical phase, which depends on the number of anyons localized in

the device. Only the sum of the three phases is observed, but they can be disentangled by changing
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the magnetic field. Indeed, the non-universal phase shows a weak field dependence, the Aharonov—
Bohm phase changes continuously, and the statistical phase jumps every time a new anyon enters
the device. This has been observed [70] at ¥ = 1/3, and interesting interferometry data exist at
other filling factors [55].

.
—
%

Figure 2.1: Schematics of an electronic interferometer. Constrictions bring the QHE edges closer.
This facilitates the tunneling of charge from one edge to the other. Interference between the two
paths that connect source S1 to drain D2 gives information about a localized anyon indicated with
a X symbol.

Quantum Hall anyons carry charge. What about neutral systems such as Kitaev magnets [28]?
The Aharonov-Bohm technique is no longer applicable in the absence of an electric current. We
propose to employ thermal currents instead. In contrast to an electric, spin, or any other current, an
energy current can flow in any system. This idea was introduced for one particular anyon type, Ising
anyons in Kitaev magnets, in the Letter [86] and in a rather different form in Ref. [87]. In this chapter
we systematically address signatures of various possible Abelian and non-Abelian fractional statistics
in thermal interferometry experiments. The idea applies to both charged and neutral anyons, but
has to be implemented in somewhat different ways in those two cases. Indeed, the magnetic field
may not be a useful knob in chargeless systems, and hence a different knob is needed. As we show,
useful information comes instead from the comparison of different interferometer topologies.

A possibility [29] that a-RuCls hosts a neutral Kitaev liquid with non-Abelian Ising statistics
has attracted much interest recently. The existing experimental results are controversial [30], and
one of our motivations consists in the development of a probe of anyonic statistics, suitable to a
Kitaev spin liquid.

Thermal interferometry of fermions has been previously investigated for heterostructures based
on topological superconductors [88]. We demonstrate that heat transport changes dramatically for
anyons in comparison with fermions and bosons.

We introduce two interferometer topologies: Fabry-Pérot and Mach—Zehnder in Sec. 2.2. We
also briefly review Ising topological liquids [28] in that section, since the Ising topological order is
particularly important for us. An interferometer is made of two constrictions. As a starting point it
is hence essential to analyze a single constriction. We do that in Sec. 2.3.1 in the simplest problem
of tunneling between two separate topological liquids. In that case, only bosons can tunnel through

a point contact. We consider a single tunneling contact in an Ising liquid in Sec. 2.4.1 and address
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a general statistics in Sec.2.5.2. In the low-energy limit, the heat current through a constriction
exhibits scaling as a function of the temperature at a fixed ratio of the temperatures on the two
sides of the device. It is easy to identify the scaling exponent for an arbitrary anyon statistics. The
exponent is different for different anyon types and hence can be used as a probe of topological order.
In the most interesting case of a Kitaev spin liquid, we go beyond scaling analysis and derive a
general expression for the heat current as a function of the two temperatures.

A single-constriction probe of statistics is indirect. The bulk of this chapter focuses on double-
constriction geometries, which allow probes of anyon braiding. Sec. 2.3.2 considers the Fabry-—
Pérot and Mach—Zehnder interferometers made of two separate topological liquids so that only
bosons can tunnel through the vacuum between the two liquids. After that warming-up exercise,
Sec. 2.4 contains a detailed study of the two interferometer geometries for Ising anyons in Kitaev
liquids. We discover that the heat current depends on the topological charge localized inside a
Fabry—Pérot interferometer. This can be used to probe statistics provided that we can control the
trapped topological charge. If such control is unavailable, a dramatically different behavior of the
heat current in a Mach—Zehnder interferometer can be combined with Fabry—Pérot data to identify
fractional statistics.

Sec. 2.5 investigates interferometry for an arbitrary topological order. The case of Abelian
statistics is straightforward in both interferometer geometries. For non-Abelian statistics we have to
separately consider the tunneling of anyons which are identical and different from their antiparticles.
Sec. 2.6 addresses another signature of topological order: telegraph noise of heat current in Fabry—
Pérot devices with a hole. We discuss experimental realizations and summarize in Sec. 2.7.

Several Appendixes contain technical details. Appendix B addresses a toy model of fermion
tunneling in interferometers for Kitaev spin liquids. Appendix C contains detailed calculations for
an interferometer made of two separate Kitaev magnets. Appendix D deals with correlation functions
of Ising anyon operators in Kitaev systems. Appendix E goes through the tedious calculations of the
heat current in a Fabry—Pérot interferometer made of a single piece of a Kitaev material. Appendix F
discusses subtleties of Mach—Zehnder interferometry. Appendix G considers an exotic topological
order that defies naive expectations of how interference of anyons works in a Fabry—Pérot device.
Appendix H contains detailed calculations of telegraph noise. Appendix I addresses the dependence

of the heat current on the interferometer size for systems with a single edge mode.

2.2 Models

In this section we introduce the three basic models we consider below: a single constriction between
two edges of a topological liquid, a Fabry—Pérot interferometer, and a Mach—Zehnder interferometer.

We focus on systems with a bulk energy gap and gapless edge states [20, 55]. The fractional
quantum Hall effect gives rise to many such systems. Another relevant situation involves some
spin liquids, a Kalmeyer—Laughlin liquid [27] being the simplest example. Non-Abelian statistics

in Kitaev magnets has recently attracted much interest, and we will pay particular attention to
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Kitaev magnets [28]. Their edge theory contains a single chiral Majorana mode. The low-energy

Hamiltonian of one right(left)-moving edge is [20, 28]

H=%, / 4z 90,1, (2.1)

where v is the edge velocity. The Majorana fermion v satisfies the anticommutation relation,

{¥(2),9¥(y)} = 2m6(z — y). (2.2)

Kitaev magnets contain three types of anyons: trivial bosons 1, Majorana fermions v, and Ising

anyons o. These quasiparticles obey the following fusion rules:
Yx=1;, Yxo=0; oxoc=1+1, (2.3)

where the final equality represents two possible fusion outcomes. The topological spin 6, of these
quasiparticles is given by 6, = 1,0y = —1,and §, = €'™/8. The topological spin determines the phase
¢¢, accumulated when a quasiparticle of type a encircles a quasiparticle of type b in counterclockwise
sense under the assumption that they fuse to a quasiparticle of type c: exp(iqﬁzb) = 0./(0.65).
Another important piece of information is the quantum dimension of anyons. It is 1 for 1 and 1,
and /2 for . More details and a discussion of other topological orders can be found in Refs. [55,
89].

2.2.1 Single point contact

B— 8
QPC

. X .

Figure 2.2: A single quantum point contact (QPC) is shown, where the two counter-propagating
edges of the spin liquid come close and the tunneling between the edge modes takes place as indicated
with a dashed line.

A

To discuss the tunneling behavior in the presence of point contacts between two different edges,
we consider the model depicted in Fig. 2.2. The two edges host counter-propagating edge modes,
and could either be edges of the same spin liquid, or different spin liquids. The lower and upper
edges have two different temperatures, 77 and T,. This is achieved by bringing either of them in
thermal equilibrium with its source S1 or S2, maintained at the temperature 77 or T5.

The Hamiltonian of this single-point-contact tunneling model is of the form

H=H,+H>+ Hr, (2.4)
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where H; 7 are the free Hamiltonians for the two chiral edges, and Hr is the tunneling Hamiltonian
describing the tunneling of quasiparticles through the quantum point contact.

In general, the tunneling Hamiltonian can be written in the following form,
Hp =TT+ 17T, (2.5)

where T'is a tunneling operator responsible for transporting one quasiparticle from the lower edge to
the upper edge. When the tunneling quasiparticle is its own antiparticle, T and T are equivalent,
hence,

Hp =TT, (2.6)

where I' is a real tunneling amplitude that ensures Hermiticity of the tunneling Hamiltonian Hr.
The Hamiltonians (2.5,2.6) include only one most relevant tunneling process. This is justified at low
energies for many topological orders.

In the presence of a tunneling point contact, the heat current flowing along the edges can tunnel
across the contact, thus introducing a tunneling heat current Ir. Here we treat the contact Hamil-
tonian Hr as a perturbation and assume a small I'. We can find the operator I for the heat current

using the Heisenberg equation of motion,

A OH;

IT = W = —i[Hl,Hl + H2 + HT] = —’i[Hl,HT]- (27)

Strictly speaking, the above expression gives the energy current. It is the same as the heat current
provided that the electric current is zero. Otherwise, a correction, proportional to the square of the
electric current, is conventionally subtracted !. We will ignore this complication, that is, we will
assume a zero electric current. In the most interesting case of spin liquids, the electric current is
constrained to be zero. In quantum Hall systems with a non-zero electric current, the energy and
heat currents can be related to each other via known results for the electric current.

To the lowest order in perturbation theory, the expectation value of the heat current is

t

(In(t)) = —i / dt' ([T (), Hr(t')]). (2.8)

—0o0

The tunneling heat current should be proportional to ||, Ir = r(T1,T3)|T|?, where the factor
r(T1,T>) depends on the details of the edge theory and the nature of tunneling quasiparticles.
Typically, the tunneling of one quasiparticle type dominates in the low-energy regime of interest
for this chapter. The dominant tunneling operator is the most relevant tunneling operator in the
renormalization group sense. We will assume below that only one quasiparticle type together with

its anti-particle can tunnel.

IThe heat current is usually defined as the difference between the energy current and the product of the chemical
potential and the particle current. The heat and energy currents become the same if the product of the particle
number and the chemical potential is subtracted from the Hamiltonian. In the case of the Ising topological order,
the number of the Majorana fermions is not defined and the chemical potential is always zero
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Figure 2.3: Schematics of (a) Fabry—Pérot and (b) Mach—Zehnder interferometers. Heat travels
from sources S1 and S2 to drains D1 and D2 along chiral edges and tunnels between the edges at
the two point contacts shown with dashed lines. A localized anyon is marked with a x symbol.

2.2.2 Fabry—Pérot interferometer

Following the discussion of the single-point-contact tunneling, we are in a position to consider ther-
mal interferometers. Electronic Fabry—Pérot interferometers have been introduced to study the
Aharonov-Bohm effect and fractional statistics in the quantum Hall regime [55]. This chapter
considers a thermal Fabry-Pérot interferometer shown in Fig. 2.3(a). The device is similar to its
electronic counterpart. It contains two point contacts, QPC1 and QPC2, located at coordinates x;
and x2. When a heat-carrying quasiparticle tunnels through the interferometer from the lower edge
to the upper edge, it could take either of the two paths S1-QPC1-D2 or S1-QPC2-D2. This results in
quantum interference, whose phase depends on the quasiparticle excitations in the central region be-
tween QPC1 and QPC2 as well as the device’s size and the tunneling contacts’ details. For electronic
interferometers in QHE systems, the interference phase contains a sample-dependent contribution
from QPCs, an Aharonov—Bohm phase, proportional to the magnetic flux through the interferome-
ter, and a statistical phase due to quasiparticle excitations inside the interference loop. On the other
hand, for a thermal interferometer probing charge-neutral excitations, the Aharonov—Bohm phase
is absent.

The tunneling Hamiltonian in a Fabry—Pérot interferometer is
Hr = F1T1 + FQTQ +H.c., (29)

where I'; o are two generally complex tunneling amplitudes, Ty is the tunneling operator that cor-

responds to the transfer of a quasiparticle from the lower to upper edge through QPC1, and Th
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corresponds to the transfer through QPC2. In the absence of localized quasiparticles in the inter-

ference loop, the tunneling thermal current takes the general form,
Iy = (|P1|2 + |F2|2)1"(T1,T2) + 2Re{[I‘11"§f(T1,T2, L+ Lg)]}, (2.10)

where Re stands for the real part, L; denotes the distance between the two point contacts along
edge i = 1, 2, and 7#(T1,T5, L1 + Lo) describes the interference term in the thermal current. In
the presence of bulk quasiparticles, this term depends additionally on the statistical phase induced
by these localized quasiparticles. The sum of the two distances enters the coefficient 7, if only one
edge mode exists and the edge velocities are identical on the two edges of the device. Otherwise,
the length dependence of 7 is more complicated. See Appendix I for the derivation of the length
dependence and a detailed discussion of the relevant assumptions.

In an Abelian quantum Hall liquid with the filling factor v = 1/(2m + 1), the statistical phase
accumulated by an anyon of charge ve around n localized anyons of the same charge is equal to
¢ = 2mvn. However, for the tunneling of non-Abelian quasiparticles, we need to take the anyon
fusion rule into consideration since it is possible for two non-Abelian anyons to fuse in more than

one fusion channel. A detailed discussion can be found in Sec. 2.5.

2.2.3 Mach-—Zehnder interferometer

A Mach—Zehnder interferometer [55, 57, 90] shown in Fig. 2.3(b) is superficially similar to a Fabry—
Pérot interferometer. It also has two tunneling contacts and two interfering paths from S1 to D2.
Yet, it has an important topological difference from the Fabry—Pérot setup: Drain D2 is inside the
interference loop. Hence, in contrast to Fabry—Pérot interferometry, each tunneling event changes the
localized topological charge in the central region. As a result, the statistical phase ¢, accumulated
by an anyon on the interference loop, changes after each quasiparticle tunneling event. Also, as
seen from Fig. 2.3(b), the two edges in a Mach—Zehnder interferometer have the same propagation
direction, thus, the thermal current depends on the difference of the distances between the point
contacts on the two edges and not the sum, see Appendix I and Ref. [39].

The state of a Mach—Zehnder interferometer is characterized by the localized topological charge
in the central region. Transitions between different states can be analyzed through a continuous-time
Markov chain model.

The situation is particularly interesting if the tunneling anyon, whose topological charge is de-
noted as z, is its own antiparticle. The tunneling Hamiltonian for a single point contact is given in

Eq. (2.6). The tunneling Hamiltonian in a Mach—Zehnder interferometer is
HT = Flj:']_ + Fngem, (211)

where I'; 5 are two real tunneling amplitudes at the two quantum point contacts, and the phase o
ensures Hermiticity [86]. We compute the phase o in Appendix F. When the tunneling of z changes

the localized topological charge from a to b, the tunneling rate can be expressed as [40]

Phe = PLup(T1, T2, T1,T2, 684, | L1 — La), (2.12)

ra’
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where P2, = N2,dy/(d.d,) is the fusion probability for z x a — b, N, is the fusion multiplicity, dq

is the quantum dimension of anyon «, and p incorporates the dependence on the temperatures 77 2,
b

ra’

the tunneling amplitudes I'; 2, the statistical phase ¢_,, and the interferometer size. When the path
of topological charge x encloses localized charge a, according to the algebraic theory of anyons, the
statistical phase is exp(i¢%,) = 6/(6abs), where 6, are topological spins [28, 55].

In what follows we will assume that |L; — Lg| is much shorter than the thermal length v/T,
where v is the edge velocity. This will allow neglecting the interferometer size.

If we use f, to denote the probability of the localized topological charge being a, we can write

down the following kinetic equation [40],

fa=>_ fop% — > fable- (2.13)
b c
This equation can also be written in a matrix form, fa = My f, where the matrix entries M, are

the tunneling rates,
Moy = p — 0ab Y Plq- (2.14)

When the system is in dynamical equilibrium, fa = 0, one can solve for f,. The average thermal

current is given by

P BEY fushe, 215)
ab

where AE is the average heat transferred across the point contact by a tunneling event. Since
we neglected the interferometer size, the statistical distribution of the transferred energy in one
tunneling event is the same for all combinations of the topological charges a and b, and the same as
for a single tunneling contact. Indeed, in our limit, the two constrictions can be fused into one.

As an example, a detailed calculation for interferometers built for probing the Ising topological

order is shown in Sec. 2.4.

2.3 Tunneling between topological liquids

As a warming-up exercise, we consider tunneling between two Ising topological liquids through

vacuum.

2.3.1 Single constriction

In the case of two adjacent spin liquids, some edge excitations may tunnel from one spin liquid to the
other. Before we compute the thermal current in the two-constriction geometry, consider first the
case of a single point contact. In this case, we will not obtain any interference effects. Nonetheless,

we do obtain some non-trivial thermal transport.
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The edge Hamiltonians have the standard form (2.1). Every contribution to the Hamiltonian
must be topologically trivial. In particular, any allowed interaction between the two topological
liquids is described by operators, which are products of two Bose fields acting on each of the liquids.

Hence, the form of the tunneling Hamiltonian is such that only pairs of Majorana fermions tunnel,

Hry = —T'1(20) 001 (%0)¥2(20) 0z 92 (20).- (2.16)

Here z is the location of the constriction.
We can now define the thermal current as the time derivative of the free Hamiltonian of one of

the edges and use the Heisenberg equations of motion as in Eq. (2.7). One obtains

Ir = —oT (8:41(20) 021 (z0) + ¥1(20)3241 (20) ) P2 (20)Duth2(20)- (2.17)

Using perturbation theory (2.8), in Appendix C, we compute the thermal current between two spin
liquids to the lowest order in the tunneling amplitude T as,

<IT>non—int — 47T9F2

r 283508

This is the contribution to the thermal current due to a single constriction between two spin liquids.

[41(T28 — T8) + 62T2T2(T2 — T{*)] . (2.18)

Its non-trivial temperature dependence is a signature of the Ising topological order. It is instructive
to compare the result with the heat current in a Luttinger liquid of topologically trivial bosons. The
action density is L, ~ (8;0,)? + (0.0,)? on edge n = 1,2. The tunneling operator T ~ 8,610,05.
An easy calculation shows that the thermal current scales as the fourth power of the temperatures
~ T14, T24. For a 1D system of free electrons, the heat current scales as the square of the temperature.
Thus, the ~ TF, T% scaling in the above result is a signature of a non-trivial topological order. The
same is true for the non-trivial coefficients 41 and 62.

In the two-constriction geometry, as considered in the next part of the section, the result we just
obtained will exactly be the non-interference contribution from each of the constrictions. A detailed
derivation of the above expression can be found as the non-interference part of the full calculation
in Appendix C, where we consider a Fabry—Pérot interferometer. The calculations rely on some
equations from Appendix B, where we consider a simpler model, in which single Majorana fermions
are allowed to tunnel between the edges. This is only allowed when the edges surround the same
spin liquid. In such a situation, fermion tunneling is not the most relevant tunneling process, as

discussed in the next section. It can become the leading contribution to transport near a resonance.

2.3.2 Double constriction

We now turn our attention to the double constriction geometry. In this case, interference effects will
come into play. The two-constriction geometry we consider here is the Fabry—Pérot interferometer
made of two spin liquids.

Similar to a single constriction geometry, the tunneling Hamiltonian is just the sum of individual
tunneling Hamiltonians at the two constrictions, z; and x,

Hp = — ) Tithy (2:)0athy (2:) P2(:) Outho (). (2.19)

i=1,2
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Figure 2.4: This curve shows how the total thermal current Iy = 2(Ip)2°" 4 (I1)i"* varies with
T91 when the limit 77 — 0 is taken.

Using this tunneling Hamiltonian, we find the tunneling thermal current operator as defined in
Eq. (2.7),

Ir=- Z [Fi (0ot1 (i) 01 (z5) + Y1 (i) 0291 (%)) Yo(m) Oph2 (Jf'i)}- (2:20)

i=1,2
Using perturbation theory in Eq. (2.8), one can now compute the thermal current between two spin
liquids to the lowest order in the tunneling amplitude. In the 77 = 0 limit and setting I'y =I'ys =T,

we find this expression to be,
(IT) = 2(I7)p°™ ™ + (Ir)™ (2:21)

where,

8mOT2T8

int __
)™ = 308

(2.22)

1
[(7_8000th2X2+105coth4X2) : - 0].

Here we have defined X; = 27T;z9; /v, where x; is the separation between the two constrictions.
We assume the separation to be the same on both edges. The non-interference term (Ir)2o»™" js
just the thermal current obtained in the single constriction geometry (2.18). The variation of the
total thermal tunneling current with the separation between the two constrictions Xy = 27Thxo; /v
is shown in Fig. 2.4. The general expression for this tunneling thermal current in the case of 71 # 0
and when the tunneling amplitudes at the two constrictions are not equal, i.e., I'; # I's, is given in
Appendix C.

A curious feature of the above result is a non-monotonous dependence of the heat current on the
distance between the tunneling contacts, Fig. 2.4. Similar behavior would be natural for charged
systems in a magnetic field due to Aharonov—Bohm oscillations. Significantly, we deal with a neutral

spin liquid. See Ref. [87] for related curious behavior.
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The analysis of the Mach—Zehnder geometry is very similar and does not add much to the Fabry—
Pérot case. This is a consequence of the trivial mutual statistics of tunneling bosons and confined

anyons.

2.4 Ising anyon tunneling

We now address the tunneling of Ising anyons between the two edges of a topological liquid. As
we will see, different tunneling currents correspond to different topological charges, trapped in an
interferometer. It is not, however, obvious how to control the trapped charge. As an alternative
approach to probing anyon statistics, one can compare heat currents through Fabry-Pérot and

Mach—Zehnder interferometers.

2.4.1 Single constriction

We start with a single constriction. We discover that at a fixed ratio of the edge temperatures T} /T5,
the tunneling heat current scales as ~ T11 /4 This is a signature of fractional statistics.

The most relevant tunneling operator transfers a single Ising anyon from one edge of the spin
liquid to the other. These two edges, being the edges of the same spin liquid, can be thought of
as parts of a single edge connected by an infinitely remote section [47, 91]. Correlation functions
for the entire system decompose as products of correlation functions on the upper and lower edges
along with a phase factor that depends on topological order [24]. The decomposition of correlation
functions is discussed in Appendix D.

Within the conformal-field-theoretic treatment, the correlation functions of the primary operators
are holomorphic functions of the complex coordinate w = vr+iz = i(vt+z), where 7 is the imaginary
time. We may compute the thermal correlation functions of the primary fields using the conformal
transformation between coordinates w on a cylinder [25, 50] and coordinates z on a plane, given
as z = e2™w/v8 where B = 1 /T is the reciprocal of the edge temperature; then the two-point

correlation functions satisfy the following relation,

(o (wn)o(ws)) = (z”izl)h (2””2)h (o(en)o(za)), (2.23)

vf3 vf3
where h = 1/16 is the holomorphic conformal dimension of the Ising anyon field. With this we arrive

at the thermal two-point correlation function of the Ising anyon field as,

(own)o(ws)) = (f) ! (2.24)

v sin® [T (w; — wy)/v]
The temperature T appearing in the two-point function corresponds to one of the edges. Introducing

a regulator €, the two-point function for the two edges can be written as,

(T /v)"/®
01(T,1)01 070 = 2.25
(01(2,8)0:(0,0)) sin?/8[x T (e + i(t — z/v))] (2.25)
7Ty /v)1/®
(02(x,t)02(0,0)) = (/) (2.26)

sinl/8 [To(e +i(t + z/v))]



29

—_—— = -

QPC

. ——

N,
»

Figure 2.5: Geometry, in which the two edges of the spin liquid are treated as spatially separated
parts of the same edge. The dashed line shows a long segment, of length L, connecting the two edges
of the interferometer.

We may now treat the two opposite edges of the same spin liquid as different parts of a single edge
connected by a long edge segment of length L (See Fig. 2.5). This allows us to use the above result
and obtain the four-point correlation function in the limit of L — oo. This has been computed in
Appendix D. Once we obtain the thermal four-point correlation functions, we are in a position to
use the perturbation theory, as considered previously, to compute the thermal tunneling current due
to Ising anyon tunneling. To separate the interference effects from the rest of the physics of the
problem, we first consider the case of a single point contact and later generalize the calculation to
interferometers.

The tunneling Hamiltonian creates anyons, which fuse to vacuum, on both sides of the constric-
tion. Since the Ising anyon is its own antiparticle, the tunneling Hamiltonian creates anyons of the

same type, and thus the form of the tunneling Hamiltonian can be written as,
HT = e_i”/lﬁl"az(xo, t)dl(.’lio,t). (227)

The subscripts on the Ising anyon field operators denote the side, on which the edge lies and are
defined in the limit L — oo, as () = (L — z) and o,(z) = o(z). The phase e~¥"/16 is fixed by
the hermiticity condition for the tunneling Hamiltonian. Indeed, the average of Hr must be real.
The form of the tunneling Hamiltonian suggests that the effect of a single point contact is to allow
the tunneling of a single Ising anyon from one edge to the other. This is then treated perturbatively
to the lowest order. The expectation value of the tunneling thermal current is given by Eq. (2.8).
The full calculation can be found as the non-interference part of the calculation in Appendix E. We
find the thermal current to be,

non-int __ 12 1 1 003(371'/8)
()™ = T (Ta)= (n ) s~ =

where the Fyon-int(n) function in the integral representation is given as,

Faonins(n) = /0 T (T; _ cosh(r) 1 ) (2.29)

ns  sinh? (1) sinh® (n1)

Fnon-int (T2 /Tl )7 (228)

See Fig. 2.6(a) for the plot of Fon-int- Note that the calculation given in Appendix E corresponds

to the Fabry—Pérot geometry, and the single-point-contact case corresponds to the non-interference
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part of the full calculation. A non-linear temperature dependence of the thermal current comes
from the scaling dimension of the Ising anyon tunneling operator. Thus, it provides an experimental
signature for fractional quasiparticle tunneling at a single point contact. In particular, at fixed

T5/T1, the tunneling heat current scales as T1/4,

(a) (b)

A A
3t s — Fu(15,2)
e AL
3t —-= Fu 1)
\
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— {'non—int (n)

—1F

Figure 2.6: (a) The behavior of the function Fyon-int(n). (b) The behavior of the function Fin(n,X)
for n = 1.5,2,3. The dotted horizontal lines in (b) show the values of 2Fon.int(n) for n = 1.5,2,3,
which become equal to Fin(n,x) as x — 0.

A universal scaling behavior has been predicted for tunneling electrical currents in fractional
quantum Hall liquids, but theory rarely agrees with the data (for a review, see [55]). This has
multiple reasons, at least one of which, specifically, long-range Coulomb forces [92, 93], is absent in
a spin liquid. Thus, there may be a better chance to observe scaling in the tunneling heat current
than for an electric current.

We now generalize our single-contact calculation to a Fabry—Pérot interferometer geometry, where

the fractional quasi-particle interference effects and anyon braiding effects become relevant.

2.4.2 Fabry—Pérot geometry

The behavior of the tunneling thermal current obtained in the previous subsection captures the
non-trivial topological charge of an anyon. Single-point-contact measurements therefore provide a
probe of the topological charge of the quasiparticles involved in the tunneling process. A more direct
evidence of statistics involves the braiding of two quasiparticles in the two-point-contact geometry.
In this section, we generalize the previous calculation to a Fabry—Pérot interferometer geometry.
We use the two-point thermal correlation functions given in Eq. (2.25). These correlation func-
tions are in turn used to compute the four-point correlation functions (Appendix D). The calculation
relies on the factorization into products of correlations functions on two separate edges [23]. To find

the thermal current operator, we use the Heisenberg equation along with the tunneling Hamiltonian,



31

which in this geometry takes the form,
HT = €_i7r/16:[‘10'2(.’L'1,t)0'1($1,t) + C_iﬂ-/161—‘20'2(x2, t)O’l(CEQ,t), (230)

where z; is the coordinate of the ith constriction, and correspondingly, I'; is its tunneling amplitude.
We now apply perturbation theory to compute the lowest order expectation value using Eq. (2.8).

We start with the simplest case of a trivial topological charge trapped inside the device. We
summarize the results here. Detailed calculations are contained in Appendix E.

In the simplest limit I'y = I's = T', we arrive at an expression that has the following form,

(I7) = 2(Ip)penit 4 (I)mt, (2.31)

non-int

where (I7)} is the contribution of a single point contact given in Eq. (2.28), and (I7)" is the

interference term that has the form (in the limit I'y =Ty =T),

. 1 1 cos(3m/8
(Ir)™* = T2(nTy) % (nTy)* —4\/(%1//4) Fine(T2 /Ty, 7T1201), (2.32)
where the function Fi,;(n, x) in the integral representation is given as,
o 1 cosh(T 1 cosh(7 + 2x 1
Fint(naX):/dT 9 . 1 _.2().1 _.2( ).1 :
0 75 sinh®(2ny) sinh3(7)sinh®(n7 4+ 2nx) sinh® (7 4 2x) sinh® (n7)
(2.33)

The function Fj, is plotted in Fig. 2.6(b). It can be checked that this function has the property
that limy_,0 Fint(n, X) = 2Fhon-int(n), Where Fion.int(n) is defined in Eq. (2.29). Therefore in the
ZTo1 = T2 — 1 — 0 limit, the two-point-contact case reduces to that of a single point contact. Note
that the thermal current in the general case of I'y # I's is computed in Appendix E. The only
difference from the above result is the substitution of I'? in the non-interference contribution with
(I'? +T2)/2 and with I';T'; in the interference contribution.

So far we assumed a trivial trapped topological charge in the device. The above result is easily
extended to the other possible trapped topological charges ¥ and o. Since o accumulates the phase
7 on a circle around 1, the interference contribution changes its sign in comparison with the above
equation. For the trapped charge o, the even-odd effect is present [36, 37]. The tunneling anyon has
two equally likely fusion channels with the trapped anyons: 1 and 1. The corresponding interference
phases ¢1, = —ilog (91 / 03) and ¢%, = —ilog (O,p / 03) differ by 7. Hence, only the non-interference
contribution to the heat current survives.

If one can control the trapped topological charge, the existence of three different heat currents at
the three possible trapped topological charges gives a signature of the Ising statistics. Presently, it is
not clear how to control the trapped charge. As long as a device with the trapped charge o or i can
be fabricated, it will be possible to also obtain another trapped topological charge by doubling the
size of the device: for example, connecting two identical devices, each of which confines o, yields the
total confined charge o x o, which can be either 1 or ¢. It might happen, however, that the trapped
charge is always 1. In that case, the Fabry—Pérot device would not be able to tell Ising anyons from

bosons or fermions. To overcome this issue we consider a Mach—Zehnder interferometer.
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2.4.3 Mach—Zehnder geometry

As we already observed, Fabry—Pérot interferometry, in the case of spin liquids, although sensitive
to the enclosed topological charge, may not be very informative since it requires control over the
topological charge enclosed between the two constrictions. In the case of electronic Fabry—Pérot
interferometry, this issue did not arise since anyonic excitations in the sample carry charge. The
number of the trapped excitations depends on the magnetic flux. Hence, the magnetic field becomes
an external control parameter. Anyonic excitations in a Kitaev spin liquid, however, do not carry
charge. Therefore magnetic field fails to provide such a control. It, instead, becomes useful to
compare thermal transport in the Fabry—Pérot and Mach—Zehnder interferometers [86].

We thus turn to the double constriction case in the Mach—Zehnder geometry. In this geometry,
one of the drains is topologically inside the loop, over which the interference phase is accumulated.
Hence, with each tunneling event, the confined topological charge changes. The effective two-point

tunneling Hamiltonian is given as,
Hr = F1T1 + PQTzeia. (234)

where I';, i = 1,2 are real tunneling amplitudes, T; are two tunneling operators that transfer Ising
anyons from the outer edge to the inner edge, Fig. 2.3. The phase o ensures the Hermiticity of the
tunneling Hamiltonian Hp. This phase is computed in Appendix F. For Ising anyons, o = 7/8 as
a consequence of the general rule that exp(ia) equals the topological spin of the tunneling anyon
(Appendix F).

As highlighted in Sec. 2.2.3, since in the Mach—Zehnder interferometer the tunneling probability
changes with each tunneling event, the thermal current is defined in terms of the tunneling rates p¢,

given by Eq. (2.12). For the case of Ising anyons, we find the following tunneling rates,

pgy = [[7 +T% — 201Dy cos(n/8)] p(Th, T), (2.35)
P31 = [[% + T3+ 2I'1 T cos(n/8)] p(T1, Tz), (2.36)

where p(T7,T») is computed in the single-point-contact geometry as,

p(T,Ta) =2y ‘(m|e_i”/802(a:0)01(x0)|n)‘2 (B — En) Pa(Th, T). (2.37)

m,n
According to Eq. (2.28),

(T3, T3) = (1) () o

We remind the reader that, to simplify equations, we assume the temperature low enough for the

Fnon-int (TZ /Tl) (238)

thermal length v/T to exceed the interferometer size.
Since the Ising anyon o is its own anti-particle, i.e., one of the fusion channels gives vacuum
on fusing two o anyons, we obtain the following relation from the algebraic theory of anyons [see

Eq. (F.15)], in terms of the quantum dimensions, p}, = p% (d?/d2). This allows us to compute
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the remaining non-zero tunneling rates. Plugging this relation into Eq. (2.13), we solve for the

probability f, in dynamical equilibrium,

fo= fi=fp=-. (2.39)

2
Finally, the average heat AE transferred in each tunneling event can be computed from a setup with
a single point contact as a ratio between r(77,T3), calculated in Sec. 2.4.1, and p(T31,Ts). Given
the tunneling rates p¢,, the probabilities f,, and the average transferred heat AE, we can find the
thermal current from Eq. (2.15),

1 cos(37/8)

4\/5,01/4

where the function Fyon-int is defined in Eq. (2.29). We notice that the thermal current in the Mach—

Zehnder geometry for Ising anyon tunneling is just the sum of the thermal current contributions

Ir = (T2 + T2)(nTY)* (v Th) Fron-int(T2/T1), (2.40)

from each of the single constrictions as found in Sec. 2.4.1, and the interference term is absent. This
is a general feature of non-trivial topological orders as we will see in the next section where we treat
an arbitrary anyon statistics.

The above behavior is quite different from the Fabry—Pérot geometry with a trivial trapped
topological charge. It is also quite different from the behavior expected from bosons and fermions
in the Mach—Zehnder geometry. Indeed, bosons and fermions show the same interference pattern in
both geometries. Thus, a comparison of the two interferometer geometries provides a signature of
the Ising statistics even if the trapped topological charge is bound to be trivial in the Fabry—Pérot
setup. Note that a comparison of theory and experiment requires the knowledge of I'; 5. It can be

obtained from a single-point-contact geometry.

2.5 Arbitrary anyon statistics

In addition to the Ising topological order in a Kitaev spin liquid, we would like to extend our
theory of thermal interferometers to the case where anyons tunnel between two edges of an arbitrary
topological phase of matter. We will use the algebraic theory of anyons in Ref. [28], and adopt
the assumption that the distances L; > along the two edges between the two point contacts in the
interferometer are much less than the thermal length [ = v/T'. This assumption allows us to use an
effective one-point tunneling amplitude for the interferometer and simplify the expressions for the
tunneling thermal current.

As in previous sections, we start with a single point contact, then consider the interferometry of
Abelian anyons and the interferometry of non-Abelian anyons. Before addressing technical details,

we list the key results in the next subsection.

2.5.1 Summary of interferometry

For a topologically trivial system, the same behavior is expected in the Fabry-Pérot and Mach-

Zehnder geometries. The interference phase does not depend on what particles are trapped in the
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device. Thus, one easily checks that in an interferometer with two tunneling amplitudes I'; 2 at the
constrictions, the heat current scales as |T'; +I'z|2. Indeed, this is obvious from applying the results
of the subsection on Abelian statistics to the case of the trivial topological order.

On the other hand, for non-trivial statistics, the thermal current through a Fabry-Pérot device
depends on the trapped topological charge. The number of the possible values of the current reflects
the number of possible anyon types. The current through the interferometer depends on the mutual
statistical phases of the tunneling and trapped anyons. As is clear from Secs. 2.5.4 and 2.5.5, in the
case of non-Abelian statistics, the current also depends on the fusion rules for the topological order.

Thus, a Fabry—Pérot device allows the identification of the topological order provided that one
can control the trapped topological charge. If the trapped topological charge is always trivial, the
Fabry—Pérot approach cannot distinguish non-trivial orders from the trivial order. We have to rely
instead on the Mach—Zehnder geometry. Its behavior is strikingly simple and general: For any

nontrivial topological order, the heat current scales as |T'1|2 + |T'2|%.

2.5.2 Single contact

We rely on Eq. (2.7) for finding the thermal current operator and Eq. (2.8) for the average heat
current. For the purposes of this section, the exact forms of the operators and currents are unim-
portant. It will suffice to know their scaling dimensions. The current operator scales as the time
derivative of the tunneling Hamiltonian. The average current scales as the time integral of the
product of that time derivative and the tunneling Hamiltonian. Thus, the average current scales as
a power of the temperature T29, where g is the scaling dimension of the tunneling operator. The
exponent depends on statistics. For Ising anyons, g = 1/8 in agreement with the previous results.
In the v = 1/3 Laughlin state [3] with the edge action 2 [ dzdt[+8;¢0,¢ — v(0,¢)?] and the charge
density ed,¢/(2), the anyon tunneling operator is I" exp(i¢; + i¢2) + H.c., where the indices 1 and
2 refer to the two edges. Then g = 1/3.

2.5.3 Interferometry of Abelian anyons

In an Abelian topological order, the fusion channel of any pairs of anyons is unique, therefore there
exists the smallest integer m, such that the fusion result of m anyons of type z is in the vacuum

sector. In the following subsections, we will discuss the two cases m = 2 and m > 2 separately.

Tunneling anyon is its own antiparticle.

We first consider the case when m = 2; i.e. £ X £ = 1, where 1 denotes vacuum. Obviously, z is
its own antiparticle. One example is the semion topological order [27, 94]: it contains only one type
of non-trivial topological charge s, and the only non-trivial fusion rule is s x s = 1; the topological
spin of s is 05 = 1.

Given the one-point contact Hamiltonian Hy = I'T, where T is a real amplitude, the thermal

current can be written as It = 7‘(T1,T2)F2 as demonstrated in Sec. 2.2. The tunneling rate is
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p(T1,T2)T'2, where p(T1,T3) can be found with Fermi’s golden rule:
p(T1,To) = 27?2 [(m|T|n)[*6(Em — En) Pa(T1, T), (2.41)
mn
|n), |m) are eigenstates of the unperturbed edge Hamiltonian, F,, ,,, are the total energies of the two
edges for the corresponding state, and P, is the Gibbs distribution. The average heat transferred in
each tunneling event is AE = r(Ty, Ts)/p(T1, T2).

For a Fabry—Pérot interferometer, the tunneling Hamiltonian is given as
Hp =TTy + o1y, (2.42)

where I'; o are real amplitudes. The localized topological charge has at least two possible values: 1
or z. Below we focus on these two possibilities only. Depending on the sector, the tunneling current

has two different values,
Y = ([1 4+ 9)r(Th, Tr), (2.43)
IFP =1y + I‘2ei¢;m|2r(T1,T2), (2.44)
where exp{(i¢2,)} = 01/(0205) is the braiding phase. For semions, this phase factor is —1. This
result actually applies to any Abelian statistics, as long as = is its own antiparticle and not a

fermion or boson. Indeed, the topological spin of vacuum should satisfy §; = 8% = 1, hence 0, = +i

or +1. The second option describes bosons and fermions and so we are left with 6, = +¢ and
exp(igl,) = —1.

In a Mach—Zehnder interferometer, the tunneling Hamiltonian in Eq. (2.11) contains an additional
phase €™ = 6, in front of I'y, as discussed in Appendix F. In the two sectors 1 and z, the effective
one-point amplitudes are I'y +T'260, and I’y + T2 exp{(i¢;z)}0x respectively. We further see that the
tunneling rates are

p1 = T1 + Tab, | p(Th, T), (2.45)
Po = [T1 — T2b,|* p(T1, T2). (2.46)
Since 0, = +i, the two rates are equal, but we will stick to the same notations as for other statistics.

The kinetic equation is now

Applying the requirement that the total probability is unity, we obtain the following solution:

1 /1 1\!
P <_ " _> k=1 (2.48)
Dk P1 Dz

The thermal current reads

— T,T) (1 1\ "
™ — AR _or(,T2) (_+_>
kgx T p(T1,T2) \p1  Pa

= (I + ) (T, To), (2.49)

where the final equality only applies for 6, = +i. The comparison with the experiment requires the

knowledge of I'; 2 and r. They can be found from a single-contact setup.
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Tunneling anyon is not its own antiparticle

Now we consider the case when m > 2, which implies that z is not the same as its antiparticle z.

To analyze the tunneling at a single point contact, we write down the tunneling Hamiltonian,
Hr =TT +Hec, (2.50)

where T' is the tunneling operator which creates a particle-antiparticle pair at the constriction.

Similar to Eq. (2.41), the thermal current can be expressed as

Ir = 2n|T 2 ZAE[|(m|T|n)|2 + |<m|TT|n>|2] 8(Em — En)Po(T1, To), (2.51)

where AF is the energy change on the upper edge in the process |n) — |m). This equation contains
two summations for 7' and 7't respectively. The two sums are equal in the low-temperature limit.
Indeed, we expect that a conformal-field-theoretic description exists for the edge theory in that
limit. The tunneling operator T' for an Abelian topological order can be represented as an exponent
exp(i¢) of a Bose field ¢. The conjugate operator Tt = exp(—i@). The edge theory is quadratic in
Bose fields and hence invariant with respect to the transformation ¢ — —¢. This transformation
exchanges T and 7. Hence, the two contributions to I7 are equal. The above argument may fail at
a non-zero voltage in a conducting system if a carriers electric charge. The reason is that changing
the sign of the Bose field will then also require changing the sign of the voltage. We assume zero
voltage and find that

Ir = T*r(Ty, T2), (2.52)

where the factor (71, T%) can be expressed as

r(Ty, Ty) = 4n Y AE|{(m|T|n)[?6(Em — Ep) Po (T, T). (2.53)

mn
A similar argument shows that the tunneling rates of x and Z in the same direction are the same.
The tunneling rates are |T'|?p* (T}, Tb) for the tunneling of z (+) and Z (—), where, by an alternative

form of Fermi’s golden rule [95],

(@) = | (B (1P (0)), (2.54)
p (T, Ty) = / Tt (T )T (0)). (2.55)

The above expressions change into each other when the sign of ¢ is changed. Hence p*(T1,T%) =
p~(T1,T»). We will also use the notation p(T1,T2) = p+(Th,Ts) + p~ (T1, T3).
The above discussion shows that the tunneling of T transfers the same amount of average heat

as the tunneling of z. The tunneling thermal current can be rewritten as
Ir = AE |T)*p(Th, T2), (2.56)

where AE = r(T1,T)/p(Ty, T») is the average heat transferred.
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It is easy to generalize from the single-constriction case to the Fabry—Pérot geometry with two
tunneling contacts with the tunneling amplitudes I'; . One just needs to substitute I' —+ I'; +
Iy exp(if) in Eq. (2.52), where 6 is the statistical phase accumulated by a on a circle around the
topological charge, trapped in the interferometer.

Now we come back to the Mach—Zehnder interferometer. We assume that the initial localized
topological charge is 1 (vacuum) and denote the localized topological charge inside the device after
k tunneling events of x as b, hence by = 1 and by, = kx. Clearly, by is periodic in k, bgym, = by.
As we will see below, the same result for the average heat current obtains for any initial trapped
charge of the form nx. If the initial trapped charge is not nz, our calculations require only a minor
modification, and the final result for the heat current does not change.

For a Mach—Zehnder interferometer, its tunneling Hamiltonian is
Hp =T11) + ToT5 + Hee. (2.57)

When the localized topological charge is by, the effective one-point tunneling amplitude is I'; +
Ty exp{(i¢i*!)} for the tunneling of z, and I'} + I's exp{(i¢f ') }62 for the tunneling of Z, where
exp{(i¢F™")} = Ob,,,/(0:6s,) and exp{(i¢} ")} = 64,_,/(6z6s,). The origin of the factor 62 in
the tunneling amplitude for Z can be understood in the spirit of Egs. (F.12-F.14) as well as from
physical considerations: T2T describes tunneling of x from the inner edge of the interferometer to
the outer edge. As a result, Z is created and left behind on the inner edge. It affects the statistical
phase in the tunneling amplitude.

The two tunneling rates for z and Z can be written down separately,

1 k1|2
P = 3 ’I‘l + T'pes ‘ p(T1, Ts), (2.58)
_ 1., . idk—1 2
Py =35 [} +3e'r 02) p(Th,T?). (2.59)

It is worth noting that the following equations hold in the algebraic theory of anyons [28, 34],
2

Using these relations, we can find the phases in the tunneling rates to be complex conjugate to each

other,

okl 0
it _ Tbey1 2k
€'k 5.0, (02)*%, (2.61)
2
et = % = (62) 7% = (6;)". (2:62)
Z¥0k41

Hence p;r = P41, Which shows that the tunneling rates for z and z are the same, regardless of the

topological charge of the localized anyon. The kinetic equation now reads

fr = fr1p{_ + Ferpis — (0 + D)), (2.63)

with £ =0,1,...,m — 1. After setting f = 0, the equation becomes

fro1pf — fepf = fupf_; — fo—1pi_ 1, (2.64)
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which means that f; = 1/m is independent of k. Hence, the heat current is proportional to the
average tunneling amplitude

m—1

1
Ir = T(Tl,Tz)E Z Ty +T20%%)2 = (IT2| + |T2|>)r(T1, T3). (2.65)
k=0

For comparison, the thermal current in a Fabry—Pérot interferometer has m distinct values

X 2
IFP = ’1“1 + o™ | r(Ty, T). (2.66)

2.5.4 Tunneling of non-Abelian anyons, which are their own antiparticles

Now we study the non-Abelian situation. As in the Abelian situation, we start with the case where
the tunneling anyon is its own antiparticle. Examples of such anyons include Ising and Fibonacci

anyons. The fusion rule can be written as
rxzrx=14+..., (2.67)
where ... represents other possible fusion channels. The one-point tunneling Hamiltonian should be
Hyp =TT =Te e 3y (x1) 1 (1), (2.68)

where I' is a real tunneling amplitude, £3%; is the operator that creates a pair of anyons on the
opposite edges of the interferometer, and h, is the scaling dimension of the anyon field with topo-
logical charge z. Note that the topological spin 6, and the scaling dimension h,, are related [28] as
0, = e*?™= for a holomorphic field . Similar to the Abelian case, we can find the thermal current
in a one-point contact geometry using Eq. (2.8), I7 = r(T1,T2)I'2. The average heat transferred
in each tunneling event is the ratio between r(Ty,Ts) and p(T1,T5), where p(Ty,Ts) is given by
Eq. (2.41).

In a Mach—Zehnder interferometer, the effective two-point tunneling Hamiltonian is given in
Eq. (2.11), where the additional phase e** is equal to #,. In a process where the tunneling anyon

changes the trapped topological charge from a to b, the corresponding tunneling rate is
b .
pga = P:gap(TlvTQNI‘ll + el¢ma+7/06112|2’ (269)

where P?, = N}, dy/(dzda) and exp(i¢l,) = 05/(0a0z), as in Eq. (2.12).
We can further write down and compare the tunneling rates for two different, yet related fusion

routes for the localized anyon, x X a — b, and x X b — a,

d 0 2

b ) b

=N 2P 4T, 20, p(TL,T), 2.

Pza Zadzda 1+12 0,0, 0 p( 1 2) ( 70)
0 2

o _pa % \p o po. Y g b Ty, 2.71

Pzb ¥ 1+ 12 0.0, p(T1, Tz) (2.71)




39

In the algebraic theory of anyons [28], N5, = N2 = N% and |0,] = |65| = 1. Since I'1» are
real amplitudes, by comparing the two equations we find that p%, = (ds/ da)2pgb. Thus the kinetic

equation (2.13) can be reduced to
fa= Ynt[fo - (3) 1] =0. (2.72)
b a

It is easy to read out the solution, f, = d2/D?, where D = 1/ d2 is known as the global dimension.

The tunneling heat current through a Mach—Zehnder interferometer is

MZ— [+ 1, +1I7, (2.73)
where
dody 1
2 2 b %a% -
I = (Fl + F2)T(T17T2) %:Nza dy D2
= (I +I3)r(Th, To), (2.74)
and
dody 1 6
_ p Qa b__b
I = 1“11“27~(T1,T2)§Ngm i D70
0
= I, Tyr (T, Tg)d—”c > " Sazs1a =0. (2.75)

Here, we have used the identity d,dp = >, N¢,d.. We also use the notion of the topological S-matrix

Sab =1 2. N&d. 9551, and the orthogonality between s;4/5,1 and s14/511 [28, 40]. Therefore, IM? =

(T2 + T2)r(T},T»), and the heat current shows no interference in a Mach—Zehnder interferometer.

For comparison, the Fabry—Pérot current for a localized anyon of type a is

2 r(Th, Tz). (2.76)

Now we test our results for the Fibonacci topological order. The Fibonacci topological order has
only one non-trivial fusion rule: 7 x 7 = 1 + 7. The quantum dimension of a Fibonacci anyon 7 is
d; = (14 +/5)/2 = ¢, and its topological spin is 8, = e*™*/5 [20, 34]. According to Eq. (2.69), the

tunneling rates in a Mach—Zehnder device are

Drr = glo IT1 + T2 p(T1, T2), (2.77)

Pt = % ‘1“1 n F26_4“i/5‘2p(T1,T2), (2.78)

pTy = ‘1*1 + 1“2e47”'/5}2 p(T1, To). (2.79)
The kinetic equations are

fr = 7y + £r07, — Fr (07 + D), (2.80)

f = frpk, — fip7a (2.81)
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The solution is

P71 ¢
= = 2.82
A (2:82)
1
1
f1= Prr (2.83)

TPk AP, L¢P

After a substitution back into the equation for the thermal current, one gets
™MZ = (T2 4+ T2) AEp(T1, T3) = (T2 + T2)r(Th, Tn). (2.84)

This confirms that Egs. (2.73-2.75) is a general solution for all kinds of anyons in this category.
In summary, anyons that are their own antiparticles show no interference in the Mach—Zehnder

geometry.

2.5.5 Tunneling of non-Abelian anyons, which are not their own antipar-

ticles

Now let us consider the situation where the tunneling anyon x is different from its antiparticle
Z. More specifically, we consider a topological order in which the fusion results of x x = and
axa=1+ ... share no common topological charges for all possible a. This condition is satisfied
by many interesting topological orders, including the Zgz-parafermions and the kK = 3, M = 1 Read-
Rezayi state [89]. This property is automatically satisfied for charged anyons z since z X x carriers
electric charge and a X @ is neutral.

We will rely on the following statement for such systems: if z could fuse with a into b, then
NZ, = 0; that is, the available topological charges from the fusion between z and b do not include
a. The proof of the statement is the following. Assume that z xa=b+... andz xb=a+...,
thenz Xz Xa=xxb+---=a+.... Hence, t xx xaxa=axa+---=1+... Hence, z X x
contains the antiparticle for at least one fusion channel in a X a. Since a X a contains each possible
fusion outcome together with its antiparticle, we obtain the desired result.

This result means that the Hermitian conjugate tunneling operators T and T that transfer =
between the two edges contribute independently to the tunneling process. This significantly simplifies
our discussion below. For completeness, we give an example of an topological order that does not
satisfy our condition in Appendix G.

The contributions to the thermal current from 7' and 7' are denoted as |T'|%r*(T},Ts) re-
spectively. Using the perturbation theory and conformal field theory (CFT), one can show that
r+¥(T1,T) = r—(T1,Ts). First, we write the two quantities as integrals in the perturbation theory,

rH (T4, Tp) = —i / " a0, T, (2.85)

—00
t

(T4, Ty) = —i / at' ([ (), T (), (2.86)

—0o0

where T' = #,(x,t)Z1(x, t) is the tunneling operator, and 1" = —&y(x1,t)0:%1(21,t). In 2D CFT,

four-point correlation functions with two fields on each edge can be decomposed into products of
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two-point correlation functions (Appendix D); furthermore, the correlation function of two fields is
fully determined by their conformal weights, or equivalently their scaling dimensions [25]. Using
these two properties, one can find that ([T’T(t),T(t’ ) = ([T(t), TT(#)]), hence r*(T1,T2) and
r~(T1,Ts) are equal. By the same argument, the tunneling rates given by p* (T, T%)|T|?, where
pt(Ty, To) = [dt(TT(0)T(t)) and p~(T1,Tz) = [ dt(T'(0)T(t)), are also equal to each other. The
average heat transferred in a tunneling event is

(T, Ts) _ r~(T1,Ts)
P+(T1,T2) p_(T17T2)-

In Mach—Zehnder interferometers, we consider again the two-point tunneling Hamiltonian given

AE = (2.87)

in Eq. (2.57). We assume that the temperature is so low that the distance between the two contacts
along the edges is much shorter than the thermal length. Then it is legitimate to “fuse” the two
contacts into one. The effective tunneling amplitude depends on the statistical phase accumulated by
an anyon around the interferometer. When considering the process, in which the localized topological
charge changes from a to b, we need to find out whether it’s  or Z tunneling that results in this
fusion. Moreover, if z and a can fuse to b, then Z and b can fuse to a since N, = NZ,. Now we
could write the tunneling rates as

dp
_Nb
pxa (Z)add

is* ’ pH(T1, o), (2.88)

pgb: +F @ 02 p_(TlaTQ), (2.89)

where ¢i¢" = 0y/(0:0.), €% = 0,/ (0501,), and the origin of the 62 factor is the same as in the

previous section. We observe that
2

A (290)
a
The matrix M in the kinetic equation (2.13) is of the following form,
Mab = Py + Py — dab Z(p;b + %), (2.91)
Cc

but note that p%, and p, cannot be nonzero at the same time. The same applies to p¢, and p%,.
Using Eq. (2.90) we solve the kinetic equation: f, = d2/D. We now repeat the calculations from
Egs. (2.74) and (2.75) with almost no changes. The final result is

Z |02+ Do) (2.92)

The Fabry—Pérot current for a localized anyon a in the fusion channel  x a — b is

i ’I"+(T1,T2). (293)

I =I'1+Ty-

00

The total thermal current in the Fabry—Pérot setup is obtained by averaging over all possible fusion

outcomes of z (Z) and the trapped anyon a:

dy dy
rr=> :(Nj;a — I + N2, —-1It ) (2.94)
- dypdq dzdq

We again emphasize that for a fixed b, it is impossible that both N?, and N2, are nonzero.
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2.6 Noise in Fabry—Pérot interferometers

We now focus on the Ising statistics again. As we discussed, a Fabry—Pérot interferometer provides
a clear signature of the Ising statistics as long as the trapped topological charge is under control. If
that is not the case, we should compare the Fabry—-Pérot and Mach—Zehnder geometries. Fabricating
a Mach—Zehnder device is more challenging than making a Fabry-Pérot interferometer. In this
section we propose an alternative approach to probing statistics on the basis of telegraph noise in a
Fabry—-Pérot device with a hole.

We consider the case where an inner closed edge is present in a Fabry—Pérot interferometer, and
weak tunneling between the bottom edge and the inner edge is possible, as depicted in Fig. 2.7. The
average time between tunneling events at position x3 is 7. Each tunneling event at x3 changes the
topological charge trapped between QPC1 and QPC2. Because of that, the thermal current from
S1 to D2 is subject to change over time. We assume that 7 is much longer than the average time
between tunneling events at QPC1 and QPC2 (Fig. 2.7). As in the previous section, we assume that
the interferometer is shorter than the thermal length. As before, the tunneling amplitudes at QPC1
and QPC2 are I'; and I's. 7 is determined by the tunneling amplitude at QPC3.

QPCI @ x2 QPC2

. > .
»
X

Figure 2.7: Fabry—Pérot interferometer with an inner closed edge inside the device. Telegraph noise
due to weak tunneling between the bottom edge and the inner edge at x3 gives an alternative way to
probe statistics. As in a Mach—Zehnder device, each tunneling event changes the enclosed topological
charge.

We consider the zero-frequency thermal shot noise given by the following equation [96],

o0

S(w—0)= &mo dt S(t)e?, (2.95)
where
S(t) = {Ir(t), I(0)}) — 2(Ir(t)){Ir(0)), (2.96)

the angular brackets denote averaging, the curly brackets stand for an anticommutator, and I7 is
the total thermal current between the upper and lower edges through QPC1 and QPC2.

We will treat the tunneling process at QPC3 as a Poisson process. We use the following notations:
to < 0 is the start time, ?; is the time when the k-th tunneling event happens, and the time interval
between successive events follows an exponential distribution, whose rate parameter A = 1/7. A
tunneling event results in a change of the topological charge of the inner edge. The charge changes

from o to 1 or v with equal probability, but the next tunneling event must change it back to o.
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In this picture, we assume that the initial topological charge of the inner edge is o, and the heat
current at any time ¢ is -
Ir(t) =Io+ AIY  skb(t — tx), (2.97)
k=1
where Iy = I, = r(T1,T2)(I'? 4+ T'2) is the current at time to, AT = 2r(Ty,T2)T'1T'2, and the random
variables s, = +1 [97]. We treat sor—; as independent random variables with the probabilities
P(sgr—1 = —1) = P(sak—1 = 1) = 1/2, while the value of so;, completely depends on sa;—; via the
constraint so;_159r = —1. Note that the heat currents between the upper and lower edges for the
inner-edge topological charges 1 and v are Iy = I, + Al and Iy, = I, — Al. Thus, our definition of
the current satisfies all the requirements we set above. The intervals 7, = t; — tx_1 are independent

and identically distributed exponential random variables,
P(rpy >t)=e ™, t>0. (2.98)

Let us define N(t) as the total number of the tunneling events at QPC3 during the time interval
(t07 t]7
N(t) = max{k > 0: ¢, <t} (2.99)

This is known as a Poisson process, and N(t) satisfies the Poisson distribution

P(N(t) = n) = eAt—t0) A= 10)" ;'to))". (2.100)

After taking the average with respect to the random variables sg—1 and 73, we find (see Appendix H)

lim dt e™tS(t) = 2(AI)%7(1 — eMo). (2.101)

w—0 [

In the limit ¢y — —oo, the equation above reduces to 2(AI)?r, and we can conclude that
S(w — 0) = 87[r(Ty, T»)]*T2I'2. (2.102)

If 7 is large, a high noise can be observed.

2.7 Conclusions

We have learned that interferometry can be done with neutral anyons as long as we focus on thermal
current. The basic idea of a thermal interferometer probe is rather similar to electronic interferom-
etry. However, details of the setup differ. Controlling and measuring an electric current is relatively
straightforward even for low currents used in experiments with the fractional quantum Hall effect.
Dealing with tiny thermal currents is harder.

A breakthrough idea [98] allowed probing thermal currents in the quantum Hall effect. It turns
out that thermal measurements can be reduced to purely electric measurements on the basis of
Joule’s law. This, of course, relies on a finite electrical conductance in QHE systems. Additional

ideas are needed to deal with neutral systems such as Kitaev magnets. A crucial challenge is a very
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Figure 2.8: (a) The junction between a quantum spin liquid (QSL) and an integer quantum Hall
liquid mediated by a superconductor (SC). The v = 1 edge state (double arrow), under the influence
of a superconductor, gets separated into two co-propagating Majorana fermions. Due to strong
interactions with the QSL, one of the Majorana modes and the spin liquid’s edge Majorana mode
form a gapped fermion condensate (faded line under the superconductor without any arrow) which
partially ‘sews’ the two subsystems together. An emergent Majorana mode then continues on the
edge of the QSL before recombining again with another Majorana mode on the other edge. Details
of this process can be found in Ref. [31]. (b) Using the process described in (a), one can now consider
a QSL interferometer between two superconducting junctions with two quantum Hall liquids. The
whole system is then attached to an electrical source and drain and allows one to electrically probe
the chiral Majorana edge states of the QSL.

low temperature at which the experiment has to be conducted. Indeed, the constriction size cannot
be smaller than the unit cell size. This means the scale of the order of at least a ~ 1 nm in a-RuCls.
The interferometer size should be at least an order of magnitude bigger, yet it should be shorter
than the thermal length hv/T, where the edge velocity v ~ aA/h, with A being the energy gap,
is estimated at ~ 10° cm/s. Besides, the temperature should be much lower than the energy gap
A estimated at a few Kelvin [29]. Thus, we have to deal with sub-Kelvin temperatures. Thermal
currents ~ T2 /h scale as the square of the temperature and are hard to probe in that temperature
range.

One approach was advocated in Ref. [87] . The idea builds on using edge-phonon interactions for
a sufficiently long edge. Such interactions are highly irrelevant in the renormalization group sense,
and we will not address that approach here. See Ref. [87] for details. Two other approaches are
possible. Both reduce a thermal measurement to an electric noise measurement.

One approach requires a junction of a spin liquid and a quantum Hall systems. It was proposed
that such a junction between a Kitaev magnet and an integer QHE liquid can be mediated by a
superconductor [31]. The edge structure is illustrated in Fig. 2.8(a). We can see that the QHE edge
splits into a neutral channel running under a superconductor and a neutral edge of the Kitaev liquid.
The modes recombine on the other side of the superconducting junction. We now consider a setup
with an interferometer between two superconducting junctions [Fig. 2.8(b)]. If the QHE bars on the
two sides are maintained at the same temperature, the noise in the drain equals the Nyquist noise
at the common temperature. In a non-equilibrium situation, relevant for this chapter, the noise is
no longer given by the Nyquist formula and depends on the tunneling heat current.

In another approach, heat is transferred between the interferometer edge and a quantum wire.

The standard technique [82, 83, 98] can then be used to measure the heat current in the wire by
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Figure 2.9: Interaction between the quantum wire and the spin liquid is more relevant in the renor-
malization group sense near the hole.

connecting it with a QHE system. The leading interaction of the wire and the Kitaev edge in contact,
0,0, ¢, is proportional to the charge density ~ 9,¢ in the wire and the energy density on the
Kitaev edge. It is highly irrelevant in the renormalization group sense at low energies. Thus, a long
region of contact may be needed. Two observations mitigate this challenge. First, the relevancy
of the interaction can be increased by using the geometry from Fig. 2.9. Here a hole is made near
the Kitaev edge. The interaction of the wire with the Kitaev liquid near the point, where the hole
approaches the edge, is 01020;¢ with o1 2 denoting anyon operators on the edge of the hole and the
outer edge of the Kitaev liquid. This interaction is significantly more relevant than the interaction
without the hole, provided that the system is tuned close to resonance so that the o104 interaction
is suppressed.

It is also important that the interferometry experiment does not require probing the precise
energy current on the edge. It is enough to compare corrections to the edge thermal current due to
the tunneling contacts at different trapped topological charges. This can be accomplished even if
only a small portion of the heat current is transferred from the edge of the spin liquid to the wire.
Indeed, the difference of the transferred heat currents with and without tunneling contacts in the
Kitaev liquid is proportional to the tunneling heat current through the interferometer.

A Mach—Zehnder device cannot be confined in a single plane due to its complicated topology
(Fig. 2.3). This is a fabrication challenge. We would like to emphasize that this challenge has
been overcome for quantum Hall liquids [57, 90]. On the other hand, quantum coherence persists
in Mach—Zehnder interferometers at a longer size than in Fabry—Pérot devices. Indeed, the current
through a Fabry—Pérot interferometer depends on the sum of the distances between the tunneling
contacts along the two edges. In the Mach—Zehnder case, only the length difference matters. In
particular, the heat current depends on the combination of the thermal length and that difference
(Appendix I). Thus, interference can be observed at shorter thermal lengths and higher temperatures
than in a Fabry—Pérot interferometer of a similar size.

Interferometry is the most direct probe of statistics. A less direct but simpler probe involves
heat current through a single contact. It scales as a universal power of the temperature at a fixed
ratio of the temperatures on the two edges across the contact.

In conclusion, Fabry—Pérot interferometry shows distinct values of the heat current through the

interferometer for each possible topological charge confined in the device. It may be challenging to
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control the trapped topological charge, in which case the heat current through the interferometer
might be the same for anyons as for bosons and fermions. One can then distinguish anyons from
fermions and bosons by using a Mach—Zehnder setup. A striking feature is the absence of interference
signal in a Mach—Zehnder device for any non-trivial topological order. Besides, anyonic statistic

induces a high telegraph noise of the heat current in a Fabry—Pérot device with a hole.



Chapter 3

Quantum Hall interferometry with

multiple edge channels

3.1 Introduction

Interferometric methods have proven to be a powerful experimental tool for the investigation of
quantum Hall systems [18, 35-39, 49-51, 55-58, 61, 63—66, 69—73, 75, 76]. Most dramatically, for
fractional quantized Hall states, interferometry has provided direct measurements of the fractional
statistics as well as the fractional charges of quasiparticle excitations. More generally, for both integer
and fractional quantum Hall states, interferometry has provided information about the nature of
the modes that propagate along the edges of the interferometer, including their interactions with
localized charges in the bulk. At a higher level, interferometer experiments provide some sensitive
tests of our understanding of quantum Hall states in real materials.

In this chapter, we restrict ourselves to quantum Hall interferometers of the Fabry—Pérot type
[35]. In this geometry, two constrictions allow charged quasiparticles or electrons to tunnel between
the chiral edge modes on the two sides of a quantum Hall region (Fig. 3.1). When a voltage difference
is applied between the two edges of the device, any particles that tunnel across the constrictions
will reduce the current transmitted along the edges, and this will lead to a decrease in the measured
electrical conductance. If quasiparticles can propagate coherently along the edges between the two
constrictions, the tunneling amplitudes will add coherently with a phase difference that depends on
the magnetic flux passing through the interferometer region, with possible additional contributions
due to quantum statistics when fractionally-charged quasiparticles are involved. As the enclosed
flux is sensitive to relatively small changes in the applied magnetic field or to changes in the area
of the device caused by changes in the voltage applied to nearby gates, changes in these parameters
can lead to interference oscillations in the electrical resistance of the device. It should be noted that
changes in the interferometer area can result from Coulomb interactions between the edge modes

and charges in the bulk, as well as from direct interactions with the gates [49].

47
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Experiments are most frequently carried out in the limit of small source-drain voltages, where
the transmitted current is a linear function of the applied voltage. Further information can be
obtained, however, from measurements at larger voltages. Voltage-dependencies in the case where
the quantized Hall state has a single propagating mode along each edge, such as at filling factors v = 1
or v = 1/3, were discussed in Ref. [35] in 1997. The analysis predicted an oscillatory dependence of
the interference amplitude on the applied voltage, with a voltage scale determined by the edge-mode
velocity and the length of the interference path. The precise form of the voltage-dependence was
found to depend on the filling factor v.

In this chapter, we extend the theory to the case where there are two co-propagating modes on
each edge. Specifically, we consider a fractional case with bulk filling factor v = 2/5 and the integer
case v = 2. We take into account the Coulomb coupling between charge fluctuations along the two
modes on a given edge, but we assume that over longer distances interactions are well screened, due
to the presence of a nearby conducting gate. We also assume weak scattering of charges between
the two edge modes. This assumption is justified in the case of v = 2, because the associated
particles have different spins in the two modes. In the case of v = 2/5, scattering between the
modes should be strongly suppressed due to their relatively large spatial separation [75, 99]. At the
same time, inter-mode scattering cannot be ignored on the laboratory time scale. We will see that
such rare scattering events dramatically suppress the observed time-averaged interference current in
the non-linear regime.

When the interferometer edge contains two co-propagating modes, different interference phenom-
ena can occur depending on the nature of the constrictions. If the constrictions are only weakly
pinched off, tunneling will occur only between the inner modes of the two edges, while the outer
modes pass freely through the constrictions [see Fig. 3.1(a)]. We shall see that in this case, the
presence of the outer mode has relatively little effect on the interference signal, and the voltage-
dependence of the interference amplitude is similar to what one would predict for the inner mode
alone, using the formulas of Ref. [35]. The situation is more interesting in the regime where the
constrictions are pinched to the extent that the inner mode is completely reflected, while the outer
mode passes through the constrictions with only weak backscattering [see Fig. 1(b)]. This physical
situation was previously addressed for v = 2 and T' = 0 under the assumption of an infinite edge
velocity [61]. We go well beyond that limiting case.

In another difference from the earlier work, we consider asymmetric voltage bias. It is usually
assumed that the voltage bias is applied symmetrically, that is, the potentials V; and V,, of the
lower and upper edges equal £V/2, where V is the bias. In actual experiments [76] the bias is often
asymmetric. We thus introduce the bias voltage V = V;—V,, and the average voltage V = (VutVa)/2,
which can often be treated as independent parameters. The degree of asymmetry is measured by the
parameter 7 = V /V, which ranges from 0 to 1/2. Note that for a linear relation V = nV between the
bias and average voltages, the conductance depends on the derivatives of the current with respect
to both V and V.

Experiments in the case of v = 2/5 appear to be in a regime where the Coulomb coupling between
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the two edge modes is relatively weak [75]. On the other hand, in the integer case, experiments can
fall in a regime where the two modes are strongly coupled. Such strong coupling has been proposed
[63] to explain the “pairing” phenomenon [67, 68] in GaAs systems, where the oscillation period in a
range of filling factors above v = 2 coincides with what one might expect for particles of charge 2e,
and it has been observed directly in a graphene interferometer [76]. Consequently, in our analysis,
we will focus on the strong-coupling regime for v = 2 but the weak coupling regime for v = 2/5.

The current through the interferometer naturally depends on the number of quasiparticles inside
the interference loop. Besides their statistical effect in the fractional quantum Hall case, quasipar-
ticles interact electrostatically with edge channels. For bulk quasiparticles, the latter effect may
be neglected if the bulk-edge interaction is well screened, as we assume in this chapter. The effect
cannot be neglected for anyons on the inner edge, which forms a closed loop. Thus, we have to
account for possible fluctuations of the number of such anyons. In the linear transport regime, all
fluctuations are thermal and become unimportant in the low-temperature regime we consider in this
chapter. In the nonlinear transport regime, it is possible for charge to tunnel between the inner loop
and the outer edge channels so that a small leakage current flows through the device. The tunnel-
ing time scale is much longer that the travel time of a charge through the interferometer along its
edges. The main consequence of the fluctuations of the charge on the inner loop consists in a rapid
suppression of the interference current at large voltages, since the fluctuations in the interferometry
phase grow with the voltage bias. There is also a transport resonance when the bias voltage times
a quasiparticle charge matches an energy level difference on the inner channel.

In the bulk of this chapter, we assume that Coulomb interactions between charges in the two-
dimensional electron system are sufficiently screened by a nearby gate or gates that we can treat
the interactions as instantaneous and local in space. However, in some of the most important
experiments, screening is provided by a nearby two-dimensional electron gas, whose conductivity is
itself strongly affected by the applied magnetic field [75, 100]. Even if the electron density in the
screening layer is such that it is not in a quantized Hall state, the layer should have a longitudinal
conductivity that will be much smaller than its Hall conductivity. In this case, the screening currents
will be chiral and largely confined to the boundary of the layer [101]. Therefore, it may be appropriate
to model the screening layer as an added chiral edge state, with its own capacitance and edge velocity,
Coulomb coupled to the charges in the measured quantum Hall layer. We consider a model of this
type in Section 3.5.

The organization of this chapter is as follows. In Section 3.2, we introduce the models used in
this chapter. In Section 3.3, we consider in detail the integer quantum Hall effect at v = 2, while
in Section 3.4, we consider v = 2/5. Effects of a screening layer are addressed in Section 3.5. In
all cases we start a section with a discussion of the regime of the fixed charge on the inner island,
formed by the closed edge channel. In that regime, tunneling between co-propagating edge channels
can be neglected. We then address the regime of the fluctuating island charge. This amounts to
averaging the results for the fixed charge over the statistical distribution of the charge on the inner

edge channel. The fixed charge approximation applies in two cases: when the time-scale of the
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experiment is shorter than the time over which the island charge changes, and if the island charge
does not fluctuate at all, as may be the case in the linear transport regime. We separately consider
asymmetric and symmetric voltage bias at v = 2. Since experiments [75] at v = 2/5 were performed
at an approximately symmetric voltage bias, we assume that the bias is symmetric in the discussion
of v =2/5.

In Section 3.6 we consider effects beyond lowest order in the backscattering at the contacts in
the simplest case of an interferometer in the v = 1 quantum Hall state, with a single edge mode.
For non-interacting electrons, the problem is exactly solvable [35]. However, the solution predicts a
dependence on the source-drain voltage that does not agree with the data in, e.g., Ref. [76], which
were taken in a situation where electrons are 50 percent reflected at each contact. This forces us to
consider the possible effects of Coulomb interactions.

Our findings are summarized in Section 3.7. Some technical details are addressed in Appendices J,
N, O, and P. Appendix K contains a careful calculation of the Aharonov—Bohm phase. Experimental
data are usually presented as a Fourier transform of the interference contribution to the current.

We address subtleties of such a Fourier transform in Appendices L and M.

3.2 Model

3.2.1 Edge modes

We start with the model of a quantum Hall (QH) liquid with two co-propagating chiral edge modes.
The outer mode separates the filling factor 14 from 0, and the inner mode separates the filling factor
v from the filling factor v = v + v1. One example from the integer QH effect (IQHE) is the v = 2
liquid, where v; = v = 1; another example from the fractional QH effect (FQHE) is the v = 2/5
liquid, where v; = 1/3 and v = 1/15. The Lagrangian of a single chiral left-moving QH edge in the
absence of the intermode interaction is

_ 1102$0(0¢ — V602 ) o + 10 $i(0r — vi0z) s

L
4am 4T ’

(3.1)

where v, and v; are the velocities of the outer and inner modes. To describe the opposite propagation

direction, one needs to change the sign in front of the time derivatives. The Bose fields ¢ describe

N
27

the linear charge densities on the edge channels, — , for a left-moving channel with filling

factor discontinuity v;. The charge density of a right-moving channel is defined with the opposite
sign: %.

In contrast to the case of a single edge mode, a Fabry—Pérot interferometer can now be operated
in two ways: inner mode tunneling in Fig. 3.1(a) and outer mode tunneling in Fig. 3.1(b). In both
cases, we assume that the distances between two quantum point-contacts (QPC1 and QPC2) are
the same along the two edges, and the coordinates of QPC1 and QPC2 are x; and z2. The distance
is denoted as a = x2 — 1. An adjustment for an asymmetric device with the different distances is
straightforward. Fig. 3.1(a) shows the situation of inner mode tunneling, where tunneling occurs

between the counter-propagating modes on the upper (u) and lower (d) edges at the two QPCs.
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Figure 3.1: Schematics of an electronic Fabry—Pérot interferometer with filling factor v = 2/5,
showing inner mode (a) and outer mode (b) tunneling. Tunneling is shown with dashed lines. On
each edge of the interferometer, there are two co-propagating edge modes.

Fig. 3.1(b) shows the situation of outer mode tunneling, where the inner bulk region is completely
pinched off by the side gates, and the inner mode forms a closed loop within the interference loop,
leading to the direct tunneling through the outer bulk. Inner mode tunneling has been extensively
studied in the past (see, in particular, Ref. [50]), and we address that case only briefly. The main
focus of this chapter is a technically harder and physically richer case of outer mode tunneling.

The Lagrangian (3.1) is written in a gauge such that the vector potential of the magnetic field
is along the edge away from the tunneling contacts. The vector potential is orthogonal to the z-
direction in the contacts. Thus, the effect of the magnetic field on the open edge channels is fully
captured by an Aharonov—Bohm phase in the tunneling operators. This phase depends continuously
on the magnetic field. The coupling of the vector potential with the current along the closed inner
loop is responsible for phase jumps.

Obviously, the noninteracting model (3.1) is oversimplified. In fact, it fails to explain the results
observed in the experiment for » = 2/5 FQHE [75]. A more realistic model adds a short-range

Coulomb interaction to the Lagrangian [51],

hw

L.= _g(am¢o)(ax¢i)v (32)

where the Coulomb repulsion strength w > 0. The total Lagrangian L + L. can be diagonalized by
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introducing the following transformation,

<¢0> _ (c?se —sin9> <¢1> (3.3)
éi sinf  cosf b0

where ¢ 2 are the edge eigenmodes. Having in mind v = 2/5, we expect that the bare velocity v, of
the outer 1/3 mode is faster than the velocity v; of the inner 1/15 mode. If we choose 0 < 0 < /4
satisfying tan(26) = 2w/(v, — v;), then the diagonalized Lagrangian is

10541 (0¢ — v102) 1 n 110, $2(0¢ — v20;) P2

L+ L= A4
+ L, e yo ; (34)
with the velocities of the eigenmodes being
1
=3 [UO + v+ v/ (Vo —v3)? + 4102} ) (3:5)
1
Vg = 3 [Uo + v — (v —vi)? + 4w2:| . (3.6)

In the following sections, we shall deal with the inner and outer mode tunneling in the presence
of short-range interaction. =~ We discuss tunneling contacts in subsection 3.2.2. Subsection 3.2.3
deals with the case of the open inner channel. Subsections 3.2.4 and 3.2.5 address a much harder
problem of the closed inner channel. We make the assumption that the interaction strength w is less
than ,/v;v, and hence v; > 0 as thermodynamic stability demands. We also assume weak tunneling
between the modes on a single edge. At v = 2/5, this is justified by a relatively large separation
of the two edge channels and a small interferometer size. At v = 2, one should also remember that
the tunneling between the outer and inner modes involves spin flip. Nevertheless, rare tunneling
events are important at a high bias. We thus approach the problem in two steps. First, we neglect
inter-mode tunneling in subsection 3.2.4. This amounts to computing the tunneling current through
the interferometer on a short time scale. Next, we introduce inter-mode tunneling between co-
propagating channels in subsection 3.2.5. We only consider inter-mode tunneling events in the
closed-loop geometry 1(b) since only in that case there is long-term memory of rare tunneling events
due to the charge conservation on the closed loop. The memory effect means that the interference
current, computed at a fixed charge of the inner island, should be averaged over all possible chargers
on the inner loop. In principle, tunneling between the edges and localized states in the bulk of
the interferometer can affect the current even in geometry 1(a), where both channels are open. We
will not consider this part of physics in this chapter. Such tunneling was addressed in the linear
transport regime at finite temperatures in Ref. [49].

Most of our analysis assumes symmetric voltage bias, V = 0. Yet, the experiment [76] at v = 2

was performed at asymmetric bias. We extend the theory to the asymmetric case in subsection 3.2.6.

3.2.2 Quantum point contacts

In general, for a two-point Fabry—Pérot interferometer where quasiparticles with charge e* tunnel

and a voltage bias V is applied, the total Hamiltonian is H + Hy, where H describes the edges and
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Hr describes the interedge tunneling. The edge Hamiltonian H is the sum of the Hamiltonians of
the upper and lower edges,
h’Ul

A = " (0.01)7 + (0u01)?) + 2 1(0u08)7 + (2263)7), (37)

where the indexes u and d refer to the top and bottom edges. As shown in Fig. 3.1, we choose
the lower edge to be right-moving and the upper edge to be left-moving; therefore, their Bose fields

satisfy the following commutation relation [21],

(¢ (t,2), 6" (t,9)] = i sgn(z — y)oys, (38

where the plus sign corresponds to the lower edge (d) and the minus sign corresponds to the upper

edge (u). The tunneling Hamiltonian Hy is expressed as
E[T = Flf(t, .1?1) + FQT(t, 1,'2) + h.c., (39)

where T'(t,z) are the tunneling operators, x; o are the locations of the QPCs, and I'; » are the
tunneling amplitudes. Voltage bias enters as a difference of the chemical potentials of the edges.
It can be eliminated in a usual way [39] in the interaction representation so that the tunneling
Hamiltonian becomes

gT = FleintT(t, .’171) + FQ&intT(t, .’172) + h.C., (310)

where w; = e*V/h is the effective Josephson frequency, e*

is the charge of the tunneling particle,
and V = V; — V,, is the bias voltage, i.e., the difference between voltages applied to the upper and
lower edges. The bias voltage affects the average charge density on the edges. For a asymmetrically
applied voltage bias, where V,, + V4 # 0, this may alter the net charge on the edge and induce a
voltage-dependent shift in the interference phase [39]. We shall address this effect further below.

The tunneling current operator is the time derivative of the charge of one edge and can be
represented as

A

It = %[Pleiwﬁf(t, 1) + L™ T(t,x2) — h.c]. (3.11)

Throughout this chapter, except for Section 3.6, we will work in the weak backscattering regime,
i.e., we assume a small tunneling amplitude for each quantum point contact and treat the tunneling
Hamiltonian Hr as a perturbation. In the lowest-order perturbation theory, the expectation value

for the current is found using the following standard formula,

Ir = —% /_ _ar({Er(0), Frr(2). (3.12)
By defining
P(t,z) = (T'(t,z)T7(0,0)) = (T (¢, 2)T(0,0)), (3.13)

which satisfies the relation P*(t,z) = P(—t,—z), one can write down the non-interference part of

the tunneling current I = Ion int + ling as

* 0
Tnoneiat = %/ dt(IT1|* + T2|*)(e7*7* — e7*)[P(~t,0) — P(t,0)], (3.14)



54

and the interference part as

e 0 * _—iw * —iw
I = ﬁ/ dt(T1The™™7t — c.c)[P(—t, —a) — P(t,a)] + ([;T2e~ 7" — c.c)[P(—t,a) — P(t,—a)],

—0
(3.15)

where a = |21 — z2| is the distance between the two QPCs.
In the next two subsections we address the structure of the correlation functions for inner and
outer mode tunneling. Another component of the model is the phase difference ¢ between the two
tunneling amplitudes. Its behavior is rather subtle for outer mode tunneling. We discuss it in

subsection 3.2.5.

3.2.3 Inner mode tunneling

In this section, we discuss the inner mode tunneling case shown in Fig. 3.1(a), with quasiparticle
charge e* = tve, and voltage bias V. The quasiparticle charge can also be written as e* = nise,
where n is an integer, since v/v, is an integer. We touch inner mode tunneling only briefly. A
detailed investigation of inner mode tunneling can be found in Ref. [50].

According to the bosonization technique, the tunneling operator T(t, z)=4 —n?vs giny/vag} (t,2) g—iny/va d’?(t’”),
where ¢ is a short-time cutoff. We will denote the correlation function (3.13) as P; since we deal
with the inner modes.

Using standard formulas for correlation functions of Bose fields, it is easy to find that at zero
temperature,

Pi(t,z) = Gq(t, )Gy (t, x), (3.16)
where
Gau(t,z) = [6+i(t Fa/vy)] ™ 25 O[5 +i(t F x/vg)] "™ 720050, (3.17)
We hence obtain an analytical result for the non-interference current as follows:

;2w (Tuf + Do)
i,non-int — F(2’n21/2)h2

w22~ sgn(wy). (3.18)

For the interference current, we first introduce exp(ip) as the phase difference between I'; and
Ty, ie., I'1/Ty = |T'1/Ts| exp(ip). The phase difference includes an Aharonov—Bohm phase, the
statistical phase due to any localized anyons, a non-universal phase due to microscopic details of
the tunneling contacts, and a possible correction due to asymmetry of the voltage bias (see Section
3.3). Since interference experiments are conducted in a regime where the interferometer contains a
large number of flux quanta, a relatively small change in magnetic field or gate voltage can alter the
Aharonov—Bohm phase by a large amount, while phase shifts due to changes in the contacts remain
negligible. In our discussions, below, we also assume that there are no changes in the number of
localized anyons produced by changes in the applied voltages or magnetic fields.
Noticing that P;(t,z) = P,(t,—), we can write the expression for I in; as,

2e* 0 . )
h—e2|I‘1F2| cosgo/ dt [e™7*P(—t,a) — e“’*P(—t,a) + c.c.] . (3.19)

— 00
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At a finite temperature T, we need to replace the zero-temperature correlation functions with the

finite-temperature ones. This can be done by a conformal transformation [102], and the result is

Gau(t,z) = (xT/R)" 2 [sinaT (5 + i(t F x/v1)) /B~ 25" € x [sin wT (8 + i(t F /) /h] " v2 05" ¢,
(3.20)

where we have taken kg = 1.

3.2.4 Outer mode tunneling: fixed island charge

In this section, we discuss the geometry in Fig. 3.1(b) for the outer mode tunneling, where the
tunneling charge e* is muye, the tunneling operator T'(t,z) is 6™ V1imVVids () g—imyigi(t.e)
and J is the ultra-violet cutoff. However, in contrast to the inner mode tunneling, due to the
presence of the inner closed loop, the correlation function (3.13), P,(t,z), does not have a simple
form as Pi(t,z) in Eq. (3.16). Indeed, even without tunneling, the interaction between the closed
inner channel and the outer v; channel scatters the two incoming v; edge modes, ¢%(w, ;) and
¢ (w, x2), into the outgoing modes, ¢¥(w,z;) and ¢%(w,xs). That scattering process in the main
focus of subsection 3.2.4. In this subsection, we neglect inter-mode tunneling between the inner and

outer channels. See subsection 3.2.5 for its discussion.

Scattering problem

We start by solving the problem without tunneling not only between co-propagating modes but also
at the QPCs. Naively, the scattering problem involves four incoming and four outgoing channels:
there are two incoming and two outgoing outer edge channels and two incoming and two outgoing
inner edge channels. Fortunately, the chirality of the transport allows ignoring a half of those
channels as we demonstrate below. This gives a major simplification in comparison with those QH
states that have non-chiral edges such as the v = 2/3 state.

Before we can proceed, we need to specify what sections of the inner and outer edge channels
interact with each other in Fig. 1(a). We assume that the nearby inner and outer modes interact
on the top and bottom sides of the device for all x except in a narrow vicinity of points z; and x5.
No other other pairs of modes interact. In our model, the interaction strength is always the same
whenever it is nonzero.

We next observe that nothing that happens downstream has any effect upstream (downstream
and upstream mean down and up with respect to the propagation direction of chiral modes). Thus,
we can ignore the interaction of all outgoing channels on the left and on the right of the interfer-
ometer. More interestingly, we can ignore the interaction of the incoming modes. The reason is
that the solution of the scattering problem below only requires the knowledge of the time-dependent
correlation functions of the outer incoming modes in point x; on the lower edge and point zs on the
upper edge. These correlation functions are the same as on an infinite edge that does not contain
any inter-mode interactions downstream from the point x; for the bottom edge and x5 for the top

edge. Such a non-interacting edge is in thermal equilibrium. In any point z far downstream from x;
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and zo, the time-dependent correlation functions are the same as if no intermode interaction existed
at any point of the edge. Yet, the correlation functions far downstream from the point contacts are
exactly the same as in the point contacts since all elementary excitations travel ballistically with
the same speed.

Thus, we can ignore the inner edge modes to the left of x; and to the right of xs.

To understand the scattering process quantitatively, we will use the frequency-space representa-

tion of the Bose fields [21]. For a left- or right-moving field with velocity v,

o(t,z) = — 000 %[e‘iwtd)(w,x) + H.cle w9/?, (3.21)

where
d(w, ) = T2/ (W, 0). (3.22)

¢(w, z) satisfies the following commutation relation,
[p(w,z), ¢ (W, 2)] = 6(w — ). (3.23)

Such a relation applies in the limit of an infinitely long edge, which is relevant for the outer edge
channels. The Bose fields that describe the closed inner channel in the interferometer drop out after
the equations of motion are solved. The equations of motion are the first order differential equations
for the charge densities ~ 0,¢, which are derivatives themselves. We ignore that subtlety below and
proceed as if one could remove one partial derivative with respect to the coordinates from all terms
in the equations. This simplifies notations and does not affect our final results.

The outgoing fields depend on the incoming fields as follows,

u d
o)) _ g (6520, .20
¢o(w7x2) ¢g(w,x2)
with S being an unitary 2 x 2 matrix. Next, we try to find the matrix S by solving the propagation
equations and boundary conditions. A similar problem was solved in Ref. [51], and we follow its

approach here. In the region between the two QPCs, due to the interaction, the free-propagating

fields are the eigenmodes in Eq. (3.3), hence, they satisfy the following equations,

¢d(w)x2) = eiwa/vj ¢?(w,$1), (325)

J

¢4 (w, z2) = €Y1 g (w, 1), (3.26)

with j = 1,2. In addition, the closed loop should satisfy the continuity conditions at the positions

of the QPCs, where the interaction is minimal,

Qﬁi(w’xl) = d)?(waxl)a (327)
¢ (w, x2) = B} (w, z2). (3.28)
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Solving for ¢%(w, 1) and ¢Z(w, z2), we can find

iaw iaw 2
vl — e v2

sin? @ cos? 6 (e

Sll - iaw iaw 27 (329)
-1+ (sin2 fe»1 + cos? 03E>
iaw(vy+v2)
2ie™ viv [sin2 0 sin (%) + cos? fsin (%)}
S12 = (3.30)

iaw iaw 2
-1+ (Sin2 fe*1 + cos? fe »2 )

From the symmetry of the equations, S1; = So2 and S12 = Sa1.

Correlation functions

We can now compute P, (t,z) at zero temperature using the formula for free Bose fields A, B, C
and D,

(#4670 P) = exp [ - ((4%) + (B) +(C*) + (D)

+(AB) - (AC) + (AD) + (BC) - (BD) + (CD)], (3.31)

and the zero-temperature correlation functions between free chiral fields ¢ and ¢,
(p(w, )¢ (W, z)) = 6(w — w)O(w), (3.32)
(¢! (w,z)p(w’,z)) =0 (3.33)

(remember that w is necessarily positive). All correlation functions can be expressed in terms of the
correlation functions of the incoming outer edge modes at x; and x3. The incoming fields in those
two points are uncorrelated with each other due to chirality. Their self-correlation functions assume
equilibrium values unaffected by the inner mode.

Computing (T'(t,z1)T"(0,,)) gives

P,(t,0) = §m2m*n exp{ —m?y /000 %[2 — (811 + S7)](1 — e_i“t)e_“5}, (3.34)
and computing (T'(¢, z2)T7(0,z1)) gives
Py(t,a) = 6~2™""1 Py (a) exp { —m?n /000 %[2 — (Si2 + ng)e_i“’t]e_‘”‘;}, (3.35)
where
Pi(a) = exp (2m21/1 /000 dijfle_‘*"s) (3.36)

is a real number. We note that P,(t,a) satisfies the relation P,(t,a) = P,(t,—a) as well.

We simplify the equations for the tunneling current as

2¢* *° .
Tomonine = g (T2 ? + T ) /_ drsin(uy) Im Py (~1,0), (3.37)
46* o0 .
Ioint = ﬁ|l"11"2| cos<p/_oo dtsin (wst) Im P,(—t, a), (3.38)
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where exp(iy) is the phase difference between I'; and I's.
At a finite temperature T', we substitute the Bose—Einstein distribution into the correlation

functions of the Bose fields, i.e.,

(b, (W, 2)) = % (3.39)
(61 (0, 2)0! ) = S22 (3.40)

Therefore we can find P,(t,z) at a finite temperature as

_ s—2m?uy; 2 ° d_w _ N 1 — e~ twt 1 — eiwt s
P,(t,0) =4 exp{ m 1/1/0 ” [2 = (S11 + S11)] (1 —o—ha/T + T 1) € ,

(3.41)
om? ® dw2— (S12+ Sf)e ™t 2 —(S12+ Sfy)ety _
_ 2m-v; 2 12 12 wd

P,(t,a) =4 Py(a) exp{ myy /0 " [ 1 — o—hw/T + o ]e ,

(3.42)
where

* dw St S
_ 2 11 11 —wd
Pi(a) = exp [2m 1/1/0 . (1 ~o—Fw/T + /T 1) e } (3.43)

To numerically compute the current in Eq. (3.37) and (3.38), one needs to compute the integral
in the expression for Py(t,x) first. Unfortunately, there is no known analytical result for P,(t,z).
However, following a technique similar to that used in Ref. [51], one can write the integral in P, (¢, z)

as a series. The details of this series expansion are explained in Appendix J.

3.2.5 Aharonov—Bohm phase and the average current on the laboratory

time scale

We compute the interference contribution to the current and represent it as

Liing = I cos o, (3.44)

where ¢ is an effective Aharonov—-Bohm phase, accumulated by the interfering charges. Our focus
above was on I. The rich physics of the phase © in the linear transport regime has been discussed
in previous work on Coulomb-dominated interferometry [49, 55|, and much of the same discussion
applies to a well-screened case. It is not a goal of this manuscript to address the behavior of the phase
in detail in the linear regime at finite temperatures. Some subtleties of its behavior are addressed in
Appendices K and L. In the main text, we limit ourselves with a few comments and focus instead
on the limit of low temperatures with the emphasis on non-linear transport. This regime is greatly
affected by intermode tunneling between the inner and outer channels in the closed loop geometry
of Fig. 1(b). Tunneling to localized states in the bulk of the interferometer may also be important,

but will not be considered in this chapter.
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The general structure of the phase factor is
exp(ip) = exp[iC + i(aoV + a1 A1) + iy N], (3.45)

where C' is a constant, depending on microscopic details, such as the structure of the tunneling con-
tacts; the apV term represents the dependence of the phase on the average voltage V= Va+Vy,)/2
due to the dependence of the area of the open channel on the chemical potential; v represents the
phase due to N electrons confined on the inner channel at ¥ = 2 or due to IV confined quasiparticles
at v = 2/5. In both cases, Coulomb interaction of the N particles with the outer edge channel
changes its area. At v = 2/5, v also includes a statistical phase of anyons. The value of v can
always be chosen between —7 and 7 without affecting the phase (3.45) by adding a multiple of 27,
and we will assume such a choice. Finally, A\; represents an additional control parameter, such as
the magnetic flux, and «; is a constant. One can think of a;A; as the Aharonov—Bohm phase due
to the magnetic field through a fixed nominal area within the outer channel.

The total charge of the inner channels is easy to compute when it is open. It equals

Q = e*[linear function of the voltages + B1)q], (3.46)

where (3 is a constant and e* the quasiparticle charge. As discussed below, the charge of the closed
inner edge is quantized. Still, Eq. (3.46) is an important reference point in that case too. In
particular, in the linear response regime, N = Q)/e* is the nearest integer to the prediction of the

above equaiton.

Linear regime

If tunneling happens between the inner edges of the device, a simple model of a fixed-area interfer-
ometer may apply. The phase ¢ then combines a statistical phase due to localized anyons in the bulk
of the device (at ¥ = 2/5 only) and the standard Aharonov-Bohm phase proportional to the fixed
area of the device, the magnetic field, and the charge of a tunneling quasiparticle. The situation is
more complex when the inner channel is closed.

Indeed, in that case the fixed-area model does not work since the charge confined by the inner
edge cannot change continuously in response to changing magnetic field or chemical potential. It is
quantized as an integer number of electron charges at ¥ = 2 and an integer number of e/3 charges
at v = 2/5. The area within the channel jumps every time a new quasiparticle is added. Between
such glitches, the area within the inner edge changes continuously to make sure that it confines a
fixed magnetic flux. This may have an effect on the area confined by the outer edge, which in turn
determines ¢. Indeed, as the inner island compresses, more of its charge moves away from the outer
edge. In the presence of a top gate, this decreases the electrostatic potential created by the charge
of the inner island near the outer edge. The outer edge then adjusts its position to minimize its
energy. In the strong-coupling regime, the total charge near the outer edge is independent of the
magnetic flux and is set by the gate and bias voltages. Hence, at v = 2, a decrease of the area of

the inner loop must be compensated by an equal increase of the area within the outer channel. As a
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result, the change of the Aharonov—Bohm phase in response to a small change of the magnetic field
is the same as in a v = 1 device of the double area. This was indeed observed experimentally [76].

From time to time, the charge within the inner channel jumps. This jump is screened by an
opposite-sign jump of the charge within the outer channel. In the strong coupling regime, the
screening charge is exactly equal to one quasiparticle charge. Hence, at ¥ = 2, such jumps are
invisible in interferometry.

Appendix K computes the dependence of ¢ on the potentials V; and V,, of the lower and upper
edges in the intermediate coupling case. The dependence is linear between jumps of the charge of the
inner channel. Such jumps result in discontinuities of ¢. Appendix L analyses the Fourier transform
of the current with respect to various control parameters in the presence of such glitches.

Glitches are only discontinuous at zero temperature. They are still sharp as long as the temper-
ature is lower than the charging energy. In such a regime, one can extract ¢ from the experimental
data by fitting the size of the jumps and the continuous change of the current between the jumps
using an amplitude I, which does not depend on the magnetic field. At higher temperatures, the
charge confined by the inner loop strongly fluctuates. The physics is similar to the fluctuations of
the bulk charge in a poorly screened device. We do not address this effect here and refer the reader

to earlier work [49].

Nonlinear regime

We now address slow fluctuations of the charge confined by the closed inner edge due to the tun-
neling between co-propagating edge modes on each side of the interferometer in the closed-loop
geometry. The tunneling rate between the co-propagating channels is negligible in comparison with
the tunneling rate through the QPCs. Nevertheless, it qualitatively modifies the physics.

We start with v = 2.

v = 2 case. We will only address charge fluctuations in the low-temperature limit. This differs
from our results in the short-time regime, which apply at any temperature. The fluctuations are
driven by the potential difference between the upper and lower edges of the interferometer. Their
origin can be visualized in the model of non-interacting electrons on the QHE edges at v = 2, Fig.
3.2. The inner edge possesses a discrete set of electron energy levels. Electrons from the lower
edge with a higher chemical potential can tunnel into available states of the inner edge below the
chemical potential. This is a slow process, involving spin flips. Between such rare tunneling events,
the inner edge equilibrates with the environment. The energy of the inner edge does not conserve
due to its Coulomb interaction with the outside world. Thus, we expect the inner edge to relax into
the lowest-energy state consistent with its charge. This happens on a much faster time scale than
the tunneling events into the inner loop. At the same time, the chemical potential of the upper open
edge is below the chemical potential of the inner loop. This leads to tunneling from the inner loop
to the upper edge channel. Again, the inner loop rapidly sets into a ground state after any such

tunneling event.
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The above picture only applies in the non-linear transport regime. If the chemical potentials of
the upper and lower edges are close to each other, the inner edge is unlikely to have an energy level
between the two chemical potentials. This prevents the tunneling into the inner island.

In general, the tunneling rates between the inner loop and the outer edges depend on microscopic
details. We will adopt a simple model in which the tunneling matrix elements are the same for all
states of the inner edge. In other words, we simply assume that the tunneling rate between the
lower and inner edges is proportional to the number of the empty energy levels on the inner edge
below the chemical potential of the lower edge. The tunneling rate between the upper and inner
edges is similarly proportional to the number of the occupied states on the inner edge above the
chemical potential of the upper edge. This describes Ohmic transport since the currents between
the inner loop and outer edges are proportional to the chemical potential differences between the
inner island and the outer edges. The quantization of the charge of the inner edge means that its
zero-temperature chemical potential assumes a discrete set of values. The number of possible values
for a given voltage bias depends on the magnetic flux and other parameters and changes by +1 as
they vary. In other words, at a fixed bias, two different level numbers k and k + 1 are possible,
depending on the magnetic flux or other parameters. This leads to periodic singularities in the
Fourier transform of the current with respect to the magnetic field or other control parameters every
time the voltage bias reaches a value consistent with a different set of the numbers (k, k + 1) of the
electron levels in the transport energy window on the inner loop.

The range of possible electron numbers N on the inner edge as a function of V; and V, is
computed in Appendix K. We denote the minimal and maximal allowed values for given V; and V,,
as N, < Ng. We now introduce a kinetic equation for V.

The distribution function of the number of electrons N is fy, and we consider its rate of change.
When there are N — 1 electrons on the inner edge, the electrons on the lower edge have enough
energy to tunnel into any one of the unfilled Ny — (N — 1) levels, and we assume that the tunneling
rates are all equal to I';,. The rate of the N —1 — N transition is I, fy—1[Ng — (N — 1)]. Similarly,
the rate of the N + 1 — N transitions is T'io fy+1(N + 1 — N,,). Finally, the combined rate of the
N - N—1and N - N + 1 processes is Tio fN[(N — N,) + (Ng — N)]. Therefore we have the

following kinetic equation,

v =-Tifn(Ng— Nu) + Tiofn-1[Ng — (N = 1)] + Tio fn+1(N + 1 — N,,). (3.47)
The stationary distribution function for N can be found to be

N— u
CNd—Nu

In= INa—N. - (3.48)

We will now average the interference current over fy. This requires us to average the phase
factor (3.45) in Eq. (3.44), where we use o9 = —2ea/hv,, Eq. (K.6), and v = 27w/v, (mod 27),
—m <« <m, Eq. (K.7).
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Figure 3.2: Schematics of the kinetics of quasiparticles on the inner loop in the low-temperature
limit. The dashed arrows on the right represent the tunneling of quasiparticles from the lower edge
into Ng — N unfilled states. The dashed arrows on the left represent the tunneling of quasiparticles
from N — N, filled states into the upper edge.

We observe that from the binomial formula,

N,
1 max . 1 . .
S D ONon @ = S (1 ) Vmex = (£99/2) Ve cos™Nees (62). (3.49)
N=0

Hence, the expected value of the phase factor is

Ng
Z fnexp[iC + i(aoV + a1 A1) + iyN]
N=N,
. . ~ . Vo
=exp {zC’ +i(aoV +oa ki) + z%(gu +94) + (2ﬂoE) log(cos %)V

+ F(ga) [—z% - log(cos %)] + F(gu) [—z% + log(cos %)] }, (3.50)

where V = V4 — V,, and we use the function F'(g) = g — [g], where [z] is the nearest integer to z,

and g, and g4 are computed in Appendix K.2 as

2v,

Gu = IBO(%Vu = Vu = Va) + Bis; (3.51)
20,

9d = ﬂO(?Vd — Vo —Va) + B\ (3.52)

As discussed in above, Eq. (3.46), and Appendix L, A; is a control parameter, such as a gate voltage
or the magnetic flux through the inner loop, and B; is a constant that depends on microscopic
details.

A striking feature of the above expression is the (Vg — V,,)(logcos ) term, responsible for the
exponential suppression of the current at a large voltage bias V; — V,,. Note also that if v = 7, there

is no interference current as long as N, # Ng.



63

v =2/5 case. We will use an Ohmic model similar to the v = 2 problem. This may seem unjustified
since the tunneling of fractionally charged quasiparticles is typically non-Ohmic in FQHE. That is,
however, not the case for tunneling between co-propagating edge channels. Indeed, the edge theory
with co-propagating modes can be interpreted as a chiral conformal field theory. Tunneling terms in
the Hamiltonian must be Bose fields as is the case for any contribution to the Hamiltonian. Hence,
their scaling dimension is integer. That integer is usually 1. In particular, this is the case for the
inter-channel tunneling of e/3 anyons at ¥ = 2/5. Since the scaling dimension is the same as at
v = 2, the use of a similar model is justified.

We again find a binomial distribution fy for the quasiparticle number. The statistical phase is

computed in Appendix K and equals v = 27wy ( \/‘/%Z +1). We can always assume that -7 <y <7
by adding an irrelevant multiple of 27r. We also compute the coefficient ag = —2vjea/hv, in

Appendix K. Finally, we average the phase factor over fy and find

Ng

Z fnexp [iC’ + i(aOV +aih) + i”yN]
N=N,

=exp [z’C + i(aOV +o1A1) + ig(Nd + Ny)+ (Ng— Ny) log<cos %)

o -y Vo V2 v
=exp {iC +i(aoV +a1h) +i7 (9u +4) + (207)7 > og(cos 7 )V

Y Y Y Y
+ F(ga) [—12 - log(cos 2)] + F(gu) [—22 +10g(cos 2)] }, (3.53)
where the definitions of g, and g; have been modified according to the discussion of v = 2/5 in
Appendix K:
7 2v,
Gu = \I//—_IQ,BO(?\/EVQL —ViVu —/1Va) + Bid (3.54)
20,

vz g

gd:V_l 0(

?w/VQX/d — 11V, — \/V_lvd) + B1 1. (3.55)
As at v = 2, the above expression reveals exponential suppression of the current at a high bias

V =V, — V4. As before, v = 7 implies no interference current for N, # Ng.

3.2.6 Asymmetric bias

In the previous subsections, we have discussed the response under the assumption that the bias
voltage V is applied symmetrically to the two edges, i.e., that the voltages V; and V,, applied to the
lower and upper edges are equal to V/2 and —V/2 respectively. However in many experiments, the
bias is applied asymmetrically, in many cases only to one of the edges. This is the case, for example,

in the experiments of Ref. [76]. In the general case we may write
Vipu=V £V/2 (3.56)

where V is the average of the applied voltages and V is their difference. A non-zero value of V can

introduce an additional phase factor into the tunneling amplitudes [39]. This reflects the charge,
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accumulated in the interferometer due to the applied voltage. Indeed, the phase accumulated by a
particle on a path around an interferometer is proportional to the charge localized in the device [56].

In this subsection we address the effect of non-zero V. We limit our discussion to v = 2 since
the relevant experiments [75] at v = 2/5 involve symmetric bias. We also assume a fixed charge of
the inner island, since the the fluctuations of the island charge do not differ qualitatively between
the cases of symmetric and asymmetric bias.

If V# 0 but V = 0, the system will remain in a state of thermal equilibrium, with some
alteration of the total charge, which will generally lead to a shift in the interference phase . At a
low temperature, the charge of the inner channel assumes a fixed value that minimizes the energy
shifted by the total charge times the chemical potential. In what follows in this subsection, we will
assume such a fixed charge of the inner loop even at a nonzero V. In addition to the bias, the fixed
charge may depend on the magnetic flux and various gate voltages (parameter A; in Eq. (3.45)).
This may matter even in the symmetric case. At low temperatures, the fixed charge assumption
always holds in the linear transport limit of the low voltage bias V =V; — V.

Application of a symmetric bias V' to the device will then lead to an interference current with
an altered phase but with an amplitude computed in precisely the same way as in the case of a
symmetric bias. Thus we may write

Iiny = T cosp, (3.57)

where ¢ depends on V but is independent of V, while I depends on V but not on V.
An important experimental quantity is differential conductivity, dI/dV . If the voltage is applied

asymmetrically, with V = nV, we have

dlie _ dI N
v = av cos(ip) nIs1n(<p)d~. (3.58)

Typically, values of dI/dV are obtained over a range of control parameters, such as the magnetic

field and/or one or more gate voltages, and one takes a Fourier transform of the data with respect
to these parameters. The transform will have peaks at frequencies corresponding to the interference
oscillations, and we wish to compute the amplitudes of these peaks. Asymmetry in the applied
voltage can have an important effect on these amplitudes.

In the case of a Fabry—Pérot interferometer at v = 1, the factor dp/ dV is a constant, equal to
2ea/hv. [See Ref. [39] and Section 3.6 below.] However, the case of v = 2 is more complicated. In
particular, for interference of the outer mode, when the inner mode is completely reflected at the
point contacts, the charge on the inner edge is restricted to integer values. At low temperatures,
the accumulated charge on the inner edge minimizes the energy of the system. Since only an integer
number of electrons can tunnel into the inner edge, the accumulated charge changes discontinuously
as one more electron is added or removed in response to the changing bias. This may result in a
discontinuous jump in ¢ due to the Coulomb interaction of the inner and outer edge modes. As
a result, the interference phase will not depend linearly on V or on parameters such as B or the
gate voltages, so that the interference current is no longer a simple sinusoidal function of these

parameters. As discussed in Appendix L this situation leads to an array of Fourier peaks, whose
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amplitudes may be analyzed separately. In the remainder of this subsection, we shall ignore this
complication and assume that ¢ is a linear function of V and the other parameters, so that dp/dV is
a constant. However, we show in Appendix L, the essential results for the amplitude of the dominant
finite-frequency Fourier peaks are unchanged after the phase jumps are properly taken into account,
except for renormalization by a voltage-independent constant.

This linearity assumption is actually valid in the limit of very strong mode coupling, where an
integer jump in the charge of the inner mode will be compensated by an opposite integer jump in
the charge of the outer mode. The interference phase will consequently jump by a multiple of 27,
which will have no effect on the interference signal. In this limit, therefore, it is appropriate to
ignore the jumps, so that ¢ is a linear function of V. This near-invisibility of phase jumps in the
strong-coupling regime is also responsible for the appearance of a flux period normally associated

with particles of charge 2e (cf. Appendix L). In this case, we find

;’T‘; - —%, (3.59)
as shown in Appendix K.

In the discussions above we ignored any effects on the edge modes due to changes in the occu-
pation of localized states in the bulk of the interferometer. This accords with our assumption that
the quantum Hall system is well screened by nearby gates. If this is not the case, the slope |dy/ dT7|
may be reduced below the value 2ea/(hv,).

From the analysis of the previous section, we obtain for the outer mode
-~ de *° .
I= 7 T ||T2 dtsin(wyt) Im Py(—t, a). (3.60)
—o0

Now, if we perform the Fourier transform of (3.58) with respect to ¢, the amplitude A is

(3.61)

3.3 Results for v =2 QH liquids

In this section, we discuss our numerical results for v = 2 QH liquids, where v; = v, = 1, and
concentrate on the outer mode tunneling as shown in Fig. 3.1(b). We start with the case when
the charge, confined by the inner loop, is time-independent. We first consider an easier problem
of symmetrically applied bias. We next address asymmetric bias. We discuss non-linear transport
in the regime of fluctuating charge on the inner island in subsection 3.3.3. Note that the results
of subsections 3.3.2 apply in the linear transport regime, even if the tunneling amplitude between
co-propagating modes is not negligible, since at low temperatures, in the linear regime, the charge

of the inner loop does not fluctuate.
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3.3.1 Inner mode tunneling

We first briefly discuss the inner mode tunneling case for v = 2 interferometers. In this case, the

bulk would not form a closed island, and the linearity of ¢ over V always holds, so that

d 2ea(v, — w 2ea

= ‘h(viio - w)) T hor (.62
To derive this equation one needs to remember that the same bias is applied to all open channels.
The Fourier amplitude of the interference contribution to the conductance is thus given by Eq. (3.61).
If we plot the Fourier amplitude curves for different choices of asymmetry factor n in Fig. 3.3, we

can see that asymmetrically applied voltage bias lifts the curve.
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Figure 3.3: Inner mode tunneling at v = 2. Fourier amplitudes A of the differential conductance
0I/0V with different choices of n are plotted. The ratio between the faster and slower velocities of
the normal modes is fixed at v; = 5vz, and the temperature T' = 0.

3.3.2 Outer mode tunneling: fixed island charge

Here we ignore tunneling between the inner and outer edge channels and hence assume a fixed charge
of the inner closed loop. We start with the simplest limit of the symmetric voltage bias. In that case
V =0 in Eq. (3.45). The Fourier transform of the current with respect to the control parameter
A1, Eq. (3.45), is trivial and essentially reduces to computing I.

Since v, = v; due to the approximate symmetry of the spin-up and -down channels, the edge
is in the strong interaction regime, i.e., § = 7/4. The interaction strength w is reflected in the
normal-mode velocities vy 2, where v; is the velocity of the charged mode and vs is the much slower
velocity of the neutral mode. A related problem was considered in Ref. [51] in the limit of an

infinite velocity of the charged mode. This limit is problematic from the point of view of locality
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Figure 3.4: Outer mode tunneling at ¥ = 2 at a fixed island charge. The plots show the dependence
of the Fourier amplitude of the conductance on the voltage bias at different velocity ratios when the

bias voltage is applied symmetrically. The temperature is represented with a dimensionless quantity
O = Ta/hvy, and is fixed at © = 1/20.

since all events are causally related in a system with an infinite velocity of excitations. Ref. [51]
focuses on zero temperature only and contains no plots of the voltage dependence of the interference
current. Such plots are the main focus of this section, where we also address finite temperatures. In
subsection 3.3.1 we also address the asymmetry of the voltage bias.

One of the experimentally measured quantities is the Fourier amplitude with respect to the
Aharonov-Bohm (AB) phase @ap of the differential conductance dI/dV. We shall concentrate on
that quantity, since it was the focus of recent experimental work [75, 76] at v = 2 and v = 2/5.
This AB phase is introduced into the current through the phases of the tunneling amplitudes, hence,
only the interference current shows the AB oscillations. The results of calculations along the lines of
Section 3.2.4 and Appendix J are illustrated in Fig. 3.4. Note a series of nodes with the distance of
roughly 7 in units of eV a/fivy. This corresponds to eV = 2mhvs/2a, where 2a is the perimeter of the
interferometer, that is, to the lowest excitation energy on the loop of length 2a (vq is considerably

slower than vy).

Experiments in graphene were performed at a highly asymmetric voltage bias. This modifies the
I-V curves as discussed in Section 3.2.6 and below.

Asymmetric bias

As above, linear dependence of the interference phase on the control parameters is assumed. Several

plots of the Fourier amplitude at a finite temperature are shown in Fig. 3.5. In contrast to the v =1



68

(a) (b)

0, =1/20,n=1/2 O =1/20,v; = 51,
3.0 I3 3.0 ¢
N, o
'.\\‘Il \ ——= v =40, \‘\\_ ——= =0
s 250 % v =50, s 25 n=1/4
3 1 - . . ——— —
E ‘\ \ v = 6V, E k“:‘ n=1/2
= 205 || === vp = 100, = 2045
) it P ', i %
i PR | b= A
2 15 K| N = 15F [ 3§
I i i\ = ! 4
g i | LA\ i~ g gt _a’\-.‘ |
5 L0357y IOV /A RN A A g 1o R A ARNE -
g N ENT Y AN f~ \ ‘g ! RS I { A ™\
=] - \ A ANy \ ~ 5 \ =] 11 & 2N ] ] i Yiq LY /' \
LIO. 0.5F X 'i \/ i o\ ’ \.'l \ - LE 05k ll l!':/\\ 1 \ ! 1 h \? o .‘
I AT IR ¥ AR I WO : 1! M v A RN 4 Lo
il YR PN AN AN ooy /A Y (A I AN
] Iy PO R AN il ? g ERY, 1) ARV 74 /
3 v AR i i ¥ { v v v
0.0 L 1 I 0.0 I P | I
0 2 4 6 8 10 0 2 4 6 8 10
eVa/nhvu, eVa/mhvu,

Figure 3.5: Outer mode tunneling at ¥ = 2 at a fixed island charge. The plots show the dependence
of the Fourier amplitude A, Eq. (3.61), on the voltage bias at a finite temperature when the bias
voltage is applied asymmetrically. The temperature is represented with a dimensionless quantity
©2 = Ta/hvy, and is fixed at ©2 = 1/20. (a) Fourier amplitude curves at different velocity ratios.
(b) The ratio between the faster and slower velocities of the normal modes is fixed at v; = 5vy, and
Fourier amplitude curves with different choices of n are plotted.

interferometer (see Ref. [35]), where

472 T

- e
I=—TI5+Iy)————+——si .
h'?’( 112 + 1 2)sinh(27rTa/fw) s1n(wJa/v), (3 63)

these curves are no longer periodic in the voltage. When the asymmetry n and bias voltage V are
both small, the Fourier amplitude is close to dI /dV, which represents the differential conductance
at pap = 0. When 7 is greater, the values of the Fourier amplitude at the nodes increase and are
non-zero, but the positions of the first few minima are relatively unchanged.

Even though no periodicity is seen, the plots exhibit a series of nodes whose distance is roughly
7 in units of eVa/hvs just like in the symmetric case. This corresponds to eV = 2mhvy/2a, where 2a
is the perimeter of the interferometer. This is the lowest excitation energy on the loop of length 2a
as we already saw in subsection 3.3.2. The plots show the absolute value of the Fourier amplitude.
It is thus natural to associate the effective period with twice the distance between successive nodes.
We then discover approximately the same period as in Eq. (3.63) at v = vs.

The above results apply in the weak backscattering regime. A perturbative calculation is insuffi-
cient for stronger tunneling. Note that for Fabry—Pérot interferometers, an exact solution is known
at v =1 [35]. This solution only works in the absence of inter-channel interaction near QPCs. We

review the solution in Section 3.6 and also discuss the heating effect due to interactions across QPCs.
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3.3.3 Outer mode tunneling: fluctuating island charge

We present here results for the current, averaged over phase fluctuations. Since we only solved the
kinetic problem at zero temperature, the results apply only at low temperatures. At the same time,
we consider an arbitrary voltage bias. We expect that the interference contribution to the current is
suppressed by both high temperatures and high voltages, and the voltage and temperature effects
should be comparable at T' ~ eV

The current follows equation (3.44) with the averaged phase factor (3.50). Motivated by the usual
way to present experimental data, we focus on the Fourier transform of the conductance with respect
to a control parameter A; such as the magnetic field. Technical details of the Fourier transform can
be found in Appendix M.

We now show results for several choices of the parameters in Fig. 3.6. We plot the voltage
dependence of one prominent Fourier harmonic with respect to A;. In all cases we choose the
harmonic of frequency a;, Eq. (3.50). This is a natural choice since a;A; should be understood as
the a naive Aharonov—-Bohm phase 27®/®,, where ® is the magnetic flux through the nominal area
of the device and 9@y is a flux quantum. This choice also corresponds to m = 0 in Appendix M. As
discussed in that appendix, dominant harmonics correspond to small m. They are also likely less
sensitive to temperature effects. The value of 3; (3.51,3.52) does not matter since it just rescales
the plots. In all cases we set 7' = 0. The rest of the parameters are listed in the figures. The key
difference from the case of the fixed island charge consists in a rapid decay of the signal at large V.

Another interesting feature is present at a discrete set of voltages. See, in particular, rectangular
boxes and the inset in Fig. 3.6(c). One observes discontinuities in the Fourier amplitude of the
conductance. Their origin is due to the tunneling between the outer modes and the inner island.
As shown in Appendix K, the maximal and minimal electron numbers Ny and N, on the inner loop

equal Ng., = [g4,u], Wwhere g4, are given by Egs. (K.10,K.11) and the square brackets denote the

2v,
w

nearest integer. If g4 — g, = Bo =22 (V4 —V,) is an integer, then the number Ny — N, +1 of the energy
levels, available for transport between the outer edges through the inner loop, is exactly g4 — g, +1
irrespective of the flux A; (see Appendix K). For non-integer g4 — g, the number of the available
levels depends on the flux and varies between the largest integer less than g4 — g, +1 and the lowest
integer greater than g4 — g, + 1. In other words, the structure of the set of the available levels as
a function of the flux changes at the integer values of g4 — g,,. This results in singularities in the

Fourier transform with respect to A; at

_mw

2IBOUO
at each integer m. This feature can be used to extract the parameters of the edge theory from the
data.

(3.64)
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Figure 3.6: Outer mode tunneling in ¥ = 2 interferometers for fluctuating island charge. (a) The
dependence of the dominant Fourier amplitude on the voltage bias at zero temperature with a
symmetric bias. (b) Fourier amplitude curves at different velocity ratios with a totally asymmetric
bias. (c) The ratio between the faster and slower velocities of the normal modes is fixed at v; = 5vs,
and Fourier amplitude curves with different choices of 7 are plotted. Rectangular boxes and the
inset show resonance features due to tunneling between co-propagating modes.
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3.4 Results for v =2/5 FQH liquids

In this section, we consider the interferometer in Fig. 3.1 for v = 2/5 QH liquids, where 11 = 1/3
and v, = 1/15. We only study the case of symmetric voltage bias since the bias was applied

symmetrically in the relevant experiment [75].

3.4.1 Inner mode tunneling

For the inner mode tunneling, we numerically computed the differential conductance of the inter-
ference current, and the results are shown in Figs. 3.7 and 3.8. In Fig. 3.7, we plot the voltage
dependence of the Fourier amplitude of the interference contribution to the conductance with re-
spect to the magnetic flux at a weak coupling § = 7/16. One can observe that the location of
the first node depends on the temperature, while the locations of the subsequent nodes show little
temperature dependence.

It is instructive to compare the low-voltage, low-temperature limit with the same limit at v = 1/3.
In the latter case the tunneling current follows I ~ V2%1/3—1 = ~1/3 g0 that the current grows at
low voltages. This is no longer the case at v = 2/5, where the low-voltage current follows the relation
I ~ V2x3/5-1 = y1/5 Of course, the perturbation theory only applies as long as the conductance

G ~ V~4/5 remains small.

0 = m/16,v; = 50,

40
- @1 =0

30 ®; = 1/10
—= O =1/5 (2x)
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Figure 3.7: Inner mode tunneling at v = 2/5. The dependence of the Fourier amplitude of the differ-
ential conductance of the interference current on the voltage bias is shown at different temperatures,
with @ = 7/16 and v; = 5v,. O is the dimensionless temperature Ta/hv;.
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Figure 3.8: Inner mode tunneling at v = 2/5. The dependence of the Fourier amplitude of the
conductance on the voltage bias is shown at different interaction strengths (represented with 6),
with v; = 5v9 and T = 0.

3.4.2 Outer mode tunneling
Fixed island charge

In this limit the charge of the inner closed loop is assumed to be independent of the voltage bias
and the magnetic flux. We also assume a symmetric application of the voltage bias. It is then
straightforward to plot the Fourier transform of the interference contribution ot the conductance
with respect to the magnetic flux.

Figs. 3.9 and 3.10 show numerical results for the differential conductance of the interference
current, with § = 7/16 and v; = 5ve. Immediately, one can notice a striking feature of resonance in
these curves when the temperature is low enough.

The first resonance occurs when eVa/3hv; ~ /5, therefore hw; = §V ~ mhv/(5a) = whva/a.
This reminds us of the energy levels of a closed edge mode E,, = 2whinv/L, where n is an integer, v
is the edge velocity, and L is the circumference of the edge. Therefore, the resonance occurs when
the Josephson energy fiw; of the tunneling quasiparticle matches the energy levels of plasmons on
the inner mode, which are nhimvs/a. As can be seen from Fig. 3.9, there is a second resonance
when eVa/3hv, = 27/5, in agreement with this picture. One can also check what happens when we
change the ratio between v; and vy, and the plots are shown in Fig. 3.10. When the ratio v; /vs gets
larger, the resonance occurs at a smaller value of eVa/3hv;. All these findings are consistent with
our interpretation.

There is one issue in our argument: one can treat the closed inner 1/15 mode as an eigenmode

only in the weak interaction limit. To find out what happens in the strong interaction limit, we show
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Figure 3.9: Outer mode tunneling at v = 2/5 at a fixed island charge. The Fourier amplitude of
the interference contribution to the conductance is shown at different temperatures, with § = 7/16,
v1 = bug, and ©1 = Ta/hv;. (a) A zoom-in view of the conductance curve for a better visualization

of the first few resonances. (b) The conductance curve over a wider range, showing the modulation
due to the outer mode.
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Figure 3.10: Outer mode tunneling at v = 2/5 at a fixed island charge. Comparison of Fourier
amplitudes of the differential conductance 0I/9V for different velocity ratios v;/vs, with 0 = /16
and ©; = Ta/hv; = 1/50.

conductance curves at different 6 in Fig. 3.11. Clearly, resonance is suppressed at strong interactions.

We give a theory of the resonance feature in the above plots in Appendix N. We find that at a
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Figure 3.11: Outer mode tunneling at v = 2/5 at a fixed island charge. The Fourier amplitude of
the differential conductance 8I/9V of the interference current is shown for different 6, with v, = 5vy
and T = 0.

weak interaction 8 and zero temperature, the width of the resonance scales as 62 and it height as
6-2/3,

Fluctuating island charge

Just like at ¥ = 2, our analysis builds on the case of a fixed island charge and involves averaging
the Aharonov—-Bohm phase factor over the distribution of the charge of the inner loop. We use the
results of Section II and the Fourier expansion from Appendix M. As at v = 2, our results apply
only at low temperatures, and they are illustrated in Fig. 3.12 and 3.13. We plot one prominent
Fourier harmonic with respect to the magnetic field A\;. As at v = 2 we focus on zero temperature
and chose the harmonic of frequency «;. This corresponds to the m = 0 harmonic from Appendix M
and is a natural choice since @3 A1 can be understood as the naive Aharonov—Bohm phase 27®/3®,,
where ® is the magnetic flux through the nominal area of the device and ®, is the flux quantum.
The value of 5; does not matter since it only sets the scale of the vertical axis.

In contrast to v = 2, we see two types of resonance features in the conductance: the resonance
from plasmon scattering, addressed in subsection 3.4.2, and the resonance from inter-mode tunneling,
similar to the one discussed in Section 3.3 at v = 2. The plasmon resonance manifests itself as a
sharp maximum with a nearby minimum on the curve. The inter-mode tunneling resonance is seen
as a sharp drop on the curve at eVa/3whv, = 0.4. There are also discontinuities of the Fourier
amplitude of the conductance at other voltages. Their locations can be deduced in the same way as

Eq. (3.64) using the modified definitions of g4, from the v = 2/5 subsection of Appendix K. One
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finds

vw
= m—’
21580V,

where m is an integer, v; = 1/3, and v, = 1/15. As at v = 2, resonances allow extracting the

parameters of the edge theory from the data.

(3.65)

Another important feature is a rapid decay of the current at a high voltage. As at v = 2, this is
a manifestation of the long-time fluctuations of the Aharonov—Bohm phase due to the fluctuations
of the charge on the inner loop. Note a similarity of the red curve in Fig. 3.13 with the red curve for
a fixed island charge in Fig. 3.11. It reveals little suppression of interference by the fluctuations of

the island charge. The reason is that v in Eq. (3.53) is relatively close to 0 at 8§ = 7/4 and v; = 5vs.

T =0,0=m/l6
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Figure 3.12: Outer mode tunneling at v = 2/5 for fluctuating island charge. The dominant Fourier
amplitude of the differential conductance I/90V of the interference current is shown for different
velocity ratios v1/vq, with 6 = 7/16 and T = 0.

3.5 Effects of a screening layer on v = 2/5 FQH liquid

The key to the breakthrough interferometry experiment [70] were screening layers greatly suppressing
bulk-edge interaction. A screening layer has a finite 0., and hence can be modeled as a metal plane
in the low-frequency regime. This seems to justify the model of short range interaction on the edges
of the 2D electron gas. However, one should remember that the low frequency description is only
valid for slow processes such as the change of the charge localized in the bulk of the sample. A
high-frequency language is necessary when addressing the intermode interaction on the edges since

the relevant time is the time spent by edge charges in the interferometer. This time is controlled
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Figure 3.13: Outer mode tunneling at v = 2/5 for fluctuating island charge. The dominant Fourier
amplitude of the differential conductance 91 /0V of the interference current is shown for different 6,
with v; = 5vg and T = 0.

by the edge velocity and the mesoscopic interferometer size. Since o, is orders of magnitude lower
than o, in the screening layers [100], it is legitimate to neglect o, in the high-frequency regime.

This means that the screening layers should be modeled in the same way as quantum Hall edges,
that is, by a chiral Luttinger liquid model. For simplicity, we only consider a model with a single
screening layer and a single chiral channel in it. Strictly speaking, such model must include long-
range interactions between the two edge modes of the 2D electron gas and the edge mode of the
screening layer. This results in the renormalization of the velocity of the overall charged mode. The
renormalization, however, depends on the edge length only logarithmically. For that reason, we will
assume short range interactions and set the speed of the overall charged mode to be much greater
than all other edge-mode velocities.

In this section we only focus on v = 2/5.

3.5.1 Edge structure

We start with the original Lagrangian Ly = L + L. with two eigenmodes, ¢1 and ¢,
Io— MOz 1) (0¢d1 — v10:61) " W0z ¢2)(0¢d2 — v20:02)
0 4T 4aT
Since the Coulomb interaction couples to the total charge of the 2/5 edge, it is better to use the

(3.66)

charge and neutral modes. The definitions of the charge and neutral modes, ¢. and ¢,,, are

¢c) - (¢)
_ . (3.67)
<¢n % _\/g i
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Under this transformation,

Lo = - (8:6.0:6.) (gﬁz) 2 (000 0.1 (U”n z> (22) (3.68)

where
Ve = %[\/gsin(%) (v1 — v2) + 2 cos(20) (v1 — v2) + 3(v1 + v2)], (3.69)
Upn = %(vl — u)[ — 25in(26) + V5 cos(26)], (3.70)
Up = é[ — V/55in(26)(v1 — v2) — 2cos(20) (v1 — v2) + 3(v1 + v2)]. (3.71)

We model the additional screening layer as a v = 1 QH liquid, and its edge mode ¢; interacts
with the charge mode ¢, of the v = 2/5 FQH liquid via Coulomb interaction, hence bringing an

extra term to the Lagrangian,

L= %[(6@3)(&& — 50z) s — 2U Oz ¢c) (0ahs)], (3.72)

where v; is the velocity of the edge mode of the screening layer, and U > 0 describes the strength
of the Coulomb interaction.
Now we rewrite the total Lagrangian Ly + L1 as L.s + L,,, where L., describes the contribution

that depends on ¢, and ¢ only,

I h v U OrPe
Les = E[(axqsc)(at(ﬁc) + (8x¢s)(at¢8)] - E (8m¢c 8a:¢s) (U 'Us) (awqu) ’ (3'73)

and L, contains the interaction energy associated with ¢,

Lo = 1o [00)(0 ~ 0202)9n — Wen (2) @) (3.74)

Next, we define the overall charge mode ¢, and a neutral mode ¢, by transforming the modes ¢.

and ¢s,
(¢p> - (\/% \/é) <¢C>. (3.75)
¢ s _ /2] \s,

After the transformation, L is expressed using ¢, and ¢,

len

_h Odp\ _ 1 Vo Upo | (0a8p
L= 1= (0.6, 0.9) ( o %) = (00, 0.9) (UW Mo ) @
where
v, = %(2\/EU + 50, + 2v,), (3.77)
U, = ;(30 — V/T0vs + vI0u,), (3.78)
Vo = %(—2\/EU + 205 + 5v,). (3.79)
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L,, becomes

Ln = % [(am(vbn)(at - vnam)¢n - 2\/chn(6z¢p)(am¢n) - 2\/§Ucn(az¢d)(az¢n)] . (380)

We expect that the velocity of the overall charge mode ¢, is much greater than the velocities of
the two neutral modes. Therefore, we can make an approximation when finding the eigenmodes: to
the lowest order, we treat ¢, as one of the eigenmodes and ignore the interaction between ¢, and

¢n, as well as the interaction between ¢, and ¢,. Hence, the total Lagrangian can be rewritten as

LCS + Ln = % |:(8Z¢p)(at - 'Upaac)¢p + (aac¢o)(at - 'Ucraw)¢a
+ (8u0) (B — 90026 — Wrn (95 (Butin)] (3.81)

where Uy, = 1/5/TUcp.

We need another parameter ¥ to diagonalize the interaction matrix between ¢, and ¢,,. The

0 =) )
Dn siny  cos® by

If we assume v, < v, and 0 < 2¢) < /2, then

transformation is given by

2Usn
tan(2y) = —— 3.83
an(2)) = =", (3.8
and the eigenmode velocities are

1
Vo = 5 (v +vn + V(05 —vp)2 +4U2,), (3.84)

1
vy = 5 (v +vn — V (Vg —vp)2 +4U2,). (3.85)

Finally, a relation between the eigenmodes (¢,, ¢, and ¢;) and the original modes (¢,, ¢;, and

¢s) can be represented as

®o bp
o | =M | o |, (3.86)
(lss ¢b
where the matrix M is
5 siny + 5cos Y cosy _ 5siny
21 NG V42 NG V42
\/Lﬁ \/%cosw—\/%sim/) —\/gcosz/)—\/%sinw . (3.87)
7 —y/F cosy 3siny

3.5.2 Inner mode tunneling

For v = 2/5, quasiparticles with charge e* = e¢/5 tunnel between the inner edge channels, and the

tunneling operator T' should be written as

T(t, z) = 5—3/5631@5}‘(t,x)/\/ﬁe—3i¢;i(t,z)/\/ﬁ' (3.88)
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Using standard formulas for correlation functions of Bose fields, it is easy to find that at zero

temperature,
R(ta 1") = Gd(ta .’E)Gu(t, .’L'), (389)
where
Gau(t,x) =0+ it Fx/v,)] 90 +i(t Fx/vs)] 9 [0 +i(t F x/ve)] 7%, (3.90)
and the three exponents are
_3M3 1
g ="3" =g, (3.91)
3M2, ( siny  cos 7,/)) ?
. = =(- + , 3.92
3M2Z, (sim,b cos 1/)) 2
= = + . 3.93
9= N TR (3.93)

A conformal transformation yields the correlation function at a finite temperature (cf. Eq. (3.20)).
Fig. 3.14 shows the interference contribution to the nonlinear conductance as a function of the
voltage. The figure reveals remarkably regular oscillations for the chosen parameters. This reflects

a general rule that outer mode tunneling behaves in a simpler way than inner mode tunneling.

0 = /16,y = arctan(1/3),vs:v; 1 v, =15:5:1

40

| @1 =0
3F ©; =1/20
30 —-= 0, =1/10

eVa/3mhv,

Figure 3.14: Inner mode tunneling at v = 2/5 with a screening layer. The Fourier amplitude of the
differential conductance of the interference current is shown for different temperatures. Parameters
are chosen as 6 = ©/16, ¢ = arctan(1/3), and v; = 3v; = 15v5. The dimensionless temperature
01 =Ta/hv;.
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3.5.3 Outer mode tunneling

In this section, we discuss outer mode tunneling for v = 2/5, where e* = e/3 and T'(t,z) =
5= 1/3¢i®5 (t:2)/V3e=id5(t.0)/V3 are used.

Fixed island charge

We first neglect tunneling between co-propagating modes and solve a scattering problem for bosons,
similar to Section 3.2.4. We use this to compute the current on the short time scale, on which the
fluctuations of the Aharonov—Bohm phase can be ignored. We assume a symmetrically applied bias.

We have six incoming edge modes and six outgoing ones. As before, the incoming and outgoing
modes, separating the v = 1/3 and v = 2/5 liquids, drop out. Hence, scattering is described by a

4 x 4 matrix S, instead of a 2 X 2 matrix in Sec. 3.4.2,

bo(w, 1) ¢3(w, 1)
$i(wa1) [ _ 5| #5(ws1) (3.94)
¢3(w, 2) o (w, T2)
¢ (w, z2) v (w, T2)

Again, we try to find the matrix S by solving the propagation equations with boundary condi-
tions. In the region between the two QPCs, due to interaction, the free-propagating fields are the

eigenmodes ¢,, ¢4, and ¢p. They satisfy the following equations,

¢?(W,$2) = eiwa/vj ¢?(w,$1), (395)

P (w, T2) = e Vi g% (w, 31), (3.96)

with j = p, a,b. In addition, the closed loop should satisfy the continuity conditions at the positions

of the QPCs, where the interaction is minimal,

¢l (w, 1) = ¢ (w, 71), (3.97)
¢g(w’ $2) = qﬁl(wa :EQ)' (3-98)

Due to the complexity of the edge structure, the coefficients in the equations above are complicated,

hence the expressions for the matrix elements of S are not as simple as Eq. (3.29) and (3.30).

Nevertheless, S is also a unitary and symmetric matrix. It has some additional symmetries: S1; =

5’33, Sop = 5’33, Sio = 5’34, and S14 = S23. Some of these symmetries are consequences of the

inversion symmetry of the device. In Appendix O, we show the expressions for S;; and S;3, which

are too complicated to be displayed here. These are the only matrix elements needed below.
Computing (T'(t, z1)T(0, 1)) gives

Py(t,0) = 672/3 exp{ _1 / o (G + 8] - e_i‘*’t)e_“"s}, (3.99)
3Jo w
and computing (T'(t, 22)T7(0,,)) gives

Py(t,a) = 6-2/3 exp{ - % / %‘”(2 — 287 — (81 + Sry)ewt)ew } (3.100)
0
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Now it is clear that of the six independent entries of S, only two, Si; and S;3, are needed for
computing the tunneling current. An example of such calculation is shown in Fig. 3.15. The zero
temperature curve shows a remarkably complex behavior that greatly simplifies as the temperature
is raised.

Y = arctan(1/8),v,: v, 1 vp =9:3: 1
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Figure 3.15: Outer mode tunneling at v = 2/5 with a screening layer at a fixed island charge. The
Fourier amplitude of the differential conductance of the interference current is shown for different
temperatures. Parameters are chosen as ¢ = arctan(1/8), v, = 3v, = 9vp. The dimensionless
temperature ©, = Ta/lw,.

Fluctuating island charge

The analysis closely follows the analysis of the long-time limit in the model of an ideal metallic
screening layer without an additional chiral channel (Section 3.4). We use Green’s functions from
the previous subsection and the results of Appendix P, which addresses the minimum and maximum
charges of the inner loop as functions of the bias. Fig. 3.16 shows an example of nonlinear transport
behavior in this model at zero temperature. As in the previous sections, we do not care about the
coefficient 31 when we plot the Fourier transform with respect to the flux. We also only show the
Fourier harmonics of frequency a;, as in all previous plots for fluctuating island charge. One can
see a complicated voltage dependence of the interference current. The dominant feature is the rapid

decay at large voltages.

3.6 Fabry—Pérot interferometers at v =1

The bulk of this chapter focuses on two-channel edge states. The one-channel case is much better

understood theoretically. The simplest one-channel situation is the integer QH effect at v = 1.
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Figure 3.16: Outer mode tunneling at ¥ = 2/5 with a screening layer for fluctuating island charge.
The dominant Fourier amplitude of the differential conductance of the interference current is shown.
Parameters are chosen as ¢ = arctan(1/8), v, = 3vq = 9, and T = 0.

At v = 1, the simplest model of an interferometer is just the model of free electrons. It can be
easily solved exactly [35]. Recent experimental results for the non-linear I-V curve do not agree
with the exact solution, however [76]. Instead, a rapid decrease of the current at high voltages
is seen. This is similar to our predictions in the long-time limit in the two-channel problem, but
the same physics cannot explain the experiment at v = 1 since there is no closed inner loop that
could accommodate fluctuating charge. In fact, the charge in the localized states in the bulk of
the interferometer fluctuates at a high voltage bias. However, localized quasiparticles generate no
statistical phase since all quasiparticles are electrons. Their Coulomb field is efficiently screened by
the top gate.

Instead, the explanation is likely due to Coulomb interactions between the counter-propagating
edges across the point contacts. These are the regions, where the edges approach each other closely,
and screening may be unable to suppress electrostatic forces. In this Section, we propose a model
to account for that effect. Another crucial part of the explanation involves energy dissipation at the
contacts. Such dissipation is irrelevant in the previous Sections since we assumed a low tunneling
current. The experiments at v = 1, however, were performed in the regime of strong tunneling,.

We start with a review of the exact solution in the absence of interactions. We consider right- and
left-moving channels with the same velocity v. Consider first a single scatterer that allows electron
tunneling between the channels. The scatterer is characterized by its reflection and transmission
coefficients. The coefficients establish a relation between the incoming right- and left-moving waves
Yr— and Y14+ and the outgoing waves g and ¥r_. Similar to our approach to the two-channel

problem, we consider waves of each frequency separately. A general relation between the incoming
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Figure 3.17: Plots of the Fourier amplitude of the interference contribution to the differential con-
ductance at v = 1. (a) without heating; (b) with heating. The temperature is represented with a
dimensionless quantity © = Ta/hv.

(wm(w)) _ ( t ) (wR_«u))’ (3.101)
) - t) \Yr+(w)

where t and v are complex amplitudes and w is the energy. 7 = |t|? and R = |t|? are the trans-

and outgoing waves is

mission and reflection coefficients for a single contact. For a geometry with two point-contacts, the
transmission coeflicient is
2)¢ 12
|t2]*[ta]
1+ [v1]2[e2? + (v1rhe2iwa/v 4 pivge—2iwa/v)’

T(w) = (3.102)

where a is the distance between the two point-contacts, and indexes 1 and 2 refer to the two contacts.

When a source-drain bias voltage V' = V; — V,, is applied on the two edges, we again use the
dimensionless quantity 7 to describe the asymmetry of the bias, so that the voltage V; applied to
the right-moving channel is (217 4+ 1)V/2 and the voltage V,, applied to the left-moving channel is
(2n — 1)V/2. At a finite temperature T, the total current is

I= Py 2n — Nw; /2 - , 1
e/_oo 27rT(w+( n—Lws/2) oo 1 o g1 (3.103)

where 3 = 1/T and w; = eV. The tunneling current is I+ = (e2/h)V — I.

Below, we focus on the special case motivated by the experimental setup in [76]. We consider
the completely asymmetric case, where n =1/2, i.e., V3 = V and V,, = 0. The total differential
conductance takes a simple form,

a9l

62 0 dw
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where f = 1/(e#“~“7) 4 1). We also focus on the situation of half transmission, hence the trans-
mission and reflection coefficients for a single contact satisfy the following relations: [t;|? = |t2|> =
[t1]? = [v2f* = 3, and

1 )
el = Ee—z(tPO"l"PAB), (3.105)

where g is the relative phase of I'y and I's, and pap is the AB phase. The transmission coefficient

is reduced to .

~ 5 + 4 cos(—po — paB + 2wa/v)’

T (w) (3.106)

Using these equations, it is easy to find that the current is periodic in w; with a period of 27v/a(2n+
1). The plots of the Fourier amplitude (with respect to pap) of the differential conductance are
given in Fig. 3.17(a). It is clear that the amplitude of the interference current oscillates with respect
to wy with a period of mv/a.

This exact result was obtained by ignoring the Coulomb interaction across the point contacts.
The interacting problem is no longer exactly solvable. An important consequence of interactions
is that they lead to dissipation effects, which come into play if one works beyond the lowest order
in the backscattering at the constrictions. In particular, the tunneling of one particle across a
constriction can lead to particle-hole excitations in the adjacent edge channels, which may reduced
the interference signal in a manner similar to an increase in temperature. Here, we provide a
rough estimate of these effects with a simple model. We use a non-interacting model at a higher
temperature to describe the interacting case, with an effective temperature chosen self-consistently.

The heat power W due to the tunneling current is I7V. We assume that a portion r of the
heat power is absorbed inside the interferometer. This heat power rIrV leaves the device along
the edges. The heat current along the edges is quantized at 7r2l~9123T12 /6h per channel [55], where T}
is the effective temperature. The thermal energy, brought into the interferometer by the incoming
edge channels is set by the ambient temperature 7. We thus arrive to the following energy balance
equation,

m2k% ItV

6h 2’

where a 2 in the denominator comes from the fact that the energy is equally absorbed by the upper
and lower edges. Combing Egs. (3.103) and (3.107) and recognizing § in Eq. (3.103) as i/T}, one

can self-consistently solve for the tunneling current I for any given set of T', V', and pap, therefore

(T~ 1) =r

(3.107)

finding the conductance and its Fourier amplitude. The plots are shown in Fig. 3.17(b). They
resemble the curves obtained from a recent experiment with graphene [76].

We see that the Fourier amplitude in Fig. 3.17(b) decays with increasing source-drain voltage,
unlike for the non-interacting case. We note that a similar decay of the interference signal would
be expected for interacting systems with multiple edge modes, if one goes beyond the limit of weak
backscattering considered in earlier sections of this chapter. This effect would be present in addition

to the effect of the fluctuating charge on the inner loop.
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3.7 Summary

In the main part of this chapter, we have used bosonization methods to study nonlinear behavior of a
quantum Hall Fabry—Pérot interferometer at finite source-drain voltage, in cases where the quantum
Hall state contains two modes propagating in the same direction. Important examples are when the
bulk filling factor is ¥ = 2/5 or v = 2. We focus on the situations where the constrictions defining the
interferometer region are either slightly pinched off, so that the inner mode is weakly backscattered
while the outer mode is completely transmitted, or where the constriction is pinched off to an extent
that the inner mode is completely reflected while the outer mode is weakly backscattered. These
analyses were confined to situations where the interfering channel is only weakly backscattered,
because situations with stronger backscattering are difficult to treat using the bosonization approach.
In Section 3.6, however, we examined effects of intermediate backscattering in an exactly solvable
model [35], with non-interacting electrons and only one edge mode, at v = 1.

The most interesting and challenging cases involve tunneling between the outer edge modes in
devices where the inner mode forms a closed loop. In contrast to the tunneling between inner edge
modes, these cases involve a nontrivial scattering process for bosonic edge plasmons between the
opposite edges of the device. After the scattering problem is solved, however, the residual tunneling
of quasiparticles can be treated perturbatively in the weak-backscattering limit. If the edge modes
are not too strongly coupled, we find resonance features in the I-V curves at low temperatures,
which emerge due to resonance states of plasmons on the closed inner channel. The resonances
contain information about the velocity of the inner edge mode. A quantitative analytic theory of
the resonances is possible in the limit of weak intermode interaction.

Previous investigations [51] have considered the theory for interferometers at v = 2, with strongly
coupled edge modes, in the limit where the fast mode velocity is taken to infinity. Here we have
extended the theory to the physically realistic case of finite edge velocities. We have also addressed ef-
fects of asymmetrically-applied voltage bias, since this is relevant for recent experiments in graphene
[76]. Another novel effect addressed in this work is weak tunneling between co-propagating edge
channel. While the leakage current through the inner closed loop is negligible in comparison with the
total current through the interferometer, the long-term memory of tunneling events has a dramatic
effect on the tunneling current at high voltages. Most importantly, the interference contribution to
the current rapidly decays as a function of voltage in agreement with experiments. We have only
addressed the memory effect at zero temperature, and an extension of the theory to finite tempera-
tures would be important. Indeed, we find that many features of the -V curve are highly sensitive
to the temperature in the model without tunneling between co-propagating channels.

Given the role of efficient screening in the seminal experiments [70, 75] at ¥ = 2/5, we have
studied a model where the quantum Hall layer is Coulomb-coupled to a parallel electron layer with
high conductivity. Due to effects of the applied magnetic field, we argue that the screening layer
should be well represented by an extra chiral edge channel, coupled to the two edge channels of the
quantum Hall liquid. The predicted I-V curve exhibits a rich set of features at low temperatures,

though most features are suppressed as the temperature increases.
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Because the calculations described above were done in the limit where the interfering mode
is weakly backscattered, there are no effects analogous to heating as the applied voltage becomes
large. For the non-interacting model with finite backscattering studied in Section 3.6, there is also
no heating because of the absence of interaction effects. Indeed, one finds for the non-interacting
model that the interference amplitude does not decay at large source-drain voltage but behaves as
a periodic function of the applied voltage. In Section 3.6, we make a qualitative estimate of the
effects of heating that should occur when interactions as well as strong backscattering are taken into
account, which also should be applicable to cases where several propagating modes are present.

Interesting experimental data have arrived for nonlinear transport in multi-channel quantum
Hall interferometers, and new experiments are being performed. We expect that new data, espe-
cially at low temperatures, will provide an opportunity for fruitful comparison with the theory. We
predict resonance features in the weak coupling regime at v = 2/5, but the temperature was not
sufficiently low to observe them in the recent experiment [75]. At the same time, our prediction of
rapid suppression of interference at a high voltage bias even for weak tunneling at v = 2/5 agrees
with the data [75]. The focus of our theory at v = 2 is on weak tunneling that can be treated
perturbatively. At the same time, the experiment [76] focuses on the 50% transmission regime, and
lower transmission is required for comparison with our work. Fortunately, the experimental regimes

needed for comparison with this chapter are within reach.



Chapter 4

Conclusions

Electronic interferometers are powerful tools to probe fractional statistics. Recently years have
seen major experimental breakthroughs in the observation of fractional statistics in FQH states
using interferometers. These include the following experiments: Fabry-Pérot interferometers that
directly measure the braiding phase at filling factor v = 1/3 [70] and v = 2/5 [75]; a Mach—Zehnder
interferometer that shows the interference and braiding of anyons with a v = 1/3 edge mode in the
v = 2/5 bulk [74]; Fabry—Pérot interferometers that demonstrate the fractional statistics at filling
factor v = 1/3 through telegraph noise [77, 78].

We have achieved huge success in this direction, but some challenges also emerge. First, most
experiments were performed with a single v = 1/3 edge mode and obtained nice results. This is not
surprising since the quantum Hall interferometry is known to be robust when there is only one chiral
edge mode, and the phase measured is related to the total charge inside, which is also fractionalized
for Laughlin states [56]. However, compared with the case of a single-channel interferometer, the
data collected for a two-channel interferometer are vague and hard to interpret. In Chapter 3, we
address some subtleties in the electronic Fabry—Pérot interferometers with multiple edge channels.
When quasiparticles on the outer mode tunnel, the closed loop formed by the totally reflected inner
channel and the quasiparticle number fluctuations on the inner channel are important factors that
affect the behavior of the measured current at a finite bias voltage. Still, there are other subtleties
that remain open to us.

Second, there is no direct way to probe charge neutral excitations in quantum spin liquids using
electronic interferometers. The thermal interferometers proposed in Chapter 2 of this thesis can
overcome this challenge. By combining the results from thermal Fabry—Pérot interferometers and
thermal Mach—Zehnder interferometers, we can see unique signatures of fractional statistics in an
arbitrary system with non-trivial topological order, no matter whether the system is charged or not.

Last but not least, an exact solution cannot be obtained when the electronic quantum Hall
Fabry—Pérot interferometer is operated under its optimal regime at fractional filings. In one of our
works that is not included in this thesis, a new interferometer geometry is proposed and it admits a

simple yet exact analytical solution under any regime [103]. This new geometry combines features
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from both the Fabry—Pérot geometry and Mach—Zehnder geometry, and allows probing the fractional
statistics of FQH states in the Jain sequence with v = p/(2p + 1).

To conclude, the study of interferometers in topological liquids is entering a golden age right now.
Interferometer experiments that explore more kinds of topological systems are expected to unveil
the fractional statistics in these systems for us. We hope the work presented in this thesis will serve
as building blocks for future theoretical and experimental investigations of fractional statistics and

topological orders in topological quantum liquids.



Appendix A

Measurement of the heat current

Figure A.1: Chiral quantum Hall edges 1 and 2 enter a piece of metal, and channels 3 and 4 exit it.

We assume that the heat current J is carried from the contact point of Kitaev and quantum Hall
(QH) edges by the QH edge that exchanges heat with the magnetic material. We label that QH
edge as edge 1. The heat current J can be measured with a high precision with the method from
Refs. [82, 98]. Edge 1 is absorbed by a small piece of metal (Fig. A.1) which also absorbs edge 2 in
equilibrium at the ambient temperature Ty. Edge 2 carries the heat current J; = K TO2 /2 into the
piece of metal, where K is the quantized thermal conductance of a QH edge. Two chiral edges (3
and 4) emanate from the piece of metal. Their temperatures equal the temperature T, of the piece
of metal. Hence, they carry the total heat current J, = 2KT?2 /2. From the energy conservation,
J =J, — J;. Hence, J can be found from the known temperature Ty and the temperature T;,,. The
latter temperature can be determined from the low-frequency electric-current noise on edge 3. The

noise is defined as

S = lim / " (I (8)I(0) + I (0)I5(8)) expliwt), (A1)

where I3 is the electric current. The noises on the other edges have similar definitions. According

to the fluctuation-dissipation theorem, the noise Sy = 2GTy, where G is the quantized electrical
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conductance of a QH edge.
The incoming currents I; and Iy are uncorrelated. This does not hold for the currents Is and Iy.

The currents I3 4 can be represented as

I, = I+ GV, (A.2)

where I is the “Nyquist” contribution which alone would produce the noise 2GT,,. It describes
thermal fluctuations and results from the Gibbs distribution for the outgoing electrons. The second
contribution is due to the voltage fluctuations 6V in the piece of metal. The voltage fluctuations

can be found from charge conservation:

2GSV +1I3 +I] =1 + L. (A.3)

Since the currents I, Io, Ig ,and IT are uncorrelated, computing Ss is straightforward. An amplifier,
measuring that noise, is always connected with another chiral channel at the ambient temperature
To. Thus, the observed noise
S 5
S=Gﬂﬁ~f+§G%, (A.4)
where S; can be measured separately.

Equation (A.4) allows computing the heat current J. In general, this heat current differs from
the heat current Jys flowing from the interferometer along the edge of a Kitaev magnet. Fortunately,
the absolute value of Jy; is of little interest. In the presence of anyons in the interferometer, the heat
currents Jys and J acquire corrections, proportional to I‘iz. Information about fractional statistics

can be extracted from the comparison of the corrections in different configurations.



Appendix B

1) tunneling

Here we compute, in the leading order, the tunneling thermal current in a two-constriction Fabry—
Pérot interferometer with single-Majorana-fermion tunneling from one edge of the spin-liquid to the
other edge of the same spin-liquid, see also Ref. [87]. Several equations from this appendix are used

in the calculations presented in Appendix C. The full Hamiltonian for the system is given as,

v (L2
- = dw[—i ST RUNERIE SOVR, YRS ] + Hr. (B.1)
T J_L/2

where Hr is the single-Majorana fermion tunneling Hamiltonian at the quantum point contacts.
The geometry of the Fabry—Pérot interferometer is shown in Fig. 2.3(a). The subscripts 1 and 2
on the Majorana fermion field 1) denote the two edges of the spin liquid. We work in the L — oo
limit and impose the periodic boundary conditions 1, (z) = ¥,(x + L). The edges have different
temperatures T3 5. The free field Hamiltonian can be diagonalized by working in the Fourier space,

defining,

2T .
Pr(x) = /= ) e* g, (B.2)
1= ETe.
2T :
Pa(x) =4/ = ) e * . (B.3)
o) = T S

We first compute the Majorana-fermion two-point thermal correlation function,

27T IR(T—V - € 27.‘- IR(T—V —KE€ (Sk
(16, 092(0,0) = T3 0T ) = E:e’“ Vet ity (BY)
a
ik(z—vt+tie) T
L—oo € iy
— [ d =— . B.
/ e—Bvk 41 vsin[inTy(z/v — t + i€)] (B-5)

The expression for 1, is similar with a different temperature. The tunneling Hamiltonian is given

as,

Hr = —iT19a(x1, t)h1 (21, 1) — il2tpa(x2, t) 1 (2, 1), (B.6)
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where z; is the location of the ith constriction (see Fig. 2.3(a)), and T'; is its real tunneling amplitude.

Using the equation of motion, we can identify the tunneling current operator as,

I (t) = iT1o (21, 1) 01 (x1, t) + iToha (22, t)Dpthr (22, t), (B.7)

where the time derivatives are computed from the edge theory without tunneling. An easy derivation
consists in computing the commutator of the tunneling Hamiltonian with one of the edge Hamilto-
nians. We now use perturbation theory to compute the average thermal current to the first non-zero

order in the tunneling amplitudes,

()= =i [ at [T3(a(o1,D00s (@1, ), Yalan, (o, )

—0o0

+ T5([pa (w2, 1)Bytp1 (w2, 1), ha (2, ' )ih1 (22, 1))
+ T1T (([th2 (21, 1) Opthr (21, 1), Yo (2, )91 (2, 2)])
+ ([2(w2, 1) Osth1 (€2, 1), 2 (1, )t (21, t')]))] ; (B.8)

where the first two terms correspond to the independent single constriction contributions, and the
last two terms are the interference terms between the two constrictions. Therefore, we can write the

total thermal current as comprised of the non-interference and interference terms,

(Ir) = 3 () + (In)™. (B.9)
j=1,2

In the following two subsections, we individually focus on the non-interference and interference
contributions. Note that the non-interference contribution (Iﬂ%‘;mnt corresponds to the 5" con-
striction, 7 = 1,2 and is exactly what we obtain when we consider a single constriction geometry as
shown in Fig. 2.2. Therefore, the thermal current in the single constriction case can be found as the
non-interference part, corresponding to one of the tunneling amplitudes I';, of the full calculation
that is presented in this appendix.

Our calculations assume that the two edges of the interferometer remain in equilibrium at the
temperatures of the sources. This assumption is legitimate for weak tunneling despite the nonequi-
librium nature of tunneling transport, if the average time between two consecutive tunneling events
is much longer then the travel time along the edges between the two constrictions [39]. See a detailed
discussion of the validity conditions for the perturbation theory in Ref. [39]. Note that the physical
situation is different from Ref. [104], where a strongly nonequilibrium edge state emerges due to the
coexistence of counter-propagating channels of different temperatures on the same edge. In our case,
the temperatures of the drain and source connected to the same edge are approximately equal.

Some topological orders allow counter-propagating edge modes on the same edge. Then equi-
libration processes on the edge change slightly the edge temperatures at small I';. This effect is

irrelevant in the lowest-order perturbation theory.
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B.1 Non-interference term

We first compute the non-interference terms. We use the above derived thermal correlation functions,

in which we set v =1,

7T
(Y1(x1,t1)h1 (22, t2)) = e Y P o —— (B.10)
(Y2(@1, t1)a (w2, t2)) = ks (B.11)

sin[rTy(e + ity — t2 + &1 — 2))]

Plugging these into the non-interference contribution (I7)2°"" to the thermal current due to the

FJ
-th . . b . h .
7% constriction, we obtain the expression,

(IT>??n—int _ 1-\? /_t dt/l (7TT2)(7TT1)2 COS[’/TTl(E + ’i(t — tl))] " (t o t') , (J =1, 2)'

sin?[rTy (e +(t — t'))] sin[rTa (e + i(t — t'))]
(B.12)
Defining 7 = 7Ty (t — t') and n = T»/T}, we write the above integral as,

cos(—iT + ¢€)

oo
(IT)p" ™ = n° T Ty / dr

—oo  Sin?(—iT + €) sin[n(—iT + €)] (B.13)

Since the € — 0 limit is to be taken after evaluating the integral, to evaluate the integral, we deform

the integration contour as shown in Fig. B.1(a),

—e cos(—ir) / cos(—iT)
d d
/_oo T sin?(—i7) sin(—inT) * c T sin?(—i) sin(—inT)

+ / Y ar - cos(—ir) ] (B.14)

(Ir)p ™t = P TIN T

2(—i7) sin(—inTt)
Here C is a half-circle near the origin. Pictorially, the integration contour is deformed as shown in

Fig. B.1(a). Close to the origin, the integration variable can be defined as 7 = ee® .

N N N

' 0} " Re(r) X 0] X Re(r)

Figure B.1: Contours used to compute the integrals in Appendices B, C and E. Contour (a) is used
for the non-interference terms, and contour (b) is used for the interference terms. x is proportional
to the distance z2; between the constrictions.

On inspection, it’s easy to see that the first and the last integrals cancel out, hence only the

integral along the contour C gives a non-zero contribution,

—9 0
/dT cos(—ir) _/ &0 Tcoshr (B.15)
C T

sin?(—i7) sin(—int) sinh? 7 sinh(n7)
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Since € is small, we may use the expansion,

cosh T 1 1—n?
=+ —— + 0(7). B.16
sinh® 7sinh(nt) nT3  6nT ™ (B-16)
Using this, we evaluate the integral in the € — 0 limit,
/0 TcoshT _w(n?-1) (T} -T7) (B.17)
» sinh?T sinh(nT) 6n 61115 )

Putting the result of the integral back into the expression for the non-interference terms in the

thermal current we obtain,
. w3 (2 4+ T2
> It = T+ 1) G 213 _12). (B.18)
j=1,2

This is the contribution to the thermal current from two independent constrictions. Calculation
of the thermal current in the single constriction geometry would involve only the non-interference

contribution (Iﬂ%‘;"‘mt due to one of the constrictions.

B.2 Interference term

In the double constriction Fabry—Pérot geometry, there is an interference contribution as well, which

we compute now,

t

int _ ' (7T2)(nT1)? cos[rTi(e+ i(t —t' + z21))]
{Ir)™ =l /_oo dt Lm? [tTy(e + i(t — t' + m1))] sin[rTo(e + i(t — t' — 721))]
(nTy)(nT1)? cos[nTi(e+i(t —t — x21))]
SiIl2 [7TT1 (E + i(t’ —t— .’L'21))] Sin[T('TQ(E + i(tl —t+ $21))]

+ (-T21 — —.’1721)] .

(B.19)
Like before, for convenience, we define 7 = nTy(t — t'), x = 711221, and n = Ty /77,
; o (T 4+ x) + €] cos[—i(T + x) + €]
I\t — 27 P T / d [ cos[i(T
() Tttt 0 4 sin[i(T + x) + €] sin[n(i(7 — x) +€)]  sin®[—i(T + x) + €] sin[n(—i(T — x) + ¢€)]
+(x = —x) (B.20)
= —i(r+x) +¢
= 2FFTT/ d [ cos[—i(r - ] B.21
TR | T S 1) + simln(—i(r — ) + 9] o= =) (B.21)

The integral is evaluated using the contour defined in Fig. B.1(b). After deforming the contour

around 7 = £ as shown in Fig. B.1(b), we observe that the only surviving terms are

(IT>int = —i7r2I‘1I‘2T1T2/ dr |: — Cosh(’l"-i-x) __ COSh(T‘— X) ] |
Ci+C,  Lsinh”(7 + x) sinh[n(r — x)]  sinh®(7 — x) sinh[n(7 + x)]

(B.22)

|
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The integration variable near —x is given by n = ee?® — x, and the integration variable near y is
given by n = ee'® + x. Again, since ¢ is small, we use the series expansions to perform the integrals

and then take the € — 0 limit,

cosh T 1 1

_— — + O 7'2 5 B23
sinh?7 72 6 (™) ( )
1 1 7 3
sohr 7 3 + O(1°). (B.24)
Using these expansions, we arrive at the expression,
: h(27T: h(27T;
(Ip)™ = 2737, T [T% cosh@rToran) _ g cosh(2m ””21)]. (B.25)
sinh* (27T, 21) sinh* (27T z21)

Combining the interference and non-interference terms together, we arrive at the expression for the

thermal current,

(T +13)
6

o cosh(27Tozo1) 2 cosh(27Tz21) ]

T2 _ T2 4 200 T [T B.26
(T3 1) 2 2sinh2(27rT2$21) " sinh® (2771231 ( )

(Ir) =



Appendix C

Y0z tunneling

In this appendix, we compute the tunneling thermal current between adjacent spin liquids as dis-
cussed in the main text in Sec. 2.3. Note that the calculation for the single constriction geometry,
as discussed in Sec. 2.3.1, corresponds to the non-interference part (I7)R°""¢ (here I'; =T) of the
full calculation in the double constriction Fabry—Pérot geometry which we present in this appendix.
We set the edge velocity v = 1. Therefore, the final answers should be divided by v®. We rely on
Green’s functions, computed in Appendix B.

From perturbation theory and the expression of the tunneling thermal current operator, Eq. (2.17),

the leading contribution to the tunneling thermal current is

e T (T + i€)] 1
Ir(t)) = —4(T? ﬁgﬁw/ coslinT
Ur(t) = AT I, | 47 Sl (r + ie)] sindin T (7 + )]
o0 Ty (T + x + i€)] 1
— 41T %%4/ gr <l .
152 St oo T sin® [inTy (T + x + i€)] sin[inTo (T — x + i¢€)] +( X)
(C.1)
=M@%H%ﬁﬁﬂ/mmﬁwvﬂ“+M] L
thoe 72 ) sinh® [7T1 (1 + i€)] sinh*[7 Ty (7 + i€)]
+Mﬂbﬁﬁﬁ‘/thmﬂﬂwﬂw+M] I + (= —x)|,
—oo  sinh’[7Ty (T + x + i€)] sinh*[7To (T — x + i€)]

(C.2)

where x is the distance between the two tunneling contacts divided by v. We assume x > 0. We
redefine the variables for convenience, n = 7Ty7, A = T2 /T, and x — 7T x. This gives,

o0

coshn 1

It=@ﬁ+ﬁﬁﬂ#/
{Ir () Iy 2T T oo 77sinh5(7; + i€) sinh4()\17+ie)
/°° dr cosh(n + x) 1

+ 40, Ton Ty Ty
e sinh®(n + x + i€) sinh* (A — Ay + ie)

+(x— —x)] . (C3)

This expression consists of the non-interference contributions due to each of the constrictions inde-

pendently, and the interference contribution. Therefore, the total tunneling thermal current can be
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written as (I) = 5, o(I7)P"™ + (I7)™*, where the non-interference and interference contribu-

tions are given as,

I )Ron-int — 4iI‘2-7r8T4T4/ cos i=1,2, C.4

Tt a2 M S (g + de) sinb® (g + d€) J (©4)
- . oo h(n + x) 1

Ip)it = 45T Ty STATE / dr—% +(x—=-x)|. (C5

() 12 —oo  sinh®(n+ x + i€) sinh4(>\17 — A\x + i€) (x X) (C5)

In the following two subsections, we focus on the non-interference and interference contributions
separately. Note that the non-interference contribution (Iﬂ??mint corresponding toeach I';, j = 1,2,
is exactly what we obtain when we consider single constriction geometry between two different spin
liquids. Therefore, the thermal current in the single constriction case, as discussed in Sec. 2.3.1, can
be found as the non-interference part, corresponding to one of the tunneling amplitudes I';, of the

full calculation presented in this appendix.

C.1 Non-interference term

First we consider the non-interference contribution (Eq. (C.4)) to the tunneling thermal current. It

can be rewritten as,

(™ = AT T T /_Z an sinh® (n + ice(;ss}ilx?h‘*()\n + i€) (C6)
= 4Ty /_; e (:7(;8:11:114(,\77) * / K sink® (jyc;s:ilr?h‘l()\n)

R M] ©

— 4iT3STHTS /C dn— (j;;S:ilx?h o (C.8)

where j = 1,2. Here, the integration contour is deformed as shown in Fig. B.1(a). Close to the

origin, the integration variable can be written as 7 = ee?®. Since € < 1, we expand the integrand,

coshp 14108 —1)  62(A*—1) 0
=t = +0(n°). C.J9
sinh® (1) sinh () n [ 2835 X¢ | 2835 A2 ) (G9)
All the terms in ... contain negative odd powers of 7, and since dn = iee’?d#, on integration from 7

to 0, these terms give zero. The only non-zero contribution comes from the 1/n term. This allows

us to perform the integral and take the ¢ — 0 limit, and we thus obtain,

non-in 1
> (Ip)peret = 4n®(T] + F%)ﬁ[zll(Tzs —T®) + 62T2T3 (T4 — TP)). (C.10)

=12

This is the non-interference contribution to the thermal current due to two independent constrictions.

The results discussed in the main text in Sec. 2.3.1 correspond to (Iﬂ%?n‘i“t where I'; is set to I'.
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C.2 Interference term

We now look at the interference contribution to the tunneling thermal current, Eq. (C.5); this is

given as,

. o h 1
<IT>1nt — 4ZF1I127T8T14T£1 / d’l] COS (77 + X)
—00

+
sinh®(n + x + i€) sinh* (A — Ay + i€)

(x = —X)] . (C.11)

The contour can be deformed according to Fig. B.1(b) and the integral rewritten as,

x—e
<IT>int — 4ZF1I‘27T8T{1T§ / d COShs('r] + X) . 1 / d COShs("] + X) . 1
oo sinh®(n + x) sinh*(Ap — Ax) Jo, sinh®(n + x) sinh®(Anp — Ax)
X—€
+/ i czoslg(ner) _ 1 +/ dnczoslg(ner) _ 1
—x+e sinh®(n+ x) sinh®(An — Ax) c, sinh’(n 4+ x) sinh®(An — Ax)

°  cosh(n+ x) 1
+ d +(x—==-x)|, C.12
/x+e nsinh5 (n + x) sinh*(A\n — Ax) & x) ( )

where the contours C; and Cs represent respectively the integration variable going over the upper
half-plane near —y with = ee’’ —y, and similarly the integration variable going over the upper half-
plane near y with = ee?’ + x. The integrals are evaluated using the contour shown in Fig. B.1(b).

Rearranging these integrals allows the cancellation of a few terms, and we are left with,

(I7)™ = 440\ Ton® T} Ty

/ d cosh(n + x) 1
¢, sinh®(n + x) sinh*(An — \x)

cosh(n + x) 1
+ d + X —=>—x)|- C.13
/02 7 b (n + x) sinh* (A — \x) x X) ( )

We now use the following expansions to compute the above integrals,

1 _ 1 _ 4ee® cosh(2x) €2e?¥ [10 cosh?(2x) 3 2]
sinh*(ee? +2x)  sinh*(2x) sinh®(2x) sinh*(2x) | sinh?(2x)
|4 [15 cosh®(2x) 7c0sh(2x)]
3sinh*(2x) | sinh®(2x) sinh(2x)
etet? 105cosh*(2x)  80cosh?(2x)
+ . 14 . 14 - )
3sinh®(2x) L sinh*(2x) sinh*(2x)

+ 7] + O(€). (C.14)

Similarly, we have,

cosh(ee® +2x)  cosh(2x) 0 [ 1 3 5c0sh2(2x)] 2,20 [7cosh(2x) _ 15cosh®(2x)
sinh®(ee? +2x)  sinh(2x) sinh*(2x)  sinh®(2y) sinh®(2x) sinh” (2x)
e3e3i? [80 cosh’(2x) 105cosh*(2y) 7 ] )

C.15
3 sinh®(2x) sinh®(2x) sinh*(2x) (C.15)
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Using these, we find the interference contribution to the thermal current,

(IT)"™ = 4T Don Ty

/ ’ dfiee® LI + O(e) 1
. €259 3e3edif sinh*(\eei® — 2)x)

0 o cosh (ee® + 2x) 1 2
dfiee’? — — _ 4+ O(e°
—i_/7r ree sinh® (eet® + 2x) [64>\4e4“’ 3e2)\2¢2i0 +0(e )]
0 o cosh (ee?® — 2y) 1 2
dbieet? — — ‘ 0
+ /7T tee” (ec?® — 2) [64 Nelif — 3¢2)202i0 +O(e )]

0 ) 1 1 1
dBice® G ’ C.16
-|-/7r vee |:€5e519 33310 + (6)] sinh4()\€6w +2Xx) ( )

Now we observe that all the terms with negative odd powers of € give non-zero contributions, since

we integrate from 7 to 0 (even powers of € come with e?™9 that gives zero on integration unless
n = 0). The term of order € will also give a non-zero contribution. All positive powers of € vanish
since we take the € — 0 limit at the end of the calculation. We need to make sure that the remaining
e-dependent terms with odd negative powers cancel out so that in the ¢ — 0 limit, the integral
remains well behaved. Indeed that happens since in Eq. (C.16), we note that in the first and fourth
integrals (and similarly the second and third integrals), the negative odd powers of € terms come
with opposite signs, which is how they cancel. Out of all these, the only remaining terms that give

a non-zero contribution are e®-order terms,

0 4 4 2
(r)i™t = A / 0i 24)\ [105 coih (2\x) 80 COS;I (22x) 7]
™ 3sinh®(2Ax) L sinh®(2Ax) sinh”(2\x)
0 2 2
_/ dﬁig i\ |:10 COS? 2x) 2]
~  3sinh*(2X\x) | sinh®(2\x)
O  1[80cosh?(2x) 105cosh*(2x) 7 2
+ | doig 6 - 8 - 1 b
~ 3| sinh®(2y) sinh®(2x) sinh*(2x) | A
0 2
- / dt%[ L Doosh (2X)] s (C.17)
x sinh*(2x)  sinh®(2x) | 3A

where we defined A = 4iI'\Ton®T T for convenience. This integral can now be computed to give,

; 22 1 h*(2 h?(2
()™ = 4T, Tn T4 T A [ 05cosh™(2Ax) 80 cosh”(2Ax) 4 ]

3sinh*(2\x) | sinh*(2\x) sinh?(2\x)
N 2)\2 [2 10 cosh2(2)\x)]
3sinh*(2\x) sinh?(2)x)
2 105 cosh*(2x)  80cosh?(2x)
~ 3\%sinh? (2x) [ sinh*(2x)  sinh? (2x) ]

- = [2 - Hcosd 2(2x)] ] (C.18)
3A2sinh*(2x) sinh”(2yx)
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Plugging back the values of x and A gives,

()™ — 8 [\Tpa® T$ 105 cosh (27Tpx1) 80 cosh® (2T ) 7]
3 sinh4(27rT2:1:21) Sinh4(27TT2I21) Sinh2(27l'T2I21)
T2TS [, 10 cosh2(27rT2ac21)]
sinh4(27rT2m21) L sinh2(27rT2x21)
B TS 105 cosh®(2rTh@51) 80 cosh? (2 Tiaa ) 7]
sinh4(27rT1 .’II21) L sinh4 (271'T1.'1721) sinh2 (271'T1.'L'21)
B TST2 [, 10 cosh2(27rT1x21)] (C.19)
sinh4(27rT1 z21) L sinh? (27T1z21) ’ '

Finally, combining the interference and non-interference contributions to the thermal current

gives the total tunneling thermal current,

4
(I7) = n°(T% + rg)%m(T; —T) + 62T2T3(Ty — T1)] + grlrmf’ [
+ T2TS csch* (2n 1) [2—10 coth2(27rT2x21)]
— TPT3 csch* (27 Ty 321) [2 — 10 coth® (27T 721)]

+ T28 csch4(27rT2x21) [105 coth4(27rT2x21) —80 coth2(27rT2:c21) + 7]

-T8 csch4(27rTla:21) [105 coth4(27rT1w21) —80 coth2(27rT1x21) + 7] . (C.20)

We now analyze this expression by varying X; = 2rT122; /v at a fixed ratio n = T5 /T3 (Fig. C.1(a)),
and then by varying the ratio of the temperatures at a fixed X; = 2nT1x9; /v (Fig. C.1(b)). If the
two edges of the spin liquids are maintained at constant temperatures, the parameter X; is controlled
by the distance between the two constrictions z2;. We also see from Fig. C.1(a) that as X; — 0,
at I'; = I'y, the tunneling thermal current equals twice the non-interference contribution (Iﬂ?"“‘int
indicated by the broken line in Fig. C.1(a).
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Figure C.1: Thermal current between two spin liquids when I'; = I'; = I". (a) Variation with X3
at a fixed temperature ratio. The broken line shows the value of 2(I7)2°™». (b) Variation with

n = Ty /T shows the expected monotonic behavior.



Appendix D

Decomposition of correlation

functions of Ising fields

In this appendix, we demonstrate how the correlation functions of the fields defined on two edges
can be decomposed into the product of two correlation functions of the fields on the same edge. To
achieve this, we assume that the two edges are connected by a long section of length L. We will
take this length to be infinite to achieve the decomposition.

The tunneling operators create two excitations that fuse to vacuum on both sides of the con-
striction at zy. Since Ising anyons are their own antiparticles, the form of the tunneling operator at

the times ¢ and ¢ is

T12 = Ug(xo,t)al(xo,t) (Dla)
Tzy = oa(zo,t)o1(2o,t'), (D.1b)

up to a constant factor ~ exp(—im/16). The subscript on the Ising field corresponds to the edge
on which it is defined, and since the two edges are assumed to be connected, the two fields can be
written in terms of each other as g2(zo) = 01(L — x¢). Notice however, this is well defined only in

the L — oo limit. We use the following coordinates,

up = t—ux (D.2a)
wp = t—(—mo+L) (D.2b)
ug = t' —=z (D.2c)
ug = t' —(—zo+1L) (D.2d)

and assume that the edge velocity v = 1. In this convention, the four-point functions can then be

computed using the relation [25]

5 1 213224 1/4 214223 1/4
(T12T54) =5\ 32z + | —— ) (D.3)

212223234214 213224212234
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where z;; = sin[nT (e + iu;;)]/7T, and u;; = u; — u;j. Notice that when we take the L — oo limit,

the first term drops out and we arrive at the expression,

1 /8 (Sinh(7r T'u14) sinh(rT'uzz) etr/® (D-4)

1/8
(T12T34) ~ —= 78\ 5 : ) Lo,
V2 (z13224) sinh(7Tu12) sinh(7Tu34) V2(213224)1/8

We now notice that the final expression, after taking the limit, can be written as a product of

two-point functions defined on one of the edges, Eq. (2.25). Therefore,
im/8
V2

The choice of the branch in the above formula is dictated by the hermiticity of the tunneling operators

(o2(x0, t)o1(T0, t)o2(T0,t' )01 (T0, ') = € (o2(z0, t)o2(z0,t'))(01(Z0, t)01(T0,1'))- (D.5)

~ exp(—im/16)oe0;1. Indeed, the average of the square of a tunneling operator must be real and

positive.



Appendix E

o tunneling

In this appendix, we compute the thermal tunneling current due to Ising anyon tunneling at two
point contacts at z; and x2 in the Fabry—Pérot geometry (Fig. 2.3 (a)). The single constriction
calculation is the non-interference part (IT)ﬁg?n'i“t of the full calculation presented in this appendix
with contributions from only one of the tunneling amplitudes I';, 7 = 1,2. We assume identical
distances between the tunneling contacts along the two edges and identical edge velocities on the
two edges. Since the result depends only on the sum of the edge lengths (Appendix I), the first
assumption can be easily removed.

In the calculation, we assume that the interferometer confines a trivial topological charge. We
generalize to an arbitrary confined charge in the main text.

The full tunneling Hamiltonian is given by,
HT = e_i”/IGI‘laz(:cl,t)al(xl,t) + 6_1;7‘-/16].—‘20'2(.’1'}2, t)O’l((EQ,t). (E].)

We define the current operator using the Heisenberg equation of motion,

OH ) .
1= 85— = ), =

where H; and Hy correspond to the free field Hamiltonian (2.1) defined on the left- and right-moving

edges respectively. From here, we identify the current operator as,
Ii(“l) = —e "/ 1T 09 (z1,t) 0401 (21, t) — /1O 209 (2, t) D01 (22, t), (E.3)

where all Heisenberg operators are defined in terms of the edge Hamiltonian without tunneling. Using
perturbation theory, we obtain the expectation value of the thermal current due to the tunneling,

to the lowest non-zero order,

(I () = i / L @), He(©). (B-4)

—00
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Inserting the operators into the above expression gives,
t
(I (t)) = ie~i/® / dt’ [r§<[02(w1,t)atal(xl,t),@(xl,t')al(xl,t')p

— 00

+F§< [0’2 (.’112, t)8t01 (.’L’Q, t), 0'2(.’1)2, t/)O'l (.’112, t/)] >
41T ([02(71,1)0e01 (71, 1), 0222, )01 (22, 1)])
+T1To([o2(22,1)0s01 (22, 1), 02 (21, )01 (1, 1)] )] . (E.5)

From here we see that the thermal current is composed of non-interference and interference contri-

butions, (IT) =, j:1,2<IT>%§?n‘int + (I7)™™t. The thermal correlation functions are

_ (7TT1)1/8

<Ul (xl’ tl)gl (x2’ t2)> - sinl/8 [7TT1 (6 + i(t1 —to + 29 — xl))] (EG)
7Ty)/8

(0a(@1, t1)0a (w2, £2)) = (rT2) (E7)

sinl/s[ﬂ'Tg(e + i(tl —to+x1 — xz))]

and, of course, the cross-correlations go to zero in the L — oo limit (Appendix D). To simplify
notations, we set v = 1. In the following two subsections, we separately focus on the non-interference

and interference contributions.

E.1 Non-interference term

Using the above correlation functions and the results of Appendix D on the four-point correlation

functions, we first compute the expression for the non-interference contribution (5 = 1,2).

wonint _ L3 1 [ ()T cosrT (e + it — t)]
WD = 8v/2 /_oo at Ling[le(e—i—i(t—t’))] sin [Ty (e + i(t — t'))]
(7Ty) % (wT1) & cos[xTy (e +i(t —t))]
sin® [Ty (e + i(t' — t))] sin® [7 Ty (e + i(t' — t))]

] . (E.8)

Defining 7T (t — t') = 7 and n = T» /T3, we can simplify the above integral,

) I?2 . - . i
(Ir)pe™t = ——Z(7Ty) 3 (nT3)® / dr 5 cos(ir -il_ €) _ cos(—iT 1+ €)
i 8v/2 oo sins (i7 + €) sin® [n(i7 +€)]  sins (—i7 + €) sin8 [n(—i7T + €)]
2 e .
= —L (7Ty)5 (nTe)® / dr — cos(—i7 1+ €) . (E.9)
8v/2 —oo  sin® (—iT + €) sin® [n(—iT + ¢€)]

To evaluate the integral, we deform the contour as shown in Fig. B.1(a),

oo — y B
(In)gemint = 2 (aTy)H ()’ l [ et [ dr et
C

V2 —oo0 Sin (—ir) sin® (—in7) sin® (—ir) sin (—int)

+/ ' galr cos(—iT) ] (E.10)
e sins

(—i7) sin® (—inT)
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Near the origin, the integration variable can be written as 7 = ee*®. Carefully taking the e — 0 limit

and writing the integrands in terms of hyperbolic functions, we get a phase factor depending upon

/°° dr e % coshr +/ dr cos(—iT)
¢ sinh® Tsinhé(m') ¢ sin® (—ir) sin® (—inT)

;5
*° **s cosh
/ dr e'’s cosht ] (B.11)

sinh? 7sinh® (n1)

the location on the contour,

2
(ryenint = (o) ey
J 8\/§

ool

2
non-int __ Fj 1
(Ir)p)"™ = —=(nT1)3 (nT>)

8v/2

To evaluate the integral over the contour C, we note that 7 ~ €, so we expand the integrand as,

ool

(E.12)

/°° dr 2cos(5m/8) cosh T +/ dr cos(—iT)
¢  sinh® rsinh® (n1) ¢ sin® (—ir) sin® (—inT)

cos(—iT) - — +O(rh). (E.13)

sin® (—i7) sin® (—in7) 0

Since dr = iTdf, in the € — 0 limit, higher order terms vanish. The only remaining term is

d o 1 s 0 ) 1 4
/ _dr cos( 1zT) =/ dr— _— % [ db iee® = _ 2 cos(57/8).
¢ sin® (—i7) sin® (—inT) c ns(—ir)1 ¢

1
1

(E.14)
We note that the divergence of this term cancels the divergence of the first integral in Eq. (E.12).

_ / it (E.15)

T2

We thus write it in a similar form,

a
»t:-l»-l >

Therefore the expression for the non-interference term is

i F2 P2 1 1 o0
5 gt = T (i (o) costonys) [ ar| — oD
j=1,2 ! 4v2 0 sinh8 (7)sinh®(nr) ns7T
I'2 42 .
= M(WTl)g(ﬂ'Tﬂ% cos(37/8) Fron-int (1), (E.16)

42

where we defined Fyon-int(n) as in Eq. (2.29). Note that the non-interference contribution, individu-

ally for each of I';, j = 1,2, is exactly what we obtain when we consider single-constriction geometry.
Results discussed in the main text in Sec. 2.4.1 corresponds to (I;p)%‘;n‘int where I'; is set to I of the

single constriction.

E.2 Interference term

‘We now look at the interference contribution.

it L1@2 9 [t , COS[’}TTl (6 + Z(t —t'+ $21))]
It = ——=(nT1)8(nT5)® t 5 1
) (nT1)% (T2) / lsin§ [7T1(e +i(t —t' + z21))] sin® [7To(e + i(t — ¢ — x21))]

8v/2 —o0 4
cos[rT1(e —i(t —t' + z21))]
sin® [Ty (e — i(t — t/ + 21))] sin® [Ty (e — i(t — ! — 21))]

+ (221 < —-9321)

(E.17)
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Defining 7 = 7T (t — t'), x = 711221, and n = Ty /T1, we may simplify the above integral,

R P cosle — i(r = x)]
IT m == T1 8 7TT2 8 dr 5 1
{Ir) 8+/2 (1) (nT2) /—oo [sin§ [e — (T — x)] sin8[n(e — i(T + x))]

cosle — i(T + x)]

+ 5 1
sins[e — i(T + x)] sin8 [n(e — i(T — x))]

] (E.18)

Like before, we can now deform the contour as shown in Fig. B.1(b),

I'iTy

. . —x—€ x—e oo
(Ir)™ = 122 (nTy)3 (nTy) 5 / dr I+/ dr I-l—/ dr I+/ dr I+/ drI + (x< —x)|,
8v/2 —00 c1 —x+e Cs x+e
(E.19)
where the integrand I is given as
cos[—i(T — x)] (E.20)

~ sin3 [—i(r — x)]sin® [—in(r + x)]
The integration variable near —x is given by n = ee? — x, the integration variable near x is given

by n = ee*® + x. We now look at each contribution to (E.19) individually. In particular,

—X—€ s _ [e's) —i5zm
/ dr— cos[—i(T : x)] :/ i i e ' cosh(7'1+ X) (E.21)
—o0 sins [—i(T — x)] sin® [—in(T + x)] x+e  sinh8 (7 4 x) sinh®[n(r — x)]
—x—e i o0 —i%% cosh(r —
/ dr— cos[—i(T -il- X)] =/ ir i e cos (7'1 X) (E.22)
—o0 sins [—i(7 + x)] sins [~in(T — x)] x+e  sinh8 (7 — x) sinh® [n(r + x)]
Similarly,
o0 s _ 0o Z'S?‘}r h _
/ dr— cos[—i(T : X)) =/ ir i e*’s cosh(r 1 X) (E.23)
x+e  sins[—i(r — x)|sind [—in(r + x)] Jx+e sinhs (7 — x)sinh [n(7 + x)]
0o 3 oo L
/ dr— cos[—i(T —il— X)] :/ . i el’s cosh('rl+ X) (E.24)
xX+e sins [_l(T + X)] sin® [_Zn(T — X)] x+e Sinh§ (7- + X) Sinh§ [n(T — X)]
Combining Egs. (E.21-E.24) together gives,
x—e o
le/ dT[I+(X<—>—X)]+/ dr [+ (x ¢ —x)]
—oo xX+e
< cosh(t — x)
= 2 cos(5m/8) dr 5 1 +(x < —x) (E.25)
x+e sinh® (7 — x) sinh® [n(7 + x)]
In the final expression, we make a variable shift 7 — 7 — x, giving,
* h h(r + 2
I; = 2cos(57/8) / dr 5 o8 1(T) 5 cosh(r + 2x) - (E.26)
€ sinh® (7) sinh®[n(7 + 2x)]  sinh3 (7 + 2x) sinh?® (n7)
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We now look at the integrals corresponding to path C in Eq. (E.19),

BT 0 ) —i5z
/ dr— s = x)] ~ / dicet? &> OB _ 0, (E.27)
¢, sins[—i(7 — x)] sin® [—in(T + x)] ™ sinh3 (2x)(neei?)s
. 0 ' it
/ dr . COS[ 1(T—+;X)] :/ do ieezﬂ . ?OS( 71’66 ) .
c:  sins[—i(1 + x)]sins [—in(T — x)] J= sins (—iee®?) sins [in(2y — ee?)]

0 : 1
= / df iee® —
™ (—ieei?)s sin’ (in2x)

ool

_ 1T _ — o0 1
_—er(l-es) / dr (E.28)
€
Similarly, the integrals corresponding to path Cs,

il — 0 _ il
/ dr— cos[—i(T — x)] =/ 46 i cos(—iee™)
c,  sins[—i( ™

T — x)] sin® [—in(r + x)] sin® (—ieei®) sin® [—in(2x + eeif)]

0 ' 1
/ df iee® ——
™ (—ieet?)s sins (—in2y)

i85 0
= el - df iee” ——
sinh3 (2nx) J« €sels
—ei¥ (1 —ei8) [ 1
= %—/e dTm (E.29)

o T ' ;57T h(2 .
/ dr—cos[zir + Xl N / djeci? & OS2 _ =0 (E.30)
C,  sins [—i(7 + x)] sins [—in(T — x)] 0 sinh® (2x)(neei?)s
Combining the non-zero contributions from Egs. (E.27-E.30),
—(e'F — ¥ 4 ei¥ —if) [ 1 —2cos(5m/8) [° 1
HQE/ dT[I+(X<—>—X)]= ( 1 ) dr 9/8= : l( /)/ dTW
C1+Cs sinh® (2ny) E T sinh® (2ny) Je T
(E.31)
Finally, the integrals over the interval [—x + €, x — €] in Eq. (E.19) are
x—¢ il — , x—¢ _
/ dr— cos[—i(T : x)] _ e—m/z/ dr—— cosh(x 1T) (E.32)
—x+e  sin[—i(7 — x)]sins [—in(T + x)] —x+e sinh8(x — 7)sinh8 [n(x + 7)]
X—€ . ) X—€ h
/ dr— cos| Z(T-il-X)] _ em/2/ dr 9 cosh(x +17') (E.33)
—x+e  sins[—i(7 + x)] sin [—in(T — x)] —x+e  sinh®(x 4 7)sinh? [n(x — 7)]

Clearly the sum of these two integrals vanishes. Now we combine all non-zero contributions, specif-

ically Egs. (E.26) and (E.31). Notice that the divergences are canceled out once these integrals are
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combined to give the interference contribution to the thermal current as,

cosh(7 + 2x)
sinh? (t+2x) sinh® (n1)

I'iTy

4v2

<IT>int —

(nTy)* (xT3)? cos(5m/8) /O Zar l

cosh(1) B 1
sinh? (1) sinh® (nT+2nx) T8 sinh? (2nx)
4T

=

where we defined the function Fyon-int(n,X) as in Eq. (2.33). We thus arrive at the expression for

(nTy) 3 (7 Ty)* cos(3m/8) Fins(n, x) (E.34)

the total thermal current due to anyon tunneling,

_ (nT1)3 (nTy)% cos(37/8)
(Ir) = VG

(F% + F%) Fnon—int(n) + I‘1F2 F1int (’I’L, X)] (E35)

The edge velocity was set to 1 above. Therefore the answer should be divided by v'/%.



Appendix F

Tunneling in Mach—Zehnder

geometry

The purpose of this appendix is to find the additional phase « in the Mach—Zehnder tunneling
Hamiltonian, Eq. (2.34). We will do this with three different methods, all of which produce the
same result. The first approach involves the calculation of a partition function in conformal field
theory (CFT) and will only be used for the Ising statistics. The second and third approaches will be
applied to a general case. The second method builds on the algebraic theory of anyons. The third
method uses detailed balance.

In our first approach we also use the principle of detailed balance, assuming that the temperatures
of the edges are equal. For a stationary distribution, the transition probabilities p’, satisfy the
detailed balance equations, which state that the probabilities associated to the process ¢ x a — b

and the reverse process o X b — a are related. The two probabilities are given as,

27
b __ 2 a
Pha=" EW; |(mlHr|n)[*6(Em — En)Py(T,T) (F.1a)
2
Pay = 7 3 |(nlHr|m) *8(By — En) P(T,T). (F.1b)

Notice that these two probabilities differ only by the partition functions in the Gibbs factors P2 =
exp(—FE,, /T)/Z4(T), where the partition functions are calculated in the superselection sectors defined
by the topological charge a. Now the ratio of the two probabilities in the above equations equals
the ratio of the partition functions, which can be computed using conformal field theory.

We first solve for the energy spectrum of fermions on each of the two edges. This calls for the
choice of the boundary conditions, periodic (Ramond), or anti-periodic (Neveu-Schwarz). The two

are related by a twist field operator o of conformal dimension h, = 1/16, which is precisely the Ising
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field we worked with in Sec. 2.4.1. This then leads to the following spectra in the two sectors [25]:

2
Hg = T lz ke_rer + 51 k € Z (Ramond) (F.2)
k>0
Hee — 2m ch cr — 1 k€ (Z+1/2) (Neveu-Schwarz) (F.3)
UL k>0 s |

The energy spectra in the two sectors can now be used to compute the partition functions of the
system in the fermionic, ¥, and anyonic, o, topological sectors. Notice that the above equations
correspond to only one of the edges. To compute the partition function of the full system we also
take into account the other edge independently of the first. We now calculate the partition function

of one of the edges for the v sector that corresponds to the Ramond boundary case,

Zy = Tr (e PHr) = Tx < H exp(—2nBkhy /L) exp(—27rﬁ/24L)>

kezZ+
- 1I exp(—27rﬂ/24L)(1+exp(—27rﬁk/L)). (F.4)
kez+t

For the o sector that corresponds to the Neveu—Schwarz boundary case, we get a similar expression

except that the sum runs over (Z + 1/2),

Zy=Tr(ePms)=Tr [ J[ exp (—27rﬁ(k +1/2) 1 /L) exp(2mB/48L)
kez+u{o}

- TI exp(27rﬁ/48L)(1+exp(—27r,8k:/L)exp(—7rﬁ/L)) (F.5)
kezZ+u{0}

The overall exponential factor in both partition functions is irrelevant since in the thermodynamic

limit L — oo, it gives 1. We now compute the ratio of the remaining product terms,

p= [Ticz+ (1+ exp(—2mBk/L))
B erz+u{0} (1 + exp{(—2nBk/L)} exp(—7B/L))

(F.6)

log P = —log(2) + Z [log (1 + exp(—2nBk/L)) — log(1 + exp(—2nBk/L) exp(—7wB/L))] (F.7)
k=0

Since we are interested in the thermodynamic limit, we take the continuum limit. Substituting
2mBk/L =t, we have } ;5 10y — (L/27B) J5* dt. Therefore we have,

1+ e temA/E
log(P) = —log(2) ~ 5 ﬂ/ dt lo ( TP

— _log(2) + %/O dt(lj_e_t)—i-(?(%) (F.8)

— _log(2) + %log(Z) +0 (%) Lo, (%) (F.9)

As mentioned before, a free system is described by the sum of free Hamiltonians on each edge of the

interferometer and therefore, the total partition function will be the product of the two partition
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functions obtained above. Thus,

Ztotal 1
Y _
W —_ 5 . (F. 10)

This then gives the detailed balance condition Doy = 2p§’,,, and from the comparison with the

tunneling probabilities from Sec. 2.4.3,

o (1o p T ’T ia—1im
Py = p(T1, Tp)[T1 — T2e™?, pY, = %Wl — Taele /42, (F.11)
we obtain the phase @ = 7/8 + nm. The choice of the integer n has no effect on physics. As a
consistency check, it can be seen that this choice of o also makes the tunneling Hamiltonian (2.34)
Hermitian. Indeed this phase can also be directly computed by demanding Hermiticity condition as

we now demonstrate.

A A

1 wna anne 1
R e, o v,
o . . s
g 0
o . . .
. 0 c )
)

g

Figure F.1: In the low-energy effective model of a Mach—Zehnder interferometer, the two tunneling
operators Tj o describe anyon transfer along the two dashed lines between points A and B.

In this discussion we do not specialize to the case of the Ising statistics and only assume that the
tunneling anyon z is its own antiparticle. We simply demand that the tunneling Hamiltonian Hp =
F1T1 —|—I‘2T26"°‘ be Hermitian, and compare H7 and H} Note that this Hamiltonian corresponds to
the case when the tunneling anyon z is its own anti-particle. The case x # Z is treated in Secs. 2.5.3
and 2.5.5.

We observe that the statistical phase exp (iqﬁgb) describes the phase accumulated by an anyon a
on a full counterclockwise circle around an anyon b under the assumption that the two anyons fuse
to c. Restricting ourselves to the low-energy effective model, we see that the two tunneling operators
Tl,g, transfer anyons between the same points, taking them from point A on the lower edge to point
B on the upper edgg, see Fig. F.1. This forms a closed loop, and therefore allows us to relate the two
tunneling operators, restricted to a particular topological sector, via a statistical phase exp (iqﬁgb).
However, since we deal with non-Abelian anyons, we also need to restrict ourselves to a particular
fusion channel. Therefore we introduce the projectors I, = Hl that project to the sector with the

trapped topological charge a. Using this we can now relate the two tunneling operators as,

L1510, = 1.7 1T, exp(i¢S, ). (F.12)
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The Hermiticity of the tunneling Hamiltonian requires The?® = TJe~**. We can now restrict this

tunneling operator to a particular fusion channel,
. T5Iel = (M T5I0,) e, (F.13)

We observe that the operator on the left hand side transfers an anyon x from point A on the lower
edge to point B on the upper edge when initially the trapped topological charge is b, and at the
end, z and b fuse to c inside the Mach—Zehnder interferometer. The operator on the right hand
side however describes the reverse process. We now make use of the relation in Eq. (F.12) and the

relation 7; = Tlf to obtain,
2T Ty 1T, = 621011 I, (F.14)

where we used the equation exp (z'gb;b) =0./(0,0p). This fixes the phase exp(ia) = £6,.

We now turn to another method to compute the phase o again using the principle of detailed
balance. The heat current goes to zero in the case when the temperatures of the two edges are
equal, however, the tunneling probabilities are non-zero. For a stationary distribution, the transition
probabilities p? , satisfy the detailed balance conditions between the processes z x a — b and x x b —
a. The probabilities are given by Egs. (F.la) and (F.1b) with z in place of 0. Notice that the
probabilities of these processes differ only by their partition functions calculated in a particular
superselection sector. We computed the ratio of the partition functions in different superselection
sectors explicitly for the Ising anyon case and found it to be a constant that in turn gives the detailed
balance condition. In fact we see that for a general case, the ratio of the partition functions, each
computed in a particular superselection sector, is independent of the tunneling amplitudes I'; 5, and
therefore the ratio of the probabilities p%, /p%, is independent of I'; 5. This restriction allows us
to compare the probabilities of the mutually reverse processes and fix the phase «, provided the
tunneling anyon, in this case anyon z, is other than a fermion or a boson. We may now compare
the probabilities for the two processes £ X a — b and x X b — a,

. = Nﬁaﬁlf‘l + Toeiti%ea|2p(T, T), and Pl = ;bdd_:zilrl + e 2p(T, T). (F.15)
z0a x0b

As argued above, their ratio should be independent of I'; 5, which amounts to saying that the ratio

)\ — |P1+P2 exp(i&pl)|2
— IT1+T2 exp(ip2)]?

gives a condition on the angles ¢ o,

is independent of I'; o, where we defined ¢; = o + ¢ga and @2 = o+ ¢Z,. This

A-1(TI+T3)
2T, Ty

We want this condition to be independent of I'y o for arbitrary I'; ». This is only possible when A = 1.

cos(p1) — Acos(p2) = (F.16)

This then gives, cos(p1) = cos(ps2), or p1 = 2nmw+ 9, where n € Z. The first case, ;1 = @3 mod 2,
puts no restriction on o, when ¢%, = ¢%, mod 2m. This however implies that ¢7;, = 1. This is
only possible for 8, = %1, i.e., for tunneling particles, which are bosons or fermions. Assuming that
is not the case, we use the other condition, ¢p; = —p9 mod 27, to obtain a restriction on «,

(@5 +9%,)
2

e =te™" (F.17)
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Upon using exp (igbgb) = ﬁ, we get e'® = 46, consistent with the Hermiticity condition, as well

as the phase found for the special case of Ising anyons.



Appendix G

Topological order with unusual

fusion rules

In Sec. 2.5.5, we consider anyon models having the following property: if z # Z, the fusion results
of x X x and a x @ share no common topological charge for all possible a. It is not true that all
anyon models satisfy this requirement. As a counterexample, an anyon model is constructed in this
Appendix through the approach used in Ref. [105].

We briefly summarize the approach in this paragraph. Given a discrete group H, one can extend it

to a quasi-triangular Hopf algebra D(H) with the basis {g\T} g,z i Different representations of the

Hopf algebra D(H) are interpreted as anyons with different topological charges (called superselection
sectors in [105]), and the representations are labeled in two steps: (1) find the Ath conjugacy class
AC of H, of which 4g; is an element; (2) find the ath representation °T' of the centralizer 4N of
Ag, in H. We use |AC, °T') or Hé to denote the topological charges or representations. An explicit
construction of a representation of D(H) is as follows: (1) Let 4C = {4g1,4gs,...,“4gr}; (2) choose

Agy, ..., Az} of the equivalence classes in H/4N under the requirement “g; =

representatives {Aml,
Az;Ag14z;"; (3) denote basis elements of the irreducible representation °T" as *v;; (4) in the vector
space VA spanned by |4g;,%v;), where i = 1,2,...,dima and j = 1,2,...,k, a representation of
D(H) is
g _ _
HQ( %)'Aglv avj> = 5g,z Ag, =1 |$ Agi z la °T (Axl ! z Axi) an)) (Gl)

where the index [ is chosen by letting 4g; = z4g;z~!. To find the fusion rules, we consider the tensor
product of two representations of the algebra D(H), IT4 ® HE . Using comultiplication A : D(H) —
D(H) ® D(H), one interprets the product as another representation of D(H). The decomposition

of the tensor product into irreducible representations,

I ®IIF = NJZCTIS, (G.2)
is known as a fusion rule.
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Here we only consider the sector whose conjugacy class is that of the identity element e of the
group H, also known as the magnetic vacuum sector. The conjugacy class is the set 'C = {e}.
The centralizer ' N is thus H, and H/'N contains only one equivalence class, namely H, whose
representative is chosen to be e. For a unitary irreducible representation “T' of ' N = H, we can find

the representation IT, of D(H) on the vector space spanned by the basis |e, lv;) as

I (*Lo)le, @01) = 8y ele, °T(@)*vs). (G.3)

The above representations of D(ﬁ ) are equivalent to those of H. The tensor product of two repre-
sentations of H can be decomposed into irreducible representations of H. Hence, the fusion rule for

I, I, I}, = N;;“{H}w is equivalent to °T' ® AT = N;};IVI‘.

Table G.1: Character table of the group C3.Fs, adapted from Ref. [106]. This group has 10 conjugacy
classes, each of them corresponds to one column in the table. There are 10 irreducible representa-
tions, whose characters are shown in the rows. (7 is used to denote exp(273/7) in this table.

class | 1 2 4A 4B TA 7B T7C 7D TE TF

size 1 7 28 28 64 64 64 64 64 64
P1 1 1 1 1 1 1 1 1 1 1
p2 |1 1 1 1 &G & ¢ & & ¢
ps |1 1 1 1 & & & ¢ & ¢
ps |1 1 1 1 & & & ¢ & ¢
ps |1 1 1 1 & & ¢ ¢ & ¢
ps |1 1 1 1 &G & &G & ¢ ¢
pr |1 1 1 1 PG 8 G 8 G
P8 7 7 -1 -1 0 0 0 0 0 0
P9 14 -2 -2 21 0 0 0 0 0 0
P10 14 -2 21 —24 0 0 0 0 0 0

Now we provide an example where H = C3.Fy is a group of order 448. Table G.1 is its character
table. Anyons corresponding to the representations in the table are denoted as |e, p;). Note that
this should not be confused with the basis |e, “v;) used above.

Observe that pg and p1p are conjugate representations and their tensor product is pg X pi1g =
p1+p2+---+pr+3ps+6pg+6p10. The tensor product of pg with itself is pg X pg = 4pg+6p9+6p10-
Identifying |e, p1) as the vacuum, we find that |e, pg) and |e, p1o) are mutual antiparticles, and further
le, po) X |e, po) — e, ps), |e, p10) X |e, po) — |e, ps). In the tunneling problem we considered, this
means that both |e, pg) and its antiparticle contribute to the process where the topological charge
on edge 2 changes from |e, pg) to |e, ps). Hence, in general, one cannot separate the operators T and
Tt as done in Eq. (2.51). However, as seen in this example, anyon models with such a property are

complicated, so we omit the discussion of those models in the main text.



Appendix H

Calculation of the average noise

This appendix provides details of the noise calculation from Sec. 2.6. Specifically, we calculate
the expectation value of some expressions containing the heat current with respect to the random

variables so;—1 and t;. First, consider the expectation value of the heat current I'r(t), Eq. (2.97),

(Ir(t) = To+ AL'S (s0)6(t — to) (H1)
k=1

After averaging over the Bernoulli random variables sgi_1, the Al term vanishes, so we find that
(I7(t)) = Io. Then we consider the expression It(0)Ir(t) in the definition of the noise (Eq. (2.95)),

I7(0)Ir(t) = I§+IOAI<Z skf(—tk)+ Y skG(t—tk)) +(AI)? (Z skﬂ(—tk)) <Z ske(t—tk))
k=1 k=1 k=1 k=1

(H.2)

To find the average, we choose to average over the Bernoulli random variables so;_ first, then we

take the average over the Poisson process t;. First, when averaging over all sox_1’s, only terms

containing sax_182x = —1 or (s;x)? = 1 are non-zero.

<IT(0)IT(t)>avg —Io-l- AI (Z 9 —top— 1)0(t tQk) 0(—t2k)0(t—t2k_1)+§:0(—tl)0(t—tl)>
=1

k=1
(H.3)
Following the definition in Eq. (2.99), N(0) is used to denote the total number of tunneling events
up to the time ¢t = 0, and our subsequent analysis will depend on the parity of N(0). When N(0) is
odd, we have ta,_1 < 0 < t2,,. The coefficient of (AI)? is found to be

n n—1 2n—1

= 0(—tor—1)0(t —tar) — Y _ O(—tor)0(t —top—1) + > O(—t)0(t—t1) = O(t — ton—1) — O(t — tan).
k=1 k=1 =1
(H.4)
The following integral appearing in the definition of the zero-frequency noise gives,
lim [ dt ei‘”t[(IT(O)IT(t))avg, — (IT(t))(IT(O))] = (AD)?(tan — ton_1). (H.5)

w—0
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On the other hand, N(0) being even is equivalent to the condition to, < 0 < top4+1. The coefficient

of (AI)? vanishes in such case:

n

n 2n
= 0(—tor-1)0(t — tar) — Y O(—tak)0(t — tak—1) + Y _ O(—t)0(t — ;) = 0. (H.6)
Thus, the corresponding integral in the definition of the noise also vanishes.

Finally we can find the average integral under the Poisson process given by the 71’s. Since we

know that only odd N(0) contribute, the expectation value could be written as

(AI)2 Z P(N(O) = n) ) dt, /Ooo dtpi1 f(tn+1,tn) (tn+1 — tn), (H?)

odd n,
n>0

where f(tn,t1,ts) is the joint conditional probability distribution function for ¢, and t,4; under
the condition N(0) = n. Poisson process has the property that it is memoryless: given N(0) = n,
tn+1 is exponentially distributed with the parameter A and independent of the history up to time 0.

Furthermore the distributions of ¢,; and ¢, are independent, and we know that

to

E(tp+1|N(0) =n) =, E(t,|N(0) =n) = penE (H.8)
So the average coefficient of (AI)? is
Ato (_)‘to)n _ to Ao o _ )\tol (_)‘tﬂ)n+1
3 g e od 5
n>0 ’
= eMorsinh(— M) + e*o7[cosh(—Mto) — 1] (H.10)
=7(1 — eM). (H.11)

It is now straightforward to obtain Eq. (2.101) in Sec. 2.6.



Appendix I

Dependence of the tunneling heat
current on the size of the

interferometer

In this appendix, we discuss the dependence of the tunneling heat current on the interferometer
size. We consider topological orders allowing a single edge mode. One of such orders is the Ising
order in Kitaev liquids. For simplicity, we assume that the edge velocity is coordinate-independent
and identical on both edges. It is easy to generalize our results to coordinate-dependent veloci-
ties. We also assume that the tunneling operators at the two constrictions have precisely the same
structure except for an overall amplitude multiplying the tunneling operator. The latter assumption
is true for many topological orders as long as it is legitimate to focus on only the most relevant
tunneling operator. As claimed in Sec. 2.2.2 and 2.2.3, the tunneling heat current in a Fabry—Pérot
interferometer depends on the sum of the distances between the tunneling contacts along the two
edges, L1 + L. The heat current in a Mach—Zehnder interferometer depends on the difference of
the distances |L; — Lo|.

We consider the tunneling of anyons of type « with an arbitrary statistics: 1 2(y, t) is the operator
that creates an anyon with topological charge x on edge 1 or 2 of the interferometer at position y and
time ¢, and §172(y, t) creates its antiparticle. The two tunneling operators across one constriction are
Hermitian conjugate to each other; we use T' ~ #5(y,t)Z1(y,t) and TT ~ 21 (y,t)Z2(y, t) to denote
them. We adopt the following convention: when considering two separate edges, lower and upper,
the coordinate axes on the two edges are always chosen to be in the same right-moving direction.

For a Fabry—Pérot geometry, on the lower edge (edge 1), the two constrictions are labeled by their
coordinates y; and yo, and the distance between them is L; = y3 — y1. We choose the coordinates

on the upper edge (edge 2) to be y; and yy + ¢, then Ly = L; + £. The tunneling Hamiltonian is
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given by
Hp =TTy + 0Ty + Hee. = Ty 2o (y1, £) 21 (y1, 1) + Dada(yz + £, )21 (32, t) + Hee. (1.1)
By the same argument as in Appendix E, the operator for the tunneling heat current is
Ip =T1T" + ToT"s + Hee. = —T125(y1, )0 %1 (y1, 1) — ToZo(ya + £,1)0:%1 (y2,t) + Hee.,  (L2)

where T" 1,2 = —&2 (yl,t)('?ti’l(yl,t) contains the time derivative on Z;. The derivative should be
computed in the theory without tunneling. One can find the interference terms in the expectation

value of the heat current as

~i / at’ {DaT5([F (), T ()]) + TaTH (T3 (8), B () - Hee.} (L3)

—o0
Due to the translational symmetry, the two-point correlation functions can be expressed as

(#1(y1, 1) %1 (y2, t2)) = (T1(y1,t1)21(y2,2)) = G1(ts —t2 — y1 + v2), (1.4)
(#2(y1,t1)Z2(y2, t2)) = (Z2(y1,t1)22(y2, t2)) = Ga(ts — t2 + Y1 — ¥o). (I.5)

Since the correlation functions of the form (£ (y1)Z1(y2)Z1(y3)Z2(y4)) can be decomposed into con-

formal blocks (22 (y1)Z2(y4))(Z1(y2)21(y3)), we find the following relations,

(T’l(t)fg(t’)) - (Tl(t’)f’;(t)) X Gt —t +y21)Ga(t —t —yo1 —£) + (t < ), (1.6)
where G’ denotes the derivative of G, and

(BT — (T E)T1(8)) ox Gyt — ¢ = y21)Galt — ¥ +yar +£) + (¢ & ). (L7)

Hence, the integral in Eq. (I.3) can be written as

[ @ {@moHen + @060} « [ a6 -2 - 0+ GLr)Ga(r + 20 + 0.
(L8)

Combining this equation with Eq. (I.3), we find that the tunneling heat current in a Fabry—Pérot
interferometer depends on Ly + Lo = 2y91 + 4.
For the Mach—Zehnder geometry, we make the same choice for the coordinates of the two con-

strictions on the upper and lower edges. Naively, the tunneling Hamiltonian can be written as,
Hr = Flf'l + F2T2 +H.c.= I‘ljg(yl, t);}l(yl, t) + Fgﬁz(yz + é, t).’f’l (yg, t) + H.c. (Ig)

This naive Hamiltonian is actually incorrect though it will be useful to us below. The problem is that
the above Hamiltonian violates locality: the two tunneling operators do not commute. The issue
can be fixed in a systematic way with the help of Klein factors. Besides fixing the commutativity
problem, the Klein factors keep track of the confined topological charge.

An alternative approach is based on Appendix F. The tunneling paths in the two constrictions

run on the two sides of the hole in the interferometer. This leads to a number of technical challenges.
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Figure 1.1: Topology of a Mach—Zehnder interferometer. Dotted lines show tunneling contacts.
The paths through QPC2 in the left panel can be deformed as in Appendix F. This results in the
configuration from the right panel.

In particular, it becomes impossible to connect the upper and lower edges as in Appendix D. The
problem can be solved by flipping one of the two tunneling paths to the other side of the hole (Fig. I.1)
as in Appendix F. Klein factors are no longer needed after that since the topological charge between
the tunneling paths no longer changes after each tunneling event. Also, the tunneling operators no
longer have to commute since the two tunneling paths cross (Fig. I.1). Of course, this comes at the
price of the model being useful for computing the tunneling probability only for a given value of
the trapped topological charge in a given fusion channel with the tunneling anyon. This is enough,
however, for the purposes of this appendix and justifies the use of the above non-local Hamiltonian.

In contrast to the Fabry—Pérot geometry, the two edges are co-propagating. The correlation

function on edge 2 should be of the form,

(#2(y1,t1)Z2(Y2, t2)) = (Z2(y1, 1) 22 (Y2, t2)) = Galts — ta — 1 + 12) (I.10)

We focus on the interference contribution again,

(T ()T ) — (Ty (t’)T’;(t)} < G\t =t +y21)Gat —t' +yo1 +0) + (t & 1), (1.11)
and
<T’§(t)T1 () = (TIE)T"1(t) o< Gyt — t — y21)Ga(t' —t —ya1 — £) + (t > ¥). (I.12)

Comparing with the expression for the interference contribution to the tunneling heat current in the
Fabry—Pérot geometry, we can obtain the result for a Mach—Zehnder interferometer by replacing the
parameter 2ys; + ¢ with £. We have consequently shown that the tunneling heat current in Mach—
Zehnder interferometers depends on the difference of the distances between the two point contacts

on the two edges, i.e. |L1 — Lo



Appendix J

Series expansion of P,(t, )

Ref. [51] provides a technique to represent P,(t, ) as an exponential function of a series, for § = /4
and v; — 0o. We follow this technique in this appendix, and extend it to an arbitrary # and a more

general vy, as well as to the finite-temperature regime.

J.1 Zero temperature

For the purpose of numerical integration, it is better to write Py (t, a) as the product P; (a)P;(t, a)Ps(t)

of the following three expressions,

* dw * _—w
Pi(a) = exp (2m21/1/0 USlle 5), (J.1)
P2(t, a) = exp [m21/1 / dwé(Slz + Sik2 — 2)6_iwt6_w6], (J2)
0

Ps(t) = 572 exp [ —2m?, / @(1 - e_i“’t)e_“’5]
0 w
= (6 +it) "2, (1.3)

We will set v1 = kvy, where k is an integer. All our plots correspond to such a choice of the velocities.
It is straightforward to generalize to a rational k. The technique does not generalize to the case,
where k is an irrational number, but this is irrelevant from the physical point of view. Now we take
the coefficients S7; and S12 as functions of the dimensionless variable w’ = aw/v;. Expanding Si;

. . . y ’
and S12—1 in series in £ = €', we can find

S11 = Zan(l - f)fn, (J-4)
n=0

Sl2 -1= Z bn(l - g)é.n’ (J5)
n=0

where a,, and b,, are real numbers. Next, we will make use of the following formula,

f(n,A) = /0 %(1 — e emwA = ln(l + z%) (J.6)
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Therefore, P, and P, in Egs. (J.1) and (J.2) can be expressed in the following form,

Nt . v10
Pi(a) = exp {sz,,l n;)an F(L,in+ %)} (3.7)
Paft,a) = exp {mnn 3 b [F(-1,—in-+ 82 1+ 20 rin 4 2 PO (1)
2\4y p 1n=0 n ) a a ) a a . .

For the purpose of numerical computations, we only keep a finite number of terms in these expansions,
and the exact number of terms depends on the rate of convergence. One can show that the rate of
convergence increases as we increase f. For the curves shown in Fig. 3.11, we keep 400 terms for
0 = 7/32; 300 terms for § = 7/16; 100 terms for § = 7/8; 80 terms for § = 7 /4.

J.2 Finite temperature

At a finite temperature T', P, (t, a) can be written as P; (a)P2(t, a) P5(t) as well. The finite-temperature

expressions of the factors are

* dw St S
_ 2 o 11 11 —wé
Pl(a)—exp[Qm 1/1/0 - <1_e_hw/T+ehw/T_1>e ], (J.9)
Palt,a) = exp|m [ % (Sip 4 51, — 2) (—r L P 310
Q(t,a)—exp m-vy 0 U( 12+ 12 — ) 1_e—hw/T+ehw/T_1 € ’ ( . )
5 o _ p—twt _ piwt 2mu?
Pg(t) = 5_2m Vi exp [—2m2U1/ d—w ( 1—e ool T + :}I: Te ) e—W5:| — (:TT/h) ! .
0 w \1—ew/ eMw/T —1 sin?™1 [(nT/R)(8 + it)]

(J.11)

To derive an expansion at a finite temperature, a generalization of Eq. (J.6) is required. We use

the following formula (for a derivation, see Ref. [21]),

* dw e~wwn elwn —wA
g(naAnB) = /27T/L W (1 — e—Bw + ebBw — 1) €

=—In{%sin [%(A+in)]}, (J.12)
where the limit L — oo is assumed. One can check the agreement with Eq. (J.6) by computing

g(n, A, B) — g(0, A, B) in the limit of § — oo.

We take the coeflicients S1; and S12 as functions of the dimensionless variable w’ = aw/v; again,

. . . .
but use a different expansion in £ = ™,

S11 = Z e, (J.13)
n=0

Sip—1= dn€" (J.14)
n=0

For a side note, one can derive the following relations between a,,, b, and ¢, d,,

Cn =0p — Gp_1, Co= ag, (J.15)

dp =by —by_y, do=bo. (J.16)
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In Egs. (J.9) and (J.10), P, and P, can be represented as

_ 2,3 nd hvy
Py(a) = exp [2m Vl;(:ng(n’ 4 ’Ta)]’ (J.17)
= t vid hw vit 110 hv
Py(t,a) = 2 d[g(—n + 28 Y10 M0 0 A% Ay 1
2 (t,0) exp{m D (LA it 72l SENCAD

J.3 Series representation of P,(t,0)

Finally, for the completeness of the discussion, we give an expansion for P,(t,0) as well. At zero
temperature, we write P,(t,0) as Ps(t)Py(t), where Ps(t) is given in Eq. (J.3) and Py(t) is

exp {m2V1 / (S +5h)( - e_“"t)e_“"s}. (J.19)
0
We adopt the expansion of S; in the form of Eq. (J.13). Therefore P, is represented as

vt . v10 ]}

> t )
exp {m2ylzcn[f(%,—m+%)—Ff(?,zn—k T (J20)
n=0

At a finite temperature, P3(t) is given in Eq. (J.11), and P, is

° dw 1 — et 1 — eiwt
2 * —wé
exp {m I/1/0 - (S11+ 811) (1 o heT + )T 1) e }, (J.21)

which can be represented in the following series form,

> ’1)15 . fwl vlt 1)16 . FL’U]
exp {m21/1 Z en[g(0, - T_a) - 9(7, - ™ T_a,)

n=0

1)1(5 . hUl Ult ’1)15 . h’l)l



Appendix K

Effect of asymmetric bias and
charge fluctuations on the

Aharonov—Bohm phase

We need to consider the phase due to the accumulation of charge in the device, in addition to the
usual Aharonov-Bohm phase. This additional phase depends on the bias voltages applied to the
lower and upper edges. Also, as discussed in Appendix L, it exhibits discrete jumps when the charge
on the closed inner channel changes between its allowed quantized values. In the first part of this
Appendix, we explicitly calculate this additional phase for the v = 2 interferometer in terms of the
bias voltages Vg, V,, and the total charge of the inner mode Ne, where N is an integer. We also
determine possible occupation numbers on the closed inner edge as functions of the bias at zero

temperature. In the second subsection, we perform a similar calculation at v = 2/5.

K1l v=2

The charge density of the right- or left-moving ¥ = 1 mode is i%. We first write down the

Hamiltonian in terms of the original outer and inner modes,

H = a| 20,09 + (0.0 + 2 0.0)(0u6) + 2 008" + [ @u0t + T 0u6) 0u6)
€0, 02 €0, "
—a |:V o + V <—?):| , (Kl)

where +ed,¢/2m stay for average time-independent charge densities, which do not depend on the
coordinate on the lower and upper edges.
To find the phase factor, we must know the charge densities in the ground state. Therefore, we

minimize the Hamiltonian with respect to the charge densities [39]. The total charge on the inner
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channel is Ne, therefore we have a constraint

eaz¢;i 63m¢? _ Ne
o o a

: (K.2)

where a is the distance between the QPCs.
We first assume a constant N = 0. Differentiating the Hamiltonian with respect to the three
variables 0, ¢, 9,¢% and 0,¢¢, we find the condition for the extrema

u u B(Vd - Vu)w
T . = . = ——, K-
021" = g; 2 (0100 — w?) (K.3)
2eV,viv, — eV, w? — eVyw?
U U K4
Oato = o 20, (Vv — w2) ’ (K-4)
; Zerv — eVyw? — eVyw?
d z dViVo d
K.
0e0 = 20, (V00 — w2) (K-5)
To make the ground state expectation values (quﬁg//i ) vanish, we shift the fields ¢u/ d ¢Z//1d ://1d
and the additional phase factor for I'; is then given by
o w 1e(Vg 4+ Vu)a
exp[i(g¥ — ¢2)a] = exp [—%} (K.6)
Vo

This phase depends only on the outer mode velocity v,.

Next, we consider the general case when the charge on the inner edge is Ne # 0 and induces an

additional charge of —Ne(w/v,) on the outer edge. Then, the outer-edge phase factor is
exp [W—i—%iN:—O]. (K.7)

As an example, when v; = v, and the ratio between the eigen-mode velocities is v; = 5vg, from
Eq. (3.5), we can find v, = v; = 3v; and w = 2vy. Therefore, the phase jump due to each electron
charge in the inner channel is +47/3, which equals —27/3 (mod 27). At zero temperature, the
phase jumps happen when the energy is the same for two subsequent values of V.

We now address the dynamics of N. To set up the kinetic equations, we need to count the
number of the available states on the inner loop. To do this we introduce the chemical potential eV}
of the inner loop, that is, subtract a[V1 50z ¢ — Vigs 0z qﬁ“} from the Hamiltonian. Our task is to
count available values of the electron number n on the inner edge for V; > V; > V,,. The number of

electrons that minimizes the Hamiltonian for a given choice of Vj is

20,
N = [Bo ( Vi—Vu-— Vd)] (K.8)
where [z] is the nearest integer to x and

ea w
= K.9
Bo 2mh Vv, — w2 (K.9)
Within the above model the maximal and minimal occupancy of the inner loop can be obtained

by substituting V; = V3 and V; = V,,. There is, however, two subtleties, which require a slight
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modification of our model. The inner loop may couple to various gates. In the simplest model,
the electrostatic coupling shifts V; by a constant. A similar shift is needed to accommodate the
coupling of the current along the inner loop and the magnetic field [39]. With this in mind, we set
N = N, = [gu] for V; = V,, and N = Ny = [g4] for V; = V4, where the brackets mean the nearest

integer,

2v,
9u = Bo LV Vi = Va) + B1A1, (K.10)

9a = 'BO(TVd — Vo = Va) + Bi, (K.11)

and \; is a control parameter, such as the magnetic flux. B; is a constant that depends on the
details of the system. In general, multiple control parameters may be present. We ignore this point
to make the notations simpler. We assume that V; > V,, and hence Ny > N,. Then the range of

possible number of electrons on the inner loop is between N; and N,,.

K.2 v=2/5

When v = 2/5, the Hamiltonian is given by

A, F'wl 2hw

H= [ (8o9)” + - (8s1)” + —(6 PL) (0ot
f’“’o Mo (0,002 + h”‘ P 0,01y + 2 (0.0 (0.00)
€0y ¢o

_Vd\/_

V\/_( e ¢°) Vi et T Oedt]. (K12)

where 11 = 1/3 and v, = 1/15. If we assume that quasiparticles with charge v;e can tunnel into the

inner edge from the outer edge channels, then a general restriction on the charge of the inner edge

is

€0, ¢ €0, ¢ N vie
-

Ve = =V

(K.13)

The Aharonov—Bohm phase introduced by the variation of the charge density in response to the

voltage bias and the electric field of N quasiparticles on the inner edge is

exp (ip4f) = exp[ivin (D:0% - Bp60)a]. (K.14)

It is computed the same way as at v = 2:

exp(wg‘/g) — exp{' [ W + 20N (101 ) J73) = ] } (K.15)

There is also an additional statistical phase 2nNv;.
Just like at v = 2, we need to find the minimal and maximal numbers N, and Ny of the

quasiparticles, consistent with the chemical potentials V,, and V. The calculation follows the same
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route as at ¥ = 2. We find N,, = [g,] and Ny = [g4], where the brackets mean the closest integer,

with a slightly different definitions of g, 4 than at v = 2,

v 2v,

9o = L2022 Vi — BAVa = VTAVa) + i (K.16)
v 2v,

0= L2502 Vi = AVa = AV + ik (K17

Just like above, the 81A; term accounts the effect of the variations of the magnetic field and gate

voltages on the closed inner loop.



Appendix L

Fourier Expansion with Phase

Jumps

We discuss here effects of phase jumps arising from an integer constraint on the charge on a closed
inner mode on the Fourier expansions of the interference current and the differential conductance.
We limit our discussion to the short-time limit at v = 2. It also applies to linear transport.

Assume the effective Aharonov—-Bohm phase ¢ can be written as

¢=C+ar+P(g) L.1)
where C is a constant,

N
oy = Z @j)\j, (L2)

§=0

N .

9=>_Bi\, (L.3)

j=0

and P is a periodic function of g, where A;, for 1 < j < N are parameters such as the magnetic
field and various gate voltages, while \g = V . The coefficients o, Bj are constants that depend on
details of the system, and with no loss of generality, we can choose the period of P to be 1.

To describe sharp phase jumps, we choose P to be a sawtooth function,

P(g) =~(9 — [9] + D), (L.4)

where [g] is the closest integer to g, and D is a constant. Such a choice is justified by the discussion

in Section 3.2.5. Without loss of generality, we can set D = 0 by changing the value of C. Then
P(g) =) yne®™9, (L.5)

where v, = i¥(—1)"/27n and vy, = 0.
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A similar expansion can be used in a situation where the inner mode is not perfectly reflected
at the QPCs. In this case, the saw-tooth steps will be rounded, and the values of ~, will fall off
exponentially at large n.

In the same way, we can write

eiP(9) — Z cne27ring — Z Cne2ﬂin(BOv+Z Bjkj)' (L6)

The coefficients ¢, may be expanded in terms of products of the =y, if 7 is small.

We wish to take the Fourier transform of e** with respect to one or more of the parameters Aj
for j > 1. In the simplest case, we just choose j = 1, and hold )\; fixed for all other j. (Without loss
of generality, we can set these parameters equal to zero by adjusting the constant C' and shifting
A1)

Let us define o

h(k) = / d\je~Frigie (L.7)
—0

We then find that
h(k) = 2me’® Z cnelV (BoF2mBo) 5k — &y — 2n ;). (L.8)

We see that a non-zero value of V leads to linear shifts in phases but no change in the magnitudes
of the various Fourier components.
If ¥ = 0, we have
h(k) = 216(k — &y )e'®V ¢iC (L.9)

More generally, if 4 = 2wm, where m is an integer, we have ¢, = 0 for n # m, and
h(k) = 216(k — &y — 2mmBy e’V (Fot2mmpBo) giC (L.10)

If m is not an integer, h will contain multiple Fourier components, but the largest peak in h(k) will
correspond to the integer n that is closest to m.

As an example, we consider the case where the parameter \; = BA, where A is the nominal
area enclosed by the outer edge mode, ignoring the small periodic area oscillations that occur as one
varies parameters. Then &; = e/h. We assume that the nominal area enclosed by inner mode is
slightly smaller than A, and we write it as 7 A, where r is slightly smaller than 1. Then 278; = re /h,
The n = 0 peak of the Fourier transform then occurs at a frequency k = e/h while the n = 1 peak
occurs at k = (1+7r)e/h =~ 2e/h. In the limit of strong coupling, where v; /vy — 00, we have ¥ — 2,
and only the n = 1 peak survives.

Using Eq. (3.44) from the main text, we have

L = @ Z[eml(a1+27m[§1)ezmnéoffcneiceiaoff +ecl. (L.11)

n

Then
dl int

av

S [(An + Ap)err@rF2mB) g2ningV 4 ¢ ¢ ], (L.12)
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where
_1 dI iC jiaoV
A, = 5 gy e € (L.13)
Al = in(I/2) che'©e’®V (2mnfy + ag), (L.14)

and n = dV /dV. If we calculate [ dxe=** 1 (dIpe /dV), the Fourier transform of (L.12), we will
obtain a set of 6-function peaks at frequencies k = kX = +(a; + 27rn,(§1), with amplitudes given by
(A, + A;l)e2’””5°‘7 or its complex conjugate. If &; is not commensurate with 273;, these peaks are
distinct, and their amplitudes can be measured separately. The magnitudes will be independent of
V and will be given by

A = (|Anf® + 4512, (L.15)

In our model, if one is in the strong coupling regime, where ¥ is close to 27, the dominant coefficient
¢n, will come from n = 1, and the dominant term in (L.12) will come from n = 1.

If &; and 27/, are commensurate, however, some of the peaks may coincide. Thus, if 7 = 1, we
have ki = k_,, resulting in a single peak with an amplitude (A; + A})e2#oV 4 (A* ;4 A'*,)ebmioV
Then, if c_3 is not negligible compared to c¢;, the magnitude will depend on V and on the phase
offset €’C. As remarked above, the coefficients other than c; all vanish in the limit of strong coupling
between the modes.

The discussions above can be readily generalized to finite temperatures if one replaces e*£(9) in
(L.6) by a thermal average (e*”'(9)) and takes into account the Gaussian phase distribution arising
from thermal fluctuations of the charge on the outer edge. Thermal fluctuations will typically lead
to an exponential decrease of the interference signal at high temperatures, with the weaker Fourier
coefficients ¢, decaying faster than the dominant one. The discussion can also be readily generalized
to situations where one considers two or more parameters \; and takes a multidimensional Fourier
transform with respect to them.

We finally comment on the slope %‘%. If 2a is taken to be the same for the two modes, we find

- ea
oy = 2 =-2— L1
&%) mBo h(vo +w)’ (L.16)
¥ = 27w/ v,. (L.17)
The slope dp/ dV between phase jumps is then given by
dy = ea
— =ag+76 = —2—, L.18
o7 =% ¥Bo o, (L.18)

as found in Appendix K.
By contrast, the slope extracted in an interference experiment from the dominant n = 1 Fourier
peak will be given by
Aoy e (L.19)
AV (v + w)
as implied by (L.11). This will be somewhat larger than the differential rate if w < v,. This

difference can also be understood from the results of Appendix K. When V is increased by the
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amount necessary to change ¢ by 4, the occupations of the inner and outer modes will have each
increased by one, so that one phase jump will have occurred. If the negative charge jump on the
outer mode has a magnitude less than one, this will reduce the change AV necessary to produce a
net increase of one electron on the outer edge.

In Section 3.2.5, we average the phase factor over the distribution function fy, where N is
fluctuating between Ny and N,,. If we assume V3 =V, = f/, then Ny = N, and N would no longer

fluctuate. The effective phases reduces to
¢ =C+ apA1 + a1A; + N, (L.20)

where N = [g] and g = K80V + B1A1. For the case of v = 2, k = 2(v, — w)/w. Now ¢ has the same
form as in Eq. (L.1), and one can hence make connections between the coefficients «;, 8; and &, B;.

We assume 4 = v + 27rl, where [ is an integer, and we have the following relations,
a; + (2nl +7)B; = ay, (L.21)

—Bo = KBo, (L.22)
—B1 = B (L.23)



Appendix M

Fourier expansion of a

discontinuous function

We consider the Fourier expansion of the following function,

exp[iC1F(g + A) +iCoF(g+ B)| = ) ame™™9, (M.1)

where A, B, Cy,Cy are constants and F(g) = g — [g]. The form of the above function is motivated
by Eq. (3.50). The Fourier coefficient a,, is given by the formula

am = /2 dg e "?™™9 exp[iC1 F (g + A) +iC2F (g + B)). (M.2)

1
2

We find that F'(g + A) can be written as,

g+A-l4]  —j<g<i-(4-l4)

(M.3)
g+A-[A]-1 ;—-(A-|A])<g<;

Flg+A)=F(g+A- LAJ)={

In the following calculations, we will use the notation a = A— | A| and b = B— | B|. We first assume
that @ > b. Then
Ci(g +a) + Ca(g +b) —3<g<3-—a
Ci1F(g+A)+ CoF(g+ B) = Ci(g+a—1) + Ca(g +b) l_a<g<i-b. (M9

Cilg+a—1)+Co(g+b—1) 3-b<g<3}

Next, a,, can be found as

o = jglCraticab o—i(2Tm—C1-C2)/2
m 2mm — Cl — CQ
% [e—i(27rm—Cl—Cz)(—b)e—i01 (_e—i02 + 1) + e—i(27rm—Cl —C2)(—a)(_e—i01 + 1)] (M5)
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One can analyze the case of a < b by the substitution A <> B and C; <> C5 so that

o = ieicla+iC2b e—i(21rm—01—02)/2
m 2mm — 01 - 02
X[e—i(27rm—C1—C2)(—a)e—iC2(_e—iCI +1) +e—i(27rm—01—02)(—b)(_e—i02 +1). (M.6)

Due to the definitions of a and b, there seems to be an apparent discontinuity in our coefficient a,,
(M.5) and (M.6) when A or B is an integer. However, this discontinuity is actually absent. Indeed,
in the limit @ — 17, b is less than a. We now use (M.5) and find that

ie—i(27rm—C1—C2)/2

— iC1+iC2b
dm 2mm — Cl - Cz €
X [e—i(Q‘lrm—Cl—Cz)(—b)e—iol (_e—i02 + 1) + ei(—o1—02) (_e—i01 + 1)] (M7)
In the limit a — 0T,
i ,—1(2rm—C1—C2)/2
Ay, = e iCab
2mm — Cl - Cz
X[e—icz(_e—iCl + 1) + e—i(27rm—01—02)(—b)(_e—i02 + 1)] (MS)
One can see that the two limits are equal, hence no discontinuity occurs.
Eq. (M.5) simplifies in terms of the parameter v = 217;—:" (mod 27), C; = —% —ilog(cos ), and

Cy = —1 + ilog(cos 1) found in Eq. (3.50) as

A = — 27”_j+ ’yeiﬂm(a-l-b—l) COSa_b(’}’/2) (sin |:(27Tm + ’7)2(0’ — b) — 7:| + COS_1(7/2) sin [(27rm +;’) (b — a)])
2tan(y/2) ixm(atb-1) . ae (2mm +7)(a —b) =
= emt © (@+=1) co5~(y/2) cos [ 5 ] . (M.9)

The result for a < b can be found by exchanging a < b and Cy + Cj,

Um = _—27rm2+ Fye”m(‘“rb_l) cos“_b(7/2) (sin [(27Tm + 7)2(1) —a) - 7] + cos(7/2) sin [(27rm +;)(a — b)])
28i0(7/2) inm(atb-1) . cam (2mm +7)(a — b)
= Srm i ¢ (@b=1) cos®b(y/2) cos [ 5 ] . (M.10)

We expect a large contribution from m = 0 in the strong coupling regime vy = 2;‘—:” (mod 27) =~ 0.



Appendix N

Theory of the resonance

In this section, we provide a quantitative theory of the resonance seen in Fig. 3.9. We assume weak
interaction between the inner and outer edge modes, i.e., 6 is small. From Eq. (3.35), we can find
the correction AP to P,(t,a) due to this weak interaction. The correction from ASj; is merely a

constant (independent of t) after integration and can be ignored. The correction due to AS;2 equals
1 *d .
AP = L P(t,a) / L AS12 + Sta)e e, (N.1)
0

where P(t,a) = [0 + i(t + a/v1)]~Y3[0 + i(t — a/v1)]~ /3 is the value of P,(t,a) when § = 0. By
looking at Eq. (3.30), we can find that

T () ) ot

iaw iaw iaw(vy+v2) ’
(—1 +e't ) — 262 (62“2 - evl—lvzz) + 0 (6%

(N.2)

To the lowest order, the poles of AS12 can be found by calculating the zeroes of the denominator,

and we can write the poles as aw, /vs = nm + €, + iA,, where
€n + i, = —i0%[1 — (—1)"e™™/k] (N.3)

with k = v1/ve. In this equation, we notice that A, = —62[1 — (—=1)" cos(nm/k)] < 0. One needs
to go to the next order in 6, if the above imaginary part is zero. Below we only focus on leading
resonances with small n and assume that the imaginary part of Eq. (N.3) is nonzero.

To find AP, we first assume that ¢ > 0 and consider the contour integral,

d A
/ —ZA(SH + Sf,)e e, (N.4)
C14+Ca4Cs #

where C; : z = 5,5 € (0,00) is the positive real axis, C : z = Re?,¢ € (0,—7/2),R — o is a
quarter circle, and C3 : z = is, s € (—00, 0) is the negative imaginary axis. We denote the residue of
AS15 at the nth pole as M,,, and find the value of the integral as
Mne—iwnt )
D (t) = 2mi — . N.5
0 =2y (e ov5)
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The integral along Cs is obviously zero. The integral along Cj is a featureless function of ¢ since the
integrand has no poles close to the imaginary axis. We call that function h(t). Notice that h(?) is a

real function. Therefore, we can write
oo@A(S + S5y)e"“te™w = Dy (t) — h(t N.6
w 12 12)e e = Di(2) (t) (N.6)
0

when ¢t > 0. When ¢t < 0, we close the contour in the counterclockwise direction and observe that
the integral along C; is Dy(t) — h(—t), where

Dy(t) = —2m'; (M) : (N.7)

Wn

For all signs of ¢, we can conclude that the value of the integral is D(t) — h(|t|), where

D(t) = 27ri2n: [sgn(t) Re (M) +iIm (M)] . (N.8)

Wn Wn

Looking at the formula for the interference current,

2¢e* 0 . )
h_€2|F1F2| cosgo/ dt [e*7*P(—t,a) — e’ P(—t,a) + c.c.] (N.9)

—00

we focus on the correction to the current due to D(t), which can be expressed as

2¢e* 0
Al = ?|1“1I‘2|coscp En /_oodt
274

M. ) .
|:TP(§)(_t7 a)w_: (e—z(wJ—wn)t _ ez(wJ+wn)t) + C.C.:| ] (N.10)
We thus expect a resonance when wy is close to vo(nm+¢€,)/a = nmvy/a. The width of the resonance
is set by vaA,/a ~ 62. The height of the conductance maximum can be estimated from the zero
bias anomaly for quasiparticle tunneling at v = 1/3. To estimate the height we use the voltage on
the order of the resonance width. Then the height is proportional to M, A, /> Jwn ~ 6%3. The

conductance peak scales as M, A,, 43,

n ~ 0~2/3_ All these predictions are in qualitative agreement
with the features of the resonance observed in Fig. 3.11. A quantitative comparison is not possible

at large 6.



Appendix O

Scattering matrix for the v =2/5
FQH liquid with a chiral channel in

the screening layer

The matrix entry Si; can be written as the ratio of two expressions R1; and Q, S11 = Ri1 /Q. The

numerator ]%11(61'@9.;/'%7 eiaw/'va7 eiaw/vb; w) is

—5[—4\f7sm(3¢) (e - —f) (4e Y 06 —13e

iaw(vp+up)

iaw(vp+va) b 2iaw aw(va+vp) 2iaw
+/7sin() (—446 Tt 1366 e fde e — 62 vew o 4+ 53eTe £ 13e%"

w(vp+va) iaw(vp+vp) w(va+vp)

+7 cos() (46 v _12e e 4 devr — 62 vat 4 29¢ i

)
—28 cos(37) ( fsw eiﬁ—;) (_4613_: +3e5s + eif_f)
+ 3762%)
—40+/7sin(5¢) (eTTw - eis_:) + 56 cos(5¢) (e% - eig_:)Q] (0.1)

The denominator Q(e?%“/e, gi®w/va ¢iaw/vo:q)) is

<\/731n ) + 7cos(y ){5( v — e )[ (15sin(4¢)( va —eib>—4sm(21,b) (e ¢+ 10 + 10 ))
—1200s(21,b) (6% +10% +106%) +5cos(41/1)< )]

iaw(vp+va) iaw(vp+vyp 2iaw a+vp
+4 (206 veva 4 20e e —|— e + 1006 ”a“b —I— 150e va” + 1506 o — 441) }
(0.2)
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The matrix element S;3 is written as R;3/Q. The numerator Ry3(ei®/r eiaw/va ¢iow/vs.qp) is

X . . 2
aw iaw raw
3{25\/781n(57,l))e vp (e va —e v )
iaw(vp(va+vp)tvavp) iaw(2vp+va) iaw(vp+2va) iaw(2vp+vp)

—2v/7sin(3¢) [10e vpvav +30e veva 4e veva —40e v

iaw(vp+2vp) iaw(2vq +vp) iaw(vq+2vp) iaw iaw
—e "%  —125e” vav 4+ 125e”  vav + 154eva — 154e ™ ]
iaw(vp (va+vp)+vavp) iaw(2vp+va) iaw(vp+2vq) iaw(2vp+vp)

+V7sin(y) [70e Tpvavy + 55 vva 4+ 6e e 4 D5be  vev

ia.w(vp+2'ub) i iaw(2va+vb) iaw(va+2vb) iaw iaw

taw(vp+2vp) aw taw(2va +vp) taw(va +2vp)
+2e e —140e v 4300e ve»  +100e vev»  —406eve — 42e b ]
iaw iaw iaw 2
+35 cos(byp)e e (e va —e % )
iaw(vp (va+vp)+vavp) iaw(2vp+va) iaw(vp+2vq) iaw(2vp+vp) iaw(vp+2vp)
+7 cos(v) [70e vpvatb +15e  veva 4 2e  Ueta 4+ 95e v 4 6e "%
iaw iaw(2vq+vp) iaw(va+2vp) iaw iaw
—140e*» +300e ve*»  4100e vav  —322eva — 126e b ]
iaw(vp (va+vp)+vavp) iaw(2vp+va) iaw(vp+2vq) iaw(2vp+vp)
—14 cos(3t) [10e Upvavh +10e” veva e veva  —20e” e

iaw(vp+2vp) iaw(2vg+vp) iaw(vg+2vp)

—e e =28 o 425 en o+ 14— 14e )
(0.3)



Appendix P

Effects of charge tunneling
between co-propagating modes in
the presence of a chiral channel in

the screening layer

We need to understand possible values of the charge on the inner closed loop at zero temperature

in the presence of a voltage bias. For this we need to minimize the effective Hamiltonian

. €0, 2 €0y Py e d e w
Her = H - Vayi 2% v, (—T) VT O Vi O, (P)

where H is the Hamiltonian from Section 3.5; V3 > V,, set the chemical potentials of the lower and
upper open channels in the 2D electron gas and V; sets the chemical potential of the inner loop; the
indexes d and u refer to the upper and lower parts of the outer and inner channels. The chemical
potential of the screening layer is set to 0.

We use the following notation for the coefficients:

A:% B—% C:h_w’ E:hvs, Dl:\ﬁ@, D, L hy
us

o’ T on’ o o 62 ~Veéor
eV eVy eV, . 1 2rN

- _ = B —— 5 = _— = — P.2

[0 141 o’ ﬁ 1 o’ VV227T, n v a ) ( )

where N is the number of the quasiparticles on the inner closed loop.

The minimization of the Hamiltonian at a fixed N yields

Hio, Bin] = a (g _ m) (P.3)
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where
x [A (D} — BE) + BD3 + C°E — 2CDD,|
+ (A (D? - BE) + BD2 + C*E — 2CD: D;)*#”
+E (2B (o® + %) (D3 — AE) + C*E(a + B)?)
+D} (2AE (o + B?) — D}(a. — B)?) — 20D D2 E(a + fB)? (P.4)
and
Q =4(D} - BE) (A (D} — BE) + BD; + C>E — 2CD; D) (P.5)

The number of quasiparticles that minimizes the energy equals

N = [‘{/—_lfﬁo (2A/13V; — ViV, — i V)], (P.6)

where the bracket means the closest integer, 8y is defined as

ea U2 — w,
Bo = T s - s (P.7)
T (U2 = vovs) + vogU? + wvs — 205 U2
and we use another shorthand notation
D? - BE oUs — 2U?
A= 1 YolUs ~ 6 (P.8)

T DiD;~CE gy, — By2’

Similar to the discussion at v = 2, we need to find the maximal and minimal allowed N = Ny, N,,
by substituting V; = V, V,,. We find N,, = [g,] and N4 = [g4], where the bracket means the closest

integer, and g, q are defined as

ga = \I/j__'f Bo 27V — /51 Ve — v/i1Va) + BiAs. (P.10)

As before, 1A reflects the energy dependence on the magnetic flux through the nominal area
of the inner loop or a gate voltage. The N-dependent part of the Aharonov—Bohm phase equals
exp{(iyN)}, where v = 27r1/1(\/‘{7';71A +1) (mod 27), -7 <y < .

As in Section 3.2, at zero temperature, the allowed population numbers N on the inner loop

follow a binomial distribution fn. The average Aharonov—Bohm phase factor

Ng
Z fnexp[iC + i(aoV +oq 1) + iyN]
N=N,

= Z ane’® expli(2mnBy + o1 + ¥B1) 1] exp {Z [ao + 2’)’\1/1—_11/2%(1\\/”_ - \/V_l)] ‘7}

X exp [ZQOAZ—j log (cos %) V] , (P.11)
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where

2viea Vs
- )
h wovs — %U2

g = (P12)

and a3 A; contains information about the magnetic flux through the device.
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