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Solvable models for neutral modes in fractional quantum Hall edges

Chris Heinrich! and Michael Levin!
! Department of Physics, James Franck Institute, University of Chicago, Chicago, IL 606387, USA

We describe solvable models that capture how impurity scattering in certain fractional quantum
Hall edges can give rise to a neutral mode — i.e. an edge mode that does not carry electric charge.
These models consist of two counter-propagating chiral Luttinger liquids together with a collection
of discrete impurity scatterers. Our main result is an exact solution of these models in the limit
of infinitely strong impurity scattering. From this solution, we explicitly derive the existence of
a neutral mode and we determine all of its microscopic properties including its velocity. We also
study the stability of the neutral mode and show that it survives at finite but sufficiently strong
scattering. Our results are applicable to a family of Abelian fractional quantum Hall states of which
the v = 2/3 state is the most prominent example.

CONTENTS I. INTRODUCTION
. Introduction 1 One of the most important properties of quantum Hall
states is that they have gapless edge modes. Every
Models and main results 2 state has at least one such mode, but the structure of
these modes varies from state to state. For example, the
Toy model: infinite U 3 Laughlin states are believed to have a single chiral edge
A Review of seneral formalism 3 mode,! while integer quantum Hall states have multiple
) ) & chiral edge modes — one for every filled Landau level.?
B. Solving the toy model 4 A particularly interesting edge theory is realized by
C. Low energy phonon modes 6 the v = 2/3 fractional quantum Hall state. This state
D. Expression for density operator 6 is believed to have two counter-propagating chiral edge
E. Charge and neutral modes 7 modes — one which looks like the edge mode of a v =1
integer quantum Hall state, and one which looks like the
Toy model: finite U 7 edge mode of a v = 1/3 Laughlin state, but with opposite
A. RG analysis of low energy theory 7 .chira.lity.:"6 Th}s edge theory poses a b@sic puzzle.becguse
B. Fate of neutral mode 8 it naively predicts charge propagation in both directions
o . along the edge, in disagreement with experiment.”
C. Finite U corrections ) A possible resolution to this problem was put forth by
) Kane, Fisher and Polchinski.® In that work, the authors
Generalized models 10 argued that what is missing from the previous picture
A. General impurity lattices 10 is impurity-induced electron scattering between the two
1. Structure of low energy modes 10 edge modes. The authors showed that impurity scatter-
2. Expression for density operator 11 ing can drive the edge to a special disorder dominated
3. Conditions for neutral mode 12 fixed point where one of the edge modes is electrically
B. Random impurities 13 neutral while the other carries charge; the charge mode
. ) propagates in the direction determined by the external
1. Infinite U 13 magnetic field while the neutral mode propagates in the
2. Finite U 14 opposite ‘upstream’ direction. This mode structure can
explain why current flow is only observed in one direc-
Conclusion 14 tion on the 2/3 edge. It is also consistent with experi-
Acknowledgements 15 ments on the v = 2/3 edge which have found evidence
for upstream neutral modes,” though the picture has
Degeneracy 15 been complicated by more recent. studies which suggest
1. General method for computing degeneracy 15 that the 2/3 edge may have multlple C?Oarge modes, per-
S ] ) haps as a result of edge reconstruction.™ Also, we should
2. Application to impurity model . mention that other studies have detected neutral modes
in quantum Hall states where they were not expected
. Regularizing the impurity scattering terms 16 theoretically.!!12
The main theoretical justification for the neutral mode
Deriving the approximation (93) 17 proposal of Ref. 8 comes from a renormalization group
(RG) analysis of the fixed point edge theory which shows
References 18 that the fixed point has no relevant perturbations. This
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FIG. 1. Toy model for a FQH edge with impurity scattering:
two counter-propagating chiral Luttinger liquids with param-
eters k1 and k2 together with a regular lattice of impurity
scatterers with spacing ¢.

calculation proves that the fixed point has a finite basin
of attraction; as long as the edge lies in this basin of
attraction, impurity scattering will drive the system to
the fixed point with a neutral mode.

While this analysis is powerful, it leaves some impor-
tant questions unanswered. In particular, it does not give
a microscopic picture for how a neutral mode emerges
from impurity scattering. In this paper, we seek to pro-
vide such a picture in the context of concrete models.

The models we consider are built out of two counter-
propagating chiral Luttinger liquids together with a col-
lection of discrete impurity scatterers. Our main result
is an exact solution of these models in the limit of in-
finitely strong impurity scattering, which we obtain using
a formalism introduced in Ref. 13. From this solution,
we explicitly derive the existence of a neutral mode and
we determine all of its microscopic properties including
its velocity. Importantly, we also study the stability of
the neutral mode and we show that it survives at finite,
but sufficiently strong impurity scattering, as long as this
scattering has a random spatial dependence.

Our results apply to a particular class of fractional
quantum Hall (FQH) edge theories of which the v = 2/3
edge is a special case. Specifically, the edge theories that
we analyze are those described by a K-matrix* of the
form K = 14701 _%2
ko = k1 4+ 2.™ These edge theories correspond to a class
of Abelian quantum hall states with filling fraction v =
== —2 The v = 2/3 edge corresponds to the case k1 =1
and k?g =3.

The structure of the paper is as follows. In section IT we
present the models that we study and we summarize our
main results. In section III we solve our simplest model
— a minimal toy model — in the infinite scattering limit
and derive the existence of a neutral mode. In section
IV we study the toy model with finite but large impurity
scattering and we show that the neutral mode survives in
this case. Finally, in section V we consider more general
and realistic models and we show that our main results
still hold. We conclude in section VI and mention a few
directions for future work.

) where k; is an odd integer and

II. MODELS AND MAIN RESULTS

As we mentioned previously, we focus our analysis on
FQH edge theories that have filling fraction v = ;- — -
and that are described by a K-matrix of the form K =

kr O

0 —ko
In the absence of impurity scattering, the edges of these
states can be modeled as two counterpropagating chi-
ral Luttinger liquids which look like the edge modes of
the 1/k; and 1/ky Laughlin states, but with opposite
chiralities.* Our goal is to study how impurity scatter-
ing in these systems can produce a neutral mode using
concrete models.

We start with a minimal toy model which consists of
two counterpropagating chiral Luttinger liquids together
with a periodic lattice of impurity scatterers with lattice
spacing ¢ (Fig. 1). The Hamiltonian is

) where k7 is an odd integer and ko = k1 + 2.

H=Hy—UY_ cos(ki(jt) + ka2 (jt) — o),
J

o= [ o0 +ha@o?) ()
where é;, ¢y obey commutation relations
(61(0). 0,01 ()] = = 8z~ 9)
[63(2), 8,02 (y)] = %5@ )
[61(2), By (y)] = @)

Let us explain the different terms in the Hamiltonian.
The first term, Hy, is a bosonized representation of the
two chiral Luttinger liquid edge modes in a normaliza-
tion convention where the electron creation operators are
wi = e~ k191 and ¢£ = e*2¢2 The second term — the
sum of cosines — describes a lattice of impurities that
scatter electrons from one mode to the other (Fig. 1).
The only parameters in the model are v, U and {«;}:
v is the velocity of the two edge modes, while U and
{a;} describe the amplitude and phase of the electron
scattering associated with the j’th impurity. Notice that
we allow the a; phases to be different for each impurity,
but we take the scattering strength U to be constant for
simplicity.

What makes the above model useful is that we can
study it in a well-controlled fashion and explicitly see
that the impurity-induced electron scattering leads to an
emergent neutral mode. First, consider the case where
U = 0 so there is no scattering. In this case, the result-
ing edge theory has two decoupled modes, ¢1, ¢p>. Both
modes are charge-carrying, since the electron density op-
erator is given by p(z) = 5= (0¢1 + 9x¢2). Next suppose
we turn on a small U. The mode structure remains qual-
itatively the same as the U = 0 case (assuming the «;
phases are chosen randomly) since it is easy to check that



the scattering terms are irrelevant perturbations of the
U = 0 edge theory.'®

The more interesting case, and our focus in this paper,
is when U is large. In this case, we show that one of the
low energy modes is charged and the other is neutral.
We derive this result in two steps. In the first step, we
solve the model exactly in the limit U — oo using the
formalism of Ref. 13. The key point is that in this limit,
the impurities act as elastic phonon scatterers similarly
to a d-function potential for non-interacting electrons.
Consequently, the periodic lattice of impurities produces
a phonon band structure just like a periodic potential for
electrons. Working out this phonon band structure, we
find that there are two low energy phonon modes, which
are described by the following low energy Hamiltonian:

T O [T 1 2 1 2
Hcﬁ* A [wdx (V(am¢p) +k2_kl(az¢o) >7

3)

Here v = ]Z?_Zlv is the velocity of the two modes and
¢y, ¢o are fields obeying commutation relations

[¢p($), ay(bp(y)] = —27TiV(5(x - y)
[Qj)cf (l‘), ay¢o(y)] = 27Ti(k2 - kl)é(x - y)
[¢p(x)7 ay(ba(y)] =0 (4)

In addition to the Hamiltonian, we also derive an expres-
sion for the (coarse-grained) density p:

p(r) = 502, o)

Egs. (3-5) tell us the complete low energy mode structure
in the limit U — co. Most importantly, they tell us that
there are two decoupled low energy modes, ¢, and ¢,
and that ¢, carries charge while ¢, is neutral.

The second step in our derivation is to study what hap-
pens when U is large but finite. We analyze this case by
adding correction terms to the U — oo low energy theory
(3). We then investigate the effects of these correction
terms using a renormalization group (RG) analysis. In
the most realistic case where the a; are chosen randomly,
we find that the correction terms have no effect except
to renormalize the velocities of the charge and neutral
modes. Hence, for random «;, the charge/neutral mode
structure persists at large but finite U. This is the main
result for the first part of the paper.

In the second part of the paper, we generalize the toy
model (1) in two ways. First, we define Hy using an
arbitrary velocity matrix V;:

2
en 1

ij=1

Here V can be any real, symmetric, positive definite 2 x 2
matrix. Physically, this extension allows the ¢; and ¢9
modes to have arbitrary velocities and density-density

coupling. Our second extension is to make the impurities
randomly distributed, rather than regularly spaced. The
total Hamiltonian is then

HE™ = HE = U Y cos(k1¢a(x;) + katha(w) — o),

] )

where x; is the position of the jth impurity. Our main
result for this part is that H&°" has a charge and a neu-
tral mode at large U, just like the toy model H. In
other words, our derivation generalizes to a more realis-
tic setup with an arbitrary velocity matrix and randomly
distributed scatterers.

III. TOY MODEL: INFINITE U

In this section we solve the toy model (1) in the limit
of infinite scattering strength, U — co. Our main result
is that the system has two low energy modes in this limit:
a charge mode and a neutral mode. We show that these
modes are described by the low energy theory (3-5).

A. Review of general formalism

Our solution of the toy model is based on a general
formalism for solving quadratic Hamiltonians with large
cosine terms, introduced in Ref. 13. Below we briefly
review some of the central results of this formalism before
turning to our specific problem.

Consider a general Hamiltonian of the form

H=H,—- UZCOS(CZ') (8)

K2

defined on some phase space {1, p1,x2,p2,...}. Hp is a
quadratic function of position and momentum variables
{x1,p1,x2,p2, ...} and the C; are linear functions of these
variables. The C;’s can be arbitrary except for two re-
strictions: (1) {C1,Cs,...} are linearly independent, and
(2) [Cs, C}] is an integer multiple of 274 for all ¢, j (so that
the cosine terms commute with one another). Ref. 13
showed how to find the low energy spectrum of Hamilto-
nians of this kind in the limit U — oco.

The basic idea behind the analysis of Ref. 13 is that
the cosine terms act as constraints in the limit U — oo.
These constraints force the arguments of the cosine terms
to be locked to integer multiples of 27 at low energies.
When this happens, the low energy spectrum of H can be
described by an effective Hamiltonian Heg acting within
an effective Hilbert space Heg. Importantly, the effec-
tive Hamiltonian H.g is quadratic and therefore can be
diagonalized using elementary methods.

How do we construct the effective Hamiltonian and
Hilbert space? The Hilbert space is easy: Heg is the
subspace of the original Hilbert space consisting of all



states [¢) satisfying
cos(Cy)lw)y = [y, 1=1,2,.. (9)

As for the Hamiltonian, Ref. 13 described a simple recipe
for simultaneously constructing and diagonalizing Heg.
The first step is to find all operators a that are linear
combinations of the phase space variables x1,p1,... and
that satisfy the equations

[CL,HQ] ZECL—FZ)\j[Oj,Ho] (10)

[a,C;] =0, for all i (11)
where )\; and E are arbitary scalars with £ # 0. The
above operators a have a simple physical meaning: they
describe creation or annihilation operators for the effec-
tive Hamiltonian Heg. The scalar E is the energy of the
corresponding mode while the scalars \; can be thought
of as Lagrange multipliers associated with the constraints
imposed by the cosine terms.

Once the solutions to (10-11) have been identified, the
next step is to separate them into two classes: ‘annihila-
tion operators’ with £ > 0 and ‘creation operators’ with
E < 0. If a1,a9,... form a complete set of linearly in-
dependent annihilation operators, and a{,ag, ... are the
corresponding creation operators, then they should be
normalized so that

[aka (1]1;:/} = 6k‘k/7 [aka ak/] = [GL, a]t;’] =0 (12)
After these steps have been completed, the effective
Hamiltonian Heg can be written down easily: according
to Ref. 13, Hg is simply given by'¢

Heff = ZEkaLak (13)
k

A cautionary note: while it is tempting to conclude
that the energy spectrum of Heg is identical to that of
a collection of harmonic oscillators with frequencies E},
this is not quite correct in general. The reason is that,
in many cases Heg has additional degeneracy, i.e. each
occupation number eigenstate may be D-fold degenerate
for some D. In this paper we will focus on systems where
D = 1 in order to avoid complications associated with
this degeneracy. In fact, this is the reason that we restrict
to the case ko = k1 + 2 (see Appendix A).

B. Solving the toy model

We now use the above formalism to solve the toy model
in the U — oo limit. Here, Hy is defined in Eq. (1), and
the Cj;’s are defined by

C;j = k161(30) + ka2 (i) — o (14)

According to the general formalism, we need to find all
operators a satisfying the following properties. First, a

should be a linear combination of the phase space vari-

ables {0, ¢1, 0 Pa}:

o= [ dr @06+ 9@ (15)
Second, a should obey Egs. (10-11) for some \;, E with
E # 0. Finally, given that Eqgs. (10-11) have discrete
translational symmetry,'” f(x) and g(x) should obey the
Bloch condition

fla+0) =e " f(z),

where k is in the Brillouin zone [—m /¢, 7 /¢].

Our task is thus to solve Egs. (10-11) and (16). For
clarity, we present the result first and then explain the
derivation. In short, what we find is that there are an
infinite number of solutions to these equations for each
value of k in [—7 /¢, 7 /¢]. We label these solutions by ay,
and E, j where n is an integer index, n = 0,£1,+2, ....
These solutions take the form

glz +0) =e"*g(x)  (16)

KL (4 1 (1) D1 + Wiy g (2) D h2)

Qp K :/ dil‘e
—o0 \/ |En,k|
(17)

where u,, ; and w,, j are periodic functions which we de-
rive below. The energies E, j, are given by

—1)" ko — k
Enx= % + ( K) Y aresin (kz n ki sin k€> (18)
The solutions come in pairs with a_, _; = aL p and
E_, _x = —E, 1, with the a,  operators obeying the

standard commutation relations

(an ksl ] = 0(k = K)opp,  Enp >0 (19)
With these results in hand, we can immediately write
down the effective Hamiltonian H.g using the general
formalism (13):

/e

Heﬂfzzn:/_

where O denotes the Heaviside step function.

Equations (17-20) tell us the complete low energy spec-
trum of the toy model in the limit U — oco. To under-
stand the physical interpretation of this spectrum, note
that phonons scatter off the impurities elastically in the
limit U — oo, since in this limit the cosine terms can be
modeled as hard constraints on the ¢1, ¢o fields. Thus
a lattice of impurities gives rise to a band structure for
phonons just as a periodic potential gives rise to a band
structure for electrons. The above results are consistent
with this physical picture: the operators al’k,amk (for
E, 1 > 0) can be thought of as creation and annihilation
operators for a phonon in band n with crystal momentum
k. The energy of this phonon mode is given by E,, j.

One thing that these equations do not tell us is the
degeneracy of the different energy levels of Heg. As we

dk O(E, 1) Engal  ang (20)
/Ll ’
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FIG. 2. Phonon bandstructure of the toy model in the limit
U — oo, for the case k1 = 1,k = 3 and v = ¢ = 1. The
zeros of the n = 0 band correspond to low energy phonon
modes: k = 0 corresponds to a right-moving charge mode,
while k = /¢ corresponds to a left-moving neutral mode.

mentioned in the previous section, the phonon occupa-
tion numbers {al’ x0n.k} are not necessarily a complete
set of observables; that is, every phonon occupation state
may be D-fold degenerate for some D. We study this is-
sue in Appendix A using the general formalism of Ref. 13.
We find that for |ke — k1| = 2, the toy model has no de-
generacy: D = 1. In contrast, for |k — k1| > 2 we find
that the model has an extensive degeneracy, i.e. D grows
exponentially with the number of impurities. This degen-
eracy poses many complications, and is the reason that
we restrict our analysis to the case ko = k1 + 2.

We now solve Eqgs. (10-11) and (16) and derive the
results listed above. First, we plug (15) into (10), thereby
obtaining the differential equations

fla) =~ f@) k3 Al o)

j=—00

@) =iyl —k 3 b -0 (1)

Solving this system of equations, we obtain piecewise
plane wave solutions of the form

flz) = ADemiv(@=i0),

g(z) = BDew@=i0 o<y < (G100 (22)

To obtain the matching conditions between the A, B()
coefficients, we note that Eq. (21) implies that

AG) = AG=D =8 _ )\ gy
B = BU-VE )k, (23)
or equivalently

AU _ AG-De—iBE  pBU) _ gUi-1 it
= - : (24)

k’l k?

Another matching condition for AU), B comes from the
constraint (11): substituting (15) into (11), and using an

appropriate regularization (see appendix B), yields

AG) ;1 AG-De—iB BU) 4 BU-1) it
+ e _ + e (25)

2 2

Using the two constraints (24) and (25), we can solve for
AU) and BY) in terms of AU~ and BU-1:

AG) AG-1D)

where

1 ko + k1 —2kq
T = 2
ko — ky ( 2ky  —ki — k2 (27)

and

efia:/v 0

Each of the matrices, T, D(E¥) and their product T -
D(EY), have a simple interpretation. The matrix T can
be interpreted as the transfer matrix corresponding to a
single impurity: it relates the mode amplitudes just to
the right of the impurity to those just to the left. Likewise
D(EY) can be interpreted as a propagator that describes
how the amplitudes change in between the impurities.
Finally, T'- D(E¥) can be interpreted as a transfer matrix
corresponding to a unit cell: it relates the mode ampli-
tudes at the end of the unit cell to those at the beginning
of the unit cell.

To proceed further, we impose the Bloch condition
(16), which implies that

() () e

where A = A©® and B = B(Y). Combining (26) and (28),
we arrive at the eigenvalue equation

T-D(EY) - (g) = ekt <g) (29)

Equation (29) encodes all the information about the
phonon band structure and is the main result of our cal-
culation. All that is left is to solve this equation. A
quick way to do this is to note that det(7) = —1 while
det(D) =1, so det(T - D) = —1. It follows that if T - D
has an eigenvalue e~ then its other eigenvalue must
be —e™**. Hence, Tr(T - D) must be equal to —2i sin(kf).
Comparing this value of the trace with the explicit form
of T'- D, we derive the relation

:Z i— ]Zi sin (?) = sink/ (30)

We can see that for each k € [—n /¢, 7/{], there are an
infinite number of E’s that obey this equation. These
solutions are precisely the E, ;’s given in Eq. 18. The



corresponding expressions for A, B can be obtained by
straightforward algebra:

A _ (bRt (b = k)l SF B0y
Bur) 2k,

Putting this all together, we conclude that the most gen-
eral creation/annihilation operators are of the form (17)
where

An,k ei(kan,k/v){w}

'U,n7k(x> = Tk
Bok
wn k() = ¥ J;: ei(k+En i /v){x} (32)

and where {z} is defined to be the distance to the nearest
impurity to the left of z (i.e. if j¢ < x < (j + 1)¢ then
{z} = z — j¢). The normalization constant A, can be
determined by demanding that a,x obeys the commuta-
tion relations (19):

/2
2w (Al | Basl?)
Nos= 27 (1l I (3)

C. Low energy phonon modes

The most important feature of the band structure de-
rived in the previous section (Fig. 2) is that the n =0
phonon band crosses E = 0 in two places: £k = 0 and
k = m /L. These crossings imply that the system has two
low energy phonon modes with opposite chiralities. We
now derive a low energy Hamiltonian that describes these
modes.

In order to be precise, we first need to specify the low
energy Hilbert space H.g for this Hamiltonian. We do
this in the obvious way: we define the Hilbert space Heog
to be the subspace spanned by phonon excitations in the
n = 0 band with

k] <A or |k—n/t|<A
where A is some momentum cutoff with A < 1/¢.

Likewise, we define the low energy Hamiltonian H.g by
projecting Heg onto the low energy Hilbert space. The
result of this projection is that all the creation and anni-
hilation operators in H.g drop out except for those with
n = 0 and with k near 0 or 7. We will relabel these low
energy operators as a,; and a,, where

Apk = Q0 ks Aok = Q0 ktr /¢ (34)
and where |k| < A. Expressing Heg in terms of these
variables and linearizing the dispersion, we derive the
low energy Hamiltonian

A
Feﬂ" = / dk @k(a;’kap,k + a;,kaoy—k) (35)
0

where the (renormalized) velocity v is given by

ko — k1
k14 ko

U= v (36)
Note that the modes at k = 0 and k = 7/¢ have opposite
velocities +v.

D. Expression for density operator

We now derive an expression for the charge density
p(z) = i(@zm + 0z¢2) in terms of a,j and a, ;. This
expression is interesting because it tells us that the p
(k = 0) mode carries charge while the o (k = 7/¢) mode
is neutral.

The first step is to note that p(z) can be expanded as
a linear combination of the a, ; operators, that is:

p(x):;/

Here the p,, () are unknown functions that we will de-
termine below. The existence of such an expansion fol-
lows from the completeness of the a, ; operators: any
linear combination of J,¢; and 0, ¢ that commutes with
the C;’s can always be expanded in terms of the an k13

Next we find the expansion coefficients p,, 1 (z). To do
this, we take the commutator of Eq. (37) with a_,, _g,
which gives

[p(2), a—n,—k] = pur(2) - sen(En k) (38)

Evaluating the commutator using the expression for a,, j
(17), we obtain

sy
[

dk pp i()an K (37)

jus
[

_isgn(Ey k)

V |En’k|

x 0, (k {“n}ﬁm) _ wn};(x)D

_ |En,k ik U—n,fk(x) + w,n’,k@;‘)
v k’l ]CQ

pn,k(x) =

(39)

where the second equality follows from the differential
equation (21). Putting this together, we can write p(x)
as

g |
) =3 / kA |Ba e e i (an (40)
n T

where

u—n,—k(ﬁc) 4 U)_n’_k(x)
vk vko

Zni(T) = (41)
At this point, we have found an expression for p(z) in
terms of the a, ; operators; to complete the calculation
we need to go to lower energies and translate Eq. (40)



into an analogous expression for p(x) in terms of a,
and a, ;. More precisely, since our low energy theory has
a momentum cutoff A, we will not be interested in the
microscopic density p(x), but rather in a coarse-grained
version of this quantity, which we will denote by p(x).
The coarse-grained density p(z) is defined by spatially
averaging p(z) over a region of size 1/A.18

Our task is thus to find the expression for p(z) in terms
of a, 1 and as . To this end, we need to spatially aver-
age the expression for p(x) given in Eq. (40), and then
project this expression to the low energy Hilbert space
Hegr. The spatial averaging step can be accomplished by
making two changes to Egs. (40), namely (1) restricting
the integral to |k| < A, and (2) replacing z, x(z) — Znk,
where Z, j is defined by averaging z, y(x) over a unit
cell. The projection step can be accomplished by simply
throwing out all the terms involving a,, ; for n # 0.

After performing both steps, the end result is:

A
plx z/ dk \/|Eo ez, kA0 k 42
@= [ db ez @)

The final step is to compute Zp . To do this, note that
since we are only interested in small k£ modes, i.e. |k| <
A < 1/¢, we can make the approximation

Up,0 , Wo,0
: : 43
'Ukl UkQ ( )

20,k = 20,0 =

Similarly, we can approximate \/|Ey x| ~ \/0|k|. Subsi-
tuting this into Eq. (42) and using the expressions for
Un, i, Wn k and T (32, 36), we derive

— \/; A ikx
pla) = Y2 [k HeMa, (44)
™ J-A

Here we have used the identification agr = ap.k-

E. Charge and neutral modes

To complete our derivation, we now define two real-
space fields 0,¢, and 0,¢,, which we label the charge
and neutral modes:

A
Dudp(z) = Vv / dk /|k|e*"a, (45)
—A
A
0p0o(x) = \/krkl/ dk/|kle*®ag (46)
—A

One can check that these fields obey the commutation
relations

[d)p(x)v 8y¢p(y)] = 727”‘1’5(x - y)
(90 (x), 0ys (y)] = 2mi(ke — k1)0(z — y)
[¢p(x)7 8y¢a(y)] =0

where the above ‘§(z)’ is actually a regularized ¢ function
that only has Fourier components smaller than A. In
terms of these fields, the Hamiltonian (35) becomes

_ 0 o0

1
Heff

1 2 2
dx (V(azd)p) + Ky — k1 (0:95) ) )

:E .

while the (coarse-grained) density operator (44) is

1
(@) = 5-0:

This completes our derivation of the real space low en-
ergy theory (3-5). It also completes our derivation of the
neutral mode: indeed, it is obvious that ¢, is electrically
neutral since it does not appear in the above expression
for the charge density.

It is natural to ask: what is the origin of the neutral
mode in our calculation? For the above model, this ques-
tion has a simple answer: the presence of a neutral mode
can be traced to the fact that the phonon bands cross
E =0 at both £k =0 and k = w/{. The key point is that
the k = 7 /¢ mode is guaranteed to be electrically neutral
on average, due to its spatial oscillations.

IV. TOY MODEL: FINITE U

In this section, we analyze the toy model (1) at large
but finite scattering strength U. Our main result is that
the charge/neutral mode structure persists at finite U,
as long as the o; phases are chosen randomly.

A. RG analysis of low energy theory

The key idea behind our analysis is that the low energy
effective theory at finite U can be obtained by adding
correction terms to the low energy theory at U = oo (3).
Given this fact, all we have to do is compute these ‘finite
U corrections’ and study their effects on (3). Before do-
ing this, we first orient ourselves by analyzing the effects
of arbitrary charge-conserving perturbations on the low
energy theory (3). This will help us distinguish between
important and unimportant corrections.

We begin by enumerating all local, charge-conserving
operators in the low energy theory (3). To start, it is use-
ful to think about simple examples and ‘non-examples’ of
these operators. In particular, we note that the operators
0:¢0 and 0,0, are valid examples, but "% is not
since it does not commute with f dx0,¢, and therefore
breaks charge conservation. Another important example
is e!™®  This operator is charge-conserving for all m but
it is only a legitimate low energy operator when m is an
integer, since it is only in this case that it commutes with
the constraints e’“s that define the low energy Hilbert



space (9). One way to see this is to rewrite [ dzd,d, as
[e%S) [e%S) A
/ dz 0ptpy = \/ ko — kl/ dm/ dk/|k|e™* T ay
oo —A
(F+1)¢
= Z / da(kyOp 1 + kaOsh2)

(Here the second equality comes from plugging in the def-
inition of a4 (17,34) and simplifying). From this iden-
tity, we can see that

[Z(_l)j—Hij ¢0} = (k1 — k/’z) (48)

J

DITHC; + ay) (47)

It follows that exp(im¢,) commutes  with
exp(i Zj(—l)j“C’j) only if m is an integer multi-
ple of 2/(ke — k1). Since we specialize to the case
ko — k1 = 2, we conclude that m has to be an integer, as
claimed above.

Putting together the above examples, we deduce that
the most general charge-conserving operator can be pa-
rameterized as

"% f({05 60, 00p}) (49)

where m is an integer and f is a monomial built out of
derivatives of ¢, and ¢,. Our next task is to understand
the perturbative effect of these operators on the low en-
ergy theory (3). We do this with a renormalization group
(RG) approach. First, we note that the scaling dimen-
sion of e!™% is A = m? (here we again use the fact that
ko — k1 = 2). This fact implies that all the operators in
(49) with |m| > 2 have scaling dimensions larger than 2
and are thus irrelevant in the RG sense. We can therefore
restrict our attention to the operators with m = 0, £1,
of which the only marginal or relevant ones are:

Oudpy Outbe, €97, (9:0,)2, (0s)?,
0rp0sto, €T970,0, (50)

Let us consider each of these perturbations. The first
three terms are unimportant since they can be ‘gauged
away’ — that is, eliminated from the Hamiltonian by an
appropriate redefinition of fields. This is obvious for 0,¢,
and J,¢,: these terms can be eliminated by completing
the square in the Hamiltonian (3). As for e*® the fact
that this term can be gauged away follows from an obser-
vation of Ref. 8, namely that when |k; —k2| = 2, the three
operators { [ dxzcos(¢,), [ dusin(¢,), [ dzdy ¢} gener-
ate an SU(2) symmetry group that leaves the Hamil-
tonian (3) invariant. Like any SU(2) generators, these
three operators transform like a three component vector
under the symmetry that they generate. In particular,
this means that we can rotate the operator cos(¢,) into
0. ¢, using the SU(2) symmetry. The latter term can be
gauged away, hence cos(¢,) can also be gauged away.

The next two perturbations, (9,¢,)?, (9,¢.)?, are also
relatively unimportant since their only effect is to shift
the charge and neutral mode velocities. Thus, the only
perturbations we need to worry about are 0,¢,0,¢.
and eti®e 0:¢,. These perturbations do have an impor-
tant effect: they couple the charge and neutral modes
so that both of the resulting hybridized modes are
charge-carrying.'® Thus, these perturbations are danger-
ous from our perspective because they destroy the decou-
pled charge/neutral mode structure if they are present.

B. Fate of neutral mode

The next step is to compute the finite U corrections
for the impurity model (1) and determine whether the
two ‘dangerous’ perturbations discussed above, namely
02 ¢p0:0s and e*?70,¢,, are generated. This calcula-
tion is technical so we postpone it to the next section,
and skip to the main result: what we find is that these
perturbations do appear as finite U corrections but with
spatially dependent coeflicients. In particular, 0,¢,0; ¢~
appears in the form

Z(_l)jaxgbpaxd)o(jz) (51)
J
with a coefficient that changes sign every unit cell. Mean-
while e~ 0:¢, appears in the form

Z cos(¢o(j¢)

where the §3; are determined by the original «; phases
via the relation

- /8j)6$¢p(j£) (52)

Bj = (=1)! (a.]'l‘l —qj) (53)

The alternating coefficient in Eq. (51) has a very
important consequence: it suppresses the effect of
0:0,0:¢,, effectively rendering it irrelevant. Likewise,
the /3; phases in (52) can also lead to cancellations that
suppress this perturbation, but these cancellations are
more delicate and depend on the values of ;. Thus to
determine the fate of the charge/neutral mode structure,
we need to fix a choice of a;. Here we focus on two
possibilities: (a) o; = j® for some @, and (b) random
a;. Physically, case (a) corresponds to a situation where
an identical amount of magnetic flux ® threads between
each pair of impurities, between the ¢1, ¢2 edge modes.
Likewise, case (b) corresponds to random magnetic flux
and can be thought of as capturing some aspects of a
more realistic random impurity system.

Interestingly these two cases lead to different physics.
In the uniform flux case (a), we obtain f;11 — 3; =
(—1)7®, so we can take 5; = 0 and f;4+1 = ®. Sub-
stituting this into (52), we see that in the long distance
limit, the finite U corrections generate a term of the form

[COS<¢0') + COS(¢0 - q))}az(bp (54)

Bi1 —



Evidently there is no cancellation (for generic ®) so the
etids 029, perturbation is not suppressed. Therefore, the
charge and neutral modes will become hybridized at finite
U. In other words, the charge/neutral mode structure
does not persist at finite U in this case.

On the other hand, in the random flux case (b), the
B; phases are also random and independent, so the op-
erators eii¢“8$¢p appear with random phases. These
random phases make e*%79,¢, irrelevant, since it has
a scaling dimension, A = 2, which is larger than the
critical dimension of 3/2 for perturbations with random
coefficients.?? Therefore, in this case, both of the danger-
ous perturbations are suppressed and hence the charge
and neutral mode survive at finite U in this case.

C. Finite U corrections

To complete the discussion, we need to compute the
finite U corrections and derive Egs. (51) and (52). Before
doing this, we first review the general formalism for these
corrections.

In Ref. 13 it was argued that the low energy spectrum
of (8) for large, finite U can be obtained by adding ap-
propriate correction terms to the U = oo effective Hamil-
tonian Heg (13). These correction terms can always be
written in the following general form:?!

> e EimMie, ({ag, af}) (55)

(my,ma,...)
and the €, are some unknown functions of {a, a%} which
also depend on U. Also, II; is defined by

1; = 27i Z

where N is the matrix Nj; (% =1C;, [Cs, Holl.
Note that (55) does not tell us the functional form of
em (g, ak) this is system dependent and cannot be de-
termined without more calculation.

To understand where the expression (55) comes from,
note that when U is finite, we expect that there is a small
amplitude for the system to tunnel between the minima
of the cosine terms, i.e. C; — C; —2mm;. Thus, the
corrections to Heg should be a sum of the most general
possible operators describing tunneling processes of this
kind. Eq. (58) is precisely such a sum of (general) tun-
neling operators. Indeed, one can see that (55) gives a
matrix element for the tunneling process C; — C;—2mm;
using the commutation relation

Here the sum runs over integer vectors m =

Y[Cy, Hy (56)

(See Ref. 13 for more details).
We now apply the above general formalism to the lat-
tice impurity model (1). For simplicity, we start with the

case where only one of the impurities has a finite value
of U while the others have U = oco. In this case, we only
have to think about the finite U corrections associated

with a single impurity — say, the jth impurity. Thus,

the general expression (55) reduces to:
Z e ]Em ({ank. a n, k}) (58)

m=—oo
where II; is defined by
. [C]7 HO]

I, =21 ———— (59)

! [C5,1C5, Holl

and where €, are some unknown functions of {a,, , aL’ k}
which also depend on U.??

Equivalently, the finite U corrections can be written in
the real space form

o0

S I (0561 (j6), 0 0(j0)  (60)

m=—0o0

where the function f,, obtained by
em({an i, ajlvk}) in terms of O,¢1, 0, ¢2.

Next, consider the case where all the impurities have
the same finite value of U. For large U, we expect the
dominant corrections to be independent tunneling pro-
cesses associated with single impurities. Therefore, in
this limit, we expect the finite U corrections to be a sum
of the single impurity corrections (58) over all j:

Z ™ f, (9% ¢y (jl), DL o (i0)) (61)

m,j

expressing

Our main task is to translate the correction terms
(61) into the low energy theory with two linearly dis-
persing phonon modes (3). We start with the operator
fm(0k¢1,0L¢s). To translate this operator into the low
energy theory, we note that d,¢; and O0,¢s are linearly
related to an ,a Lk, which are in turn linearly related
to 0,¢, and (%qbg Hence the f,, operator corresponds
to some function of the derivatives of ¢, and ¢, eval-
uated at j¢. Next, consider the operator e''i. Trans-
lating this operator into the low energy theory requires
more sophisticated arguments. First, we use the rela-
tion [C;,I1,] = 27id;; together with the identity (47) to
deduce that

[ / dx@zqﬁmemj] = 47 (—1)7 M (62)

Writing down the most general charge-conserving opera-
tor in the low energy theory that is consistent with these
commutation relations, we derive

el — i(=1)7 (6o (70— Bi)(1 4 ...) (63)
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where ; is some unknown phase and the ‘..." includes
terms built out of derivatives of ¢,,¢,. To fix the value



of the 3; phases, or more precisely, the relative values of
these phases, consider the operator

O =10 + 11 + Cj = Cja + @ — ja (64)

The operator O has two important properties: (i) it is
linear in the fields 0,¢1, 0, ¢2, and (ii) it commutes with
C; for all j. (Here the second property follows from the
commutation relation [C},C;] = im(ks — k1) - sgn(j —
1)). Given these two properties, it follows that O can
be expanded as a linear combination of ay, , ai,k since

Qn, k) ajl’k form a complete basis for the set of operators
satisfying (i), (ii).!®> This means that we have

I+ 141 = a1 =+ Ciia = Ci+ Y (A~ an i+ hec)
n,k
(65)
for some constants A, ;. If we now exponentiate both
sides of this equation and take the ground state expecta-
tion value in the limit U — oo, we see that

arg((e™ M) = e - ay (66)

since €'“i = ¢'%i+1 = 1 in this limit. Comparing this
result to the expression (63), we deduce that 511 —3; =
(=1)7(aj41 — ;) as in Eq. (53).

Putting this all together, we conclude that the finite U
corrections (61) take the following form in the low energy
theory:

D e @ U0 £ (05, (50), (1) Do (1))
m,j
(67)

Here $3; is given by Eq. (53) and f,, are some unknown
functions. The reason for the factor of (—1)7 multiply-
ing 9. ¢, is that ¢, describes a mode near k = /¢, and
therefore the relation between ¢, and ¢1, @2 alternates
sign at every impurity. The same reasoning explains why
there is no factor of (—1)/ multiplying 0%, since ¢, de-
scribes a mode near k = 0.

From Eq. (67), we can immediately read off the correc-
tion terms that are proportional to the two ‘dangerous’
perturbations, 0,¢,0,¢, and eiwdaxgbp. Specifically, we
can see that 0,¢,0,¢, appears in the m = 0 terms,
and takes the form Zj(—l)jﬁx(bp(jf)@xgbg(jﬂ). Likewise,
eii%amgbp appears in the m = £1 terms and takes the
form }; cos(¢s(j€) — B;)0z¢,(j¢). This completes our
derivation of Egs. (51) and (52).

V. GENERALIZED MODELS

Thus far we have focused on the toy model (1). This
model has several special (and unrealistic) properties: (i)
the impurities are arranged in a perfect lattice, and (ii)
the two modes ¢; and ¢2 move at the same speed v
and are decoupled from one another. We now investi-
gate whether the charge and neutral modes persist un-
der more realistic conditions. We build up to the most
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FQH bulk

FIG. 3. Generalized impurity lattice model with three im-
purities per unit cell. The unit cell has length ¢ while the
spacings between the impurities are £1,f2 and /3.

realistic case in several steps. First, in section V A, we
consider what happens when the velocity matrix is arbi-
trary, the impurities form a lattice with an arbitrary unit
cell, and U — oo. Then, in section V B 1, we consider the
case where the velocity matrix is arbitary, the impurities
are randomly positioned, and U — oo. Finally, in section
V B2, we consider the most realistic case of an arbitrary
velocity matrix, random impurities and a finite U.

A. General impurity lattices

In this section we generalize the toy model in two ways.
First, instead of focusing on the simplest possible impu-
rity lattice, with only one impurity per unit cell, we con-
sider a general lattice with m impurities in a unit cell of
length ¢ with arbitrary spacing ¢4, ..., ¢, (Fig. 3). Sec-
ond, instead of assuming that the two modes ¢ and ¢o
are decoupled from one another and move with the same
speed v, we consider an arbitrary velocity matrix V;;.
That is, we consider a Hamiltonian of the form Hg" (7),
with the impurities arranged in a general lattice.

1. Structure of low energy modes

We begin by analyzing the phonon modes for these
more general systems. Our main result is that when U —
oo these systems have two low energy phonon modes,
whose creation/annihilation operators we denote by a,,
and as 1 (see below for their definitions). These modes
are described by an effective Hamiltonian of the form

A
Feff:/ dk (Upk:a;)kap,k+U0kza;7kag7_k) (68)
0

where v,,v, > 0 are defined below and A < 1/¢ is a
momentum cutoff.

The calculation is very similar to the one for the toy
model. Indeed, Bloch’s theorem guarantees that the
phonon creation and annihilation operators a,, ;, take the



same form as before:

ik (un,k(x)az¢l + wn,k(x)ax(bQ)

e = / _dz
vV IEn,kI
(69)

where k takes values in the Brillouin zone [—m /¢, 7 //{]
and uy, ,(x), wy k(z) are periodic functions with period
£. The effective Hamiltonian also takes the same form as
before:

/e

Heﬂfzzn:/_

Thus, all we have to do is find the phonon energies E,, j
and the Bloch functions w, (), wy k(x). Proceeding in
exactly the same way as in section III B, these quantities
can be obtained by solving an eigenvalue equation of the
form given in Eq. (29):

Teen(E) - (g) =e M (g) (70)

where T, is the transfer matrix associated with a single
unit cell. The only difference from the toy model is that
the transfer matrix Tee; is more complicated due to the
fact that the unit cell contains m impurities, and the
velocity matrix is more general. In particular, T,e is

dk O(E, 1) Enral  ang
/L '

given by

where D(z) = e W% and W = KV~! and K =
ki 0
0 —ko)°

Eq. (70) tells us the entire phonon band structure,
but for our purposes, we only need to understand the
low energy phonon modes. Therefore, in what follows we
will focus on solving (70) in the limit of small E. To this
end, we expand T e (F) to linear order in E. Using the
fact that 72 = 1, we obtain:

T —iE(TWloaa + WT eyen) if m is odd
Tcell(E) = . . .
1 —iEWloaqa + TWTleyen) if m is even
(72)
where
bloqa =1+ 43+ ---
geven = 52 + 64 + - (73)

From these expressions, we can readily compute the
eigenvectors and eigenvalues of Tie;. First suppose m is
odd. In this case, perturbation theory gives the following
eigenvalues for Tep:

1—iEl/v,, —1—iEl/v, (74)
where
2 2
U= mawawy T maw oy )
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-/l 0 w/l  —m/l 2 /e
(a) (b)

FIG. 4. A schematic figure illustrating the difference between
band structures with an odd and even number of impurities
per unit cell. In the odd case (a), the phonon bands have
zeros at k =0 and k = 7 /£. In the even case (b), the phonon
bands have both zeros at k = 0.

Substituting these expressions into Eq. (70), we see that
there are two low energy phonon modes, which are lo-
cated near k = 0 and k = 7/¢ and have velocities v, and
—v, respectively (Fig. 4(a)).

Similarly, when m is even, perturbation theory gives
the following eigenvalues for Teey:

1—iEl/v,, 1+iEl/v, (76)

where v;l and —v_ ! are the two eigenvalues of the matrix

W = Wloaa + TWTleven, (77)

Plugging these expressions into Eq. (70), we see that
there are again two low energy phonon modes, but now
both are located near k = 0 with velocities v, and —v,
(Fig. 4(b)).

Combining these results, we see that for either parity
of m, the lowest energy modes are described by the ef-
fective Hamiltonian (68) — where a,  and a,j are the
creation/annihilation operators for the two low energy
modes. Note that the definitions of a, j and a, . are dif-
ferent depending on whether m is odd or even due to the
fact that the modes are located in different places in k
space. If m is odd, then

Apk = A0k, Aok = A0 k+7/0

as in Eq. 34, while if m is even,

Ap k. = A0k, Gg,k = 01,k

where ‘0’ and ‘1’ are the band indices for the two bands
that pass through £ =0 and £ = 0.

2. Expression for density operator

In order to understand how much charge is carried
by these low energy modes, we now express the (coarse-
grained) density operator p(z) in terms of a, x and as .
As in section III D, the first step is to express the micro-
scopic density operator p(z) = 5= (0,61 + Oy ¢2) in terms



of @y, . This step closely parallels the derivation of Eq.
(40), and the result takes a similar form:

7 ,
p(x) = Z/ ] dk A/ | En k€™ 2 1 (2)an 1 (78)
n v

where

W_p —k(x)

Zap(z) = (1 1) -V, (“—"»—’f(x)) (79)

As before, the quantity that we want to compute is the
coarse-grained density p(z), obtained by spatially aver-
aging p(x) over a length scale of order 1/A, where A is
a momentum cutoff much smaller than 1/¢. To perform
this spatial averaging step, we restrict the integral in (78)
to |k| < A, and replace z, k(x) = Z,k where Z, j is de-
fined by averaging z, r(z) over a unit cell. This gives:

A
pla) =3 / Adk B k€™ 2y pany  (80)

To complete the calculation, we need to project the
above expression to the Hilbert space generated by the
low energy phonon modes. This projection step gives a
different result depending on whether m is odd or even.
If m is odd, then just as in section IIID, there is only
one low energy mode with |k| < A, namely a, 1 (= aox),
so we obtain

A
ﬁ(m) = / dk meikxép}kap,k (81)
—A

On the other hand, if m is even, then there are two low
energy modes with |k| < A, namely a, 1 (= ao) and
as 1 (= a1 k) so we derive

A
pla) = / dk € (\/ook|Zpstpi + v/ oo k| Zo o)
A

(82)
Here 2, i, 2o,k are defined by
— VL. o~ (m)
zpr(z) = (1 1)-V (wp,];(x))
) o (toal®)
Zg,k(x) _ (1 ]_) .V 1, <w01§($)> (83)

while Z, ;, and Z, ) are defined by averaging z, () and
Zo k(%) over a unit cell.

3. Conditions for neutral mode

With this preparation we are ready to tackle the main
question: determining the conditions under which the o
mode is electrically neutral. Our main result is that the
o mode is neutral in two cases: (a) m is odd, or (b) m is
even and

Eodd = geven (84)
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where £oqq and leyen are defined as in Eq. (73).

We start with case (a). This case is quite simple since
when m is odd, a,; does not appear at all in the expres-
sion for p as we can see from Eq. (81). It thus follows
immediately that the 0 mode is neutral in this case.

Case (b) is more subtle. Indeed, when m is even, a,
does appear in p (82) so to determine the amount of
charge carried by the ¢ mode, we need to compute the
coefficient Z,; that multiplies a, ;. In fact, since we are
interested in low energy properties, the relevant quantity
is the k& — 0 limit of this coefficient, Z,.

We compute this quantity in three steps. First, we
find the eigenvectors of Teen(F) (71) in the £ — 0 limit.
To this end, recall from Eq. (72) that Teen(E) can be
approximated by

Tceu(E) ~1-— ’L.E(Wfodd + TWTEeven) (85)

Conveniently, this expression is easy to diagonalize when
lodd = Yeven. Indeed, in this case, one can check that

[T, Wloag + TWTleyen] =0 (86)

since T? = 1. It follows that the eigenvectors of Te(E)
are the same as T, namely: (1 1) and (k; ko)7.

Next, we substitute the above eigenvectors into the
expressions for the Bloch functions, u,w. These expres-
sions, which can be derived in a similar fashion to Eqs.
(32), are as follows:

W)\ _ ikfe}  —iEW(s—zy)  [AY
(w(x)>e {a} . o=iEW( >.<Bm . @®7)

(gﬁji) — TD(EY;)- - TD(E(,) - (g) (88)

Here we assume that z is located between the jth and
J + 1st impurities, i.e. z; < < z;41, and {z} is defined
by {z} =z —pl, for pt <z < (p+ 1)L.

We start with the second eigenvector. Letting (A B) =
(k1 ko) and E =k =0 in Eqs. (87-88) gives

(o) == (&) ®

with the sign alternating across each impurity. This al-
ternating sign is due to the fact that (k; ko)? is an
eigenvector of T with eigenvalue —1. Likewise, letting

(A B) = (11) gives
() - () &

Note that the sign does not alternate in this case since
(1 1)T is an eigenvector of T' with eigenvalue +1.

To complete the calculation, we identify (k1 ko) with
the 0 mode and (1 1) with the p mode and then we
average the above Bloch functions over a unit cell and



FIG. 5. Random impurity model: two counter-propagating
chiral Luttinger liquids in a circular geometry of length L,
together with M randomly positioned impurity scatterers.

plug them into (83) to obtain Z, o and Z, . We start with
o: in this case, the averaging step gives s, = We0 = 0
since there is perfect cancellation between the ‘+’ and ‘—’
signs due to the fact that feyen, = foqq- Hence, when we
plug this into (83), we obtain Z, o = 0. We conclude that
the 0 mode is neutral in the low energy, long wavelength
limit, to lowest order in k. For comparison, if we repeat
this calculation for the p mode, the averaging step gives
Up k. = Wy, 7 0 since the sign does not alternate in this
case. It follows that z,o # 0, so the p mode carries
charge in the low energy, long wavelength limit.

B. Random impurities

In this section, we consider systems with randomly dis-
tributed impurities. We start with the U — oo case and
then consider the case where U is large but finite.

1. Infinite U

Given the results from the previous section, one might
expect random impurity systems to have a neutral mode
in the limit U — oo since the ‘even’ and ‘odd’ spacings
are equal on average. Here we show that this intuition is
correct.

Our basic setup is as follows. We consider a circular
edge of circumference L with M randomly positioned im-
purities. We denote the spacing between the impurities
by ¢1,...,£nr, and the average spacing by £ = L/M (Fig.
5). We show that this system supports two low energy
phonon modes, one of which is neutral and one of which
is charged, and neither of which is localized.

The first step in our analysis is to view the random
system as an impurity lattice consisting of a single unit
cell of length L. We can then carry over all of our results
on impurity lattices by simply setting £ = L, m = M,
and k£ = 0. In particular, if we make these substitutions
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in (70), we obtain the eigenvalue equation
A A
Tsys(E) ’ <B) = (B) (91)

Tyys(E) = TD(Ely)T - -- TD(E() (92)

where

is the transfer matrix describing the entire system. As
before, every solution (F, A, B) to this eigenvalue equa-
tion defines a phonon creation/annihilation operator with
energy F.

The next step is to solve the above eigenvalue equation
in the limit £ — 0. We do this with the help of the
following approximate expression for T, :

iEL

Tyys(E) = exp [ — S5 (W +TWT)

+O(ESLES|W|3)|  (93)

Here ||W] is defined as the magnitude of the largest
eigenvalue of W (see Appendix C for a derivation).

To use (93), we substitute it into (91) and neglect the
error term. This approximation is justified at sufficiently
low energies, i.e.,

1

E<L —=7r—7
AR W]

(94)

The result of the substitution is:
iEL A A
exp 2(W+TWT)] . <B> = <B> (95)
Next, we observe that the following commutator van-
ishes, as in Eq. (86):
[T, W+TWT] =0

It follows that the matrix on the left hand side of (95) has

k1
k2> . Thus,

(5)=() () oo

Plugging these eigenvectors into (95), we can extract the
corresponding energies with straightforward linear alge-
bra:

the same eigenvectors as T', namely (1), <

. %Tn7 or FEy,=v,-" 277Tn (97)
where v,,v, are given by the formulas in (75) and n =
1,2,..., etc.

We can now derive both of our claims about the low
energy phonon modes — namely (1) they are not local-
ized and (2) one is charged and the other is neutral.
To see that the low energy phonon modes are not lo-
calized, notice that the energy levels in (97) are equally



spaced with a spacing proportional to 1/L: this level
spacing indicates that the localization length ¢ is larger
than the system size L for any F satisfying (94). To
see that the ¢ mode is neutral, notice that the eigen-

Ky

vector <k associated with the ¢ mode is an eigenvec-
2

tor of T" with eigenvalue —1. As a result, the phonon
creation/annihilation operators for this mode are of the
form ayy, = [ dz(fon(2)02¢1 + Gon(2)02d2) where fo,
and g,, alternate signs at each impurity. Like in section
V A 3, these alternating signs suppress the contribution
of the a,, operator to the coarse-grained density p since
the even and odd spacings are equal on average. It fol-
lows that the 0 mode is neutral.

2. Finite U

We now consider the same setup as above, but with
finite scattering strength U. Our main result is that the
charge and neutral modes continue to persist at suffi-
ciently large U.

Like the toy model, we study the effect of finite U
by adding appropriate correction terms to the U — oo
low energy theory. For the random impurity model, the
latter theory can be read off from the phonon dispersion
relations (97): these expressions imply that the U — oo
low energy theory is a variant of H.g (3) where the p and
o modes have velocities v, and v, instead of .

Since the low energy theory is almost the same as for
the toy model, most of our analysis of finite U correc-
tions can be repeated without change. As before, there
are only two kinds of correction terms we need to worry
about: 0,¢,0,¢, and etido 0:¢,. Also as before, both of
these terms are generated by finite U corrections, but
with spatially dependent coefficients. The first term,
020,50, 90, appears in a combination of the form

Z(_l)jcjax¢pax¢a (Jjj) (98)
J
while e~ 0.9, appears in a combination of the form

D d; cos(6 ;) = Bj)0aty(;) (99)

The only difference between these expressions and Eqgs.
(51) and (52) is that the coefficients c¢;,d; are j-
dependent. This inhomogeneity is expected since each
impurity experiences a different local environment due
to the random spacing.

The rest of the argument is identical to the one for
the toy model. As before, the alternating signs in the
first expression and the random?® j3; phases in the sec-
ond expression have the effect of suppressing these two
perturbations, making them irrelevant in the RG sense.
Since these are the only perturbations that can hybridize
the charge and neutral mode, we conclude that the charge
and neutral mode structure persists at sufficiently large
U, as claimed above.
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VI. CONCLUSION

In this paper we have presented a microscopic deriva-
tion of the neutral mode in various FQH edges, including
the v = 2/3 edge. Our derivation applies to a particular
set of models which consist of two counter-propagating
chiral Luttinger liquids together with a collection of dis-
crete impurity scatterers. Our main result is an ezact
solution of these models in the limit of infinitely strong
impurity scattering. From this solution, we have explic-
itly shown that the low energy theory of these systems
consists of decoupled charge and neutral modes. In ad-
dition we have shown that the charge and neutral modes
survive at finite but sufficiently strong scattering as long
as this scattering has a random spatial dependence.

It is interesting to circle back and compare our re-
sults with the original neutral mode analysis of Kane,
Fisher, and Polchinski.® In that work, the authors stud-
ied a model similar to the random impurity model H&"
(7) for the case ky = 1 and ky = 3, i.e. the v = 2/3
state. Instead of a discrete set of scatterers, Ref. 8
considered a continuum scattering term of the form
[ dx(&(z)etkrortik2®2 4 H.c) where £(z) is a Gaussian
random variable with &*(z)¢(x’) = U?§(x — 2') for some
U.?* While this model is not identical to H&®", it is sim-
ilar enough that we can compare results on a qualita-
tive level. From this comparison we can see that the two
works consider different parameter regimes. Ref. 8 estab-
lished the existence of a neutral mode for the case where
U is arbitrary but the velocity matrix V has the spe-
cial property that the edge theory has nearly decoupled
charge and neutral modes in the absence of electron scat-
tering. In contrast, we derive the neutral mode for large
U but arbitrary V. This difference in parameter regimes
implies a conceptual difference between our two analyses:
while Ref. 8 established the stability of the charge and
neutral mode structure to small perturbations, we show
that electron scattering can produce charge and neutral
modes out of a system whose bare (U = 0) mode struc-
ture is completely different. In this sense, the results in
this paper are complementary to those of Ref. 8.

One of the main achievements of this work has been to
show that our models capture a nontrivial effect of impu-
rity scattering, namely the emergent neutral mode. But
impurity scattering also has another important effect on
FQH edges: it provides a mechanism for equilibrating the
chemical potential of different edge modes. Such equili-
bration is a crucial property of multi-mode edges and in
fact is necessary to explain their observed quantized Hall
conductance.®2%26 Thus, it is natural to ask whether our
models capture this equilibration physics. The answer to
this question depends on whether we consider finite or
infinitely strong impurity scattering. In the case of fi-
nite scattering strength, we believe that our models do
exhibit equilibration, as would be expected for any suf-
ficiently generic system. On the other hand, in the case
of infinite scattering strength, our models do not display
equilibration since they are integrable (in fact quadratic)



in this limit. Thus, while the infinite scattering limit pro-
vides an exactly solvable model for the neutral mode, it
does not provide a model for edge equilibration physics.
We envision several directions for future work. One di-
rection would be to extend our analysis to systems with
more than two edge modes, such as the Jain states with
filling fraction n/(2n £ 1) or a v = 2/3 state with edge
reconstruction.'® Many of these states are predicted to
have neutral modes based on the same kind of RG anal-
ysis as in the original v = 2/3 proposal.?"?® Similarly,
it would be interesting to apply our approach to systems
with Majorana modes such as the anti-Pfaffian state.2%30
Another direction would be to study the v = 4/5 edge.
This example is interesting because, in our language, it
corresponds to the case k1 = 1 and ky = 5, so in partic-
ular it has k; — k1 > 2. As we mentioned earlier, when
ko — k1 is larger than 2, the infinite scattering limit ex-
hibits an extensive ground state degeneracy in addition to
charge and neutral modes. This degeneracy poses basic
challenges for determining whether the charge and neu-
tral modes survive at finite scattering strength. Thus, a
new approach may be needed to understand this case.
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Appendix A: Degeneracy

In this paper, we have made heavy use of the fact that
the low energy spectrum of our models is described by
non-interacting phonons in the limit U — co. This result
is correct for ko — k1 = 2, but, as we mentioned earlier,
it is not quite right for ke — k1 > 2 due to an additional
degeneracy in the energy spectrum. In this appendix
we derive an explicit formula for this degeneracy: for a
circular edge with 2N impurities and k1 # ko, we show
that every phonon occupation state, including the ground
state, has a degeneracy of
kg — ky |V

D=
2

(A1)

in the limit U — oco. Notice that D grows exponentially
with N when k3 — k1 > 2, so the degeneracy is eztensive
in this case.

1. General method for computing degeneracy

We begin by reviewing a method for computing degen-
eracy which applies to any Hamiltonian of the form (8).
This method was derived in Ref. 13 and it goes as follows:
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the first step is to compute the commutator matrix

Zij = 5=[Ci, Cj]

1
271 (A2)

The second step is to make a linear change of variables,!
Ci =Y ViC;
J

such that (i) V is an integer matrix with determinant +1,

and (i) the matrix 2’ = %M[C;,Cj’] is in skew-normal
form:
0 -D O
zZ=[D 0 0 (A3)
0 0 0
where
d 0 - 0

(A4)

and the d; are all nonzero. Such a change of variables
always exists, although it is not necessarily unique. After
making this change of variables, the degeneracy can be
computed as

D= (A5)

i=1

The intuition behind this procedure is that the degen-
eracy arises because the arguments of the cosine terms,
i.e. the C;, do not commute with one another; hence
to compute the degeneracy, we need to carefully analyze
the commutation relations of the C;. For more details,
we refer the reader to Ref. 13.

2. Application to impurity model

We now compute the degeneracy of our system of 2V
impurities arranged in a disk geometry. Before we start,
we first need to take care of a technical issue. This issue
is that the above method for computing degeneracy is
designed for systems where all the degrees of freedom
are continuous and real valued (e.g like z and p) but
our system has two degrees of freedom that take integer
values, namely the total charge on each edge mode:

(A6)

1
Qi— —/dwm, i=1,2
2T

Likewise, our system has two compact degrees of freedom
that take values in [0, 27), namely k;¢q and kogo.
Fortunately, there is a trick for dealing with this dis-
crepancy, which was introduced by Ref. 13. The trick
is to treat all the degrees of freedom in our system as



though they are real valued, and then enforce the quan-
tization of @Q1,Q2 and the compactness of ¢1,¢s at an
energetic level by adding two more cosine terms to the
Hamiltonian:

H — H —Ucos(2rQ1) — U cos(2mQ5)

In the limit U — oo, these cosine terms lock @1, Q2 to
integer values and also make the corresponding conjugate
varables, ¢1, o compact.

With the help of this trick, it is straightforward to
apply the above method to our system. All together, we
have 2N + 2 cosine terms cos(C;) with

Cj = k1o1(x)) + k22 () — oy,
Cong1 =27Q1, Congo = 27(Q2
To compute the corresponding commutator matrix Z;;,

we need to fix a convention for the commutation relations
of ¢1, 2. We use the following convention:

j=1,..,2N

(6122, 61 ()] = ;ifsgn(i )
(22, boy)] = —Z{sgn(z‘ )

From the above commutation relations, we obtain

0 ¢ ¢ -+ ¢ —-11

—-c 0 ¢ c —11

—c —c 0 c —11
Zij = : P (A7)

—c —c —c 0 —-11

1 1 1 1 00

-1 -1-1-- -1 0 0
where ¢ = % The next step is to find a change of
variables C; = 37, V;;C; such that Zj; = 7=[C},C) =

VZVT is in skew-normal form (A3). One can check that
following change of variables does the job:

C{ = Congr
Cl = CQnL - CZm—l, m = 2, ,N
Cny1 =0
m—1
CNym = (C1 = C2) + Z (Copy1 — Co), m=2,...N
k=1

CQN+1 Ci1 —Co+C3 = Cy... + Cany—1 — Con
1+ k 1+ ko

+ Cont1

1-k 1— ko
5 LConi1 + 5

The corresponding D matrix in (A3) has dimension N x
N with diagonal entries

Cony2

Conta — Con—1+ Con

C2N+2 (A8)

ko — k
di:!; i=2--- N

dy = —1, .
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Substituting these values into the general formula for the
degeneracy (Ab) gives D = {k2 ky |
our derivation of (A1).

. This completes

Appendix B: Regularizing the impurity scattering
terms

In this appendix, we derive Eq. (25) from the con-
straint [a,C;] = 0 by appropriately regularizing the im-
purity scattering terms. Our derivation closely follows a
similar appendix in Ref. 13.

To see why we need to regularize at all, suppose we
directly substitute the definition of a (15) into [a, C;] = 0
and evaluate the commutator. The result is:

fG0) = 9(0)

It is hard to make sense of this equation since the ex-
pressions for f and g (22) are discontinuous at x = j¢
and hence f(j¢) and g(j¢) are not well-defined. What we
will show below is that regularizing changes the above
equation to the more sensible relation

FGEO)+FGE) — g(lT) +9(ith)

2 - 2 (B2)

(B1)

Our regularization scheme is as follows: for each impu-
rity scattering term cos(C;), we replace C; = k1¢1(j¢) +
kaga(jl) — a; with

C; = /_ " 8@ = jO) k61 (@) + hada(a)) — oy (B)

where S(l’) is an approximation to a delta function, i.e.
a narrowly peaked function with [ 6(z)dz = 1. One
can think of this replacement as effectively introducing a
short distance cutoff into our model.

Once we make this substitution, we repeat the calcu-
lation in Eqgs. (21 - 22) and solve for the functions f and
g. We obtain

- ZA(j)
ZB(]

/(@) @30 (81w — j) — 1w — (j + 1)0)]

(x—it) {@2@_]4) (§)2(z—(j+1)€)}

where (:)1 and (:)2 are regularized versions of the Heavi-
side step function:

Or(a) = [ e Eusty)ay

—00

Ou(o) = [ e Eriy)dy (B1)
Next we note that the constraint [a, C;] = 0 gives
| i@ -g@lie-n=0 @)



To complete the calculation, we need to substitute the
above expressions for f and g into (B5) and evaluate
the resulting integral. We do this with the help of the
following identity:

oo
lim dz O4(x — j0)d(x — j'0)e Fije
LEp—~0J -
0 i>J
={eHW Gy (B6)
%eii%jz j=7

Here b is the characteristic width of the &(x) function
and s runs over the two values s = 1,2. The justification
for this identity for 5 > 5’ and j < j' is obvious; as for
j =4, we can prove it for s = 1 by noting that

oo

lim dz ©1(z — j)d(x — jl)eriv®

Ep—0J

= lim
Ep—0

dl’/ dy o(y — JE)S(x—jg)e E(y—jO)xiLa

ey
e vt lim
Ep—0

_ 1 JERTTE / dx/ dy §(y — j0)d(x — j0)

Ep—0

d:z:/ dy 6(y — jO)d(x — jb)

= leii%ﬂ (BT)
2
The proof for s = 2 is similar.
Applying the above identity to (B5) and simplifying,
we arrive at the condition

£

AG) 4 AG-D)—ifE B(j) + BU-D it

5 5 (BY)

This is exactly Eq. 25, which we wished to derive.

Appendix C: Deriving the approximation (93)

In this appendix we derive Eq. (93), which gives an
approximate expression for the transfer matrix Ty, for a
system of M impurities randomly arranged on a circular
edge of circumference L. As in the main text, we denote
the spacing between the impurities by £1, ..., £3; so that

Tsys(E) = TD(Elpy)T ---TD(E4)
with D(z) = e~ and W = KV~ L.

For simplicity, we will assume that the number of im-
purities M is a power of 2. This allows us to factor M
as M = r - (M/r) where r is a smaller power of 2. We
can then write Ty, s as a product of (M/r) terms, each of
which involves r impurities. That is:

Ty (E) Ty(E) - Ty(E)

= Tryr(E)- - (C1)
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where

D(E¢,)T---TD(E¢,)
D(El3,)T -+ TD(El,41)

and so on. For the moment, we will leave the value of
r unspecified; later we will choose r so as to obtain the
best bound on the error in our approximations.

Next, we expand each T (E) to linear order in E. Using
the fact that 72 = 1, this gives

Tj (E) ~ ]1 - 7;E(I/Vgeven,j + TWTfode)
where
godd,j = KjrfrJrl + ij,TJr?) + o+ erfl
Eeven,j = EjrfrJrz + ij,T+4 + 4 gjr

For a typical impurity distribution, the even and odd
spacings are approximately equal:
rl
Ee'uen,j ~ éodd,j ~ 5
Hence, the above expression for T;(E) can be simplified
to
riFl

Ti(E) ~ 1 —

W+ TWT) (C2)
Let us try to bound the total error in the above approxi-
mation. There are two errors we need to think about: the
systematic error coming from expanding T;(E) to linear
order in F and the statistical error coming from replacing
Leyen,; and Logq ; by their typical value, rf/2. The sys-
tematic error can be estimated by the quadratic term in
the expansion of T} (FE), which is of order O(r2 E202(|W||?)
where ||W]| is the magnitude of the largest eigenvalue of
W. As for the statistical error, we expect this to be pro-
portional to the typical size of the fluctuations in eyen
and €oqq,j, which are both of order /7€, so we obtain the
estimate O(y/TEf||W||). To get an optimal bound on the
total error, we choose r so that these two errors have the
same size, i.e.

r~ (ELW|)~3

For this choice of r, both errors are of order

O(E303||W|3), so that

’I“’L'EZ 2

Tj(E) =1 — ——(W +TWT) + O(E3 {3 |W||%) (C3)

Substituting the above expression (C3) into (C1), we
derive

Eé 2 -2 2 "
Tiys(E) = {1_”2 (W +TWT) + O(E 3€3||W||3)}
— exp [ZMM(W+TWT)+0( B4 §||W|‘é)]
zexp[ EL Wy rwr) + 0B LS W} )} (C4)



which is exactly Eq. (93). We note that the error term in
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the above approximation is an upper bound and is likely
larger than the true error.

Xiao-Gang Wen, “Chiral luttinger liquid and the edge ex-
citations in the fractional quantum hall states,” Phys. Rev.
B 41, 12838 (1990).

B. I. Halperin, “Quantized hall conductance, current-
carrying edge states, and the existence of extended states
in a two-dimensional disordered potential,” Phys. Rev. B
25, 2185-2190 (1982).

X. G. Wen, “Electrodynamical properties of gapless edge
excitations in the fractional quantum hall states,” Phys.
Rev. Lett. 64, 2206-2209 (1990).

Xiao-Gang Wen, “Topological orders and edge excitations
in fractional quantum hall states,” Adv. Phys. 44, 405
(1995).

A. H. MacDonald, “Edge states in the fractional-quantum-
hall-effect regime,” Phys. Rev. Lett. 64, 220-223 (1990).
M. D. Johnson and A. H. MacDonald, “Composite edges
in the v=2/3 fractional quantum hall effect,” Phys. Rev.
Lett. 67, 20602063 (1991).

R. C. Ashoori, H. L. Stormer, L. N. Pfeiffer, K. W. Bald-
win, and K. West, “Edge magnetoplasmons in the time
domain,” Phys. Rev. B 45, 3894 (1992).

C. L. Kane, Matthew P. A. Fisher, and J Polchinski, “Ran-
domness at the edge: Theory of quantum hall transport at
filling v= 2/3,” Phys. Rev. Lett. 72, 4129 (1994).

Aveek Bid, Nissim Ofek, Hiroyuki Inoue, Moty Heiblum,
CL Kane, Vladimir Umansky, and Diana Mahalu, “Ob-
servation of neutral modes in the fractional quantum hall
regime,” Nature 466, 585-590 (2010).

Ron Sabo, Itamar Gurman, Amir Rosenblatt, Fabien La-
font, Daniel Banitt, Jinhong Park, Moty Heiblum, Yuval
Gefen, Vladimir Umansky, and Diana Mahalu, “Edge re-
construction in fractional quantum hall states,” Nat. Phys.
(2017).

Vivek Venkatachalam, Sean Hart, Loren Pfeiffer, Ken
West, and Amir Yacoby, “Local thermometry of neutral
modes on the quantum hall edge,” Nat. Phys. 8, 676-681
(2012).

Hiroyuki Inoue, Anna Grivnin, Yuval Ronen, Moty
Heiblum, Vladimir Umansky, and Diana Mahalu, “Prolif-
eration of neutral modes in fractional quantum hall states,”
Nat. Comm. 5 (2014).

Sriram Ganeshan and Michael Levin, “Formalism for
the solution of quadratic hamiltonians with large cosine
terms,” Phys. Rev. B 93, 075118 (2016).

Much of our analysis applies to general odd k1, k2 but our
most important conclusions rely on the assumption that
|k2 — k1| = 2, for reasons explained in Appendix A.

The critical scaling dimension for perturbations with ran-
dom coefficients in 1D is 3/2 (see Ref. 20) while the scaling
dimension for the scattering term is A = (k1 +k2)/2 which
is always larger than 3/2.

More precisely, Eq. (13) is only guaranteed to hold if we
make the additional assumption that the matrix Z;; =
7-[Ci, Cj] has a nonvanishing determinant. This property
holds for all the systems discussed in this paper.

The only part of the toy model that breaks translational
symmetry are the a; phases, and these do not appear in

18

19

20

21

22

23
24

25

26

27

28

29

30

31

Egs. 10-11.

The details of this spatial averaging procedure are not im-
portant for our purposes: the only property that we will
assume below is that p has identical Fourier components
as p for wave vectors |k| < A and has vanishing Fourier
components for |k| = A.

This hybridization effect is obvious for 0,¢,0:¢s; to see
why it occurs for e¥*®e note that these three operators
form a multiplet under the SU(2) symmetry mentioned
above.

T. Giamarchi and H. J. Schulz, “Anderson localization and
interactions in one-dimensional metals,” Phys. Rev. B 37,
325-340 (1988).

This expression holds assuming the matrix Z;; =
ﬁ[C’i, Cj] has a nonvanishing determinant, as is the case
for all the systems discussed in this paper.

Here the reason that the IT; operator takes a simpler form
is that the matrix Nj; = —ﬁ[Cj, [Cs, Ho]] is diagonal.

We assume that the o; are random for this model.

Here we have modified the notation of Ref. 8, where
& (z)é(x’) = Wo(z — 2'), so that it is consistent with this
paper.

M. Bittiker, “Absence of backscattering in the quantum
hall effect in multiprobe conductors,” Phys. Rev. B 38,
9375-9389 (1988).

C. L. Kane and Matthew P. A. Fisher, “Contacts and edge-
state equilibration in the fractional quantum hall effect,”
Phys. Rev. B 52, 17393 (1995).

C. L. Kane and Matthew P. A. Fisher, “Impurity scatter-
ing and transport of fractional quantum hall edge states,”
Phys. Rev. B 51, 13449 (1995).

Joel E Moore and Xiao-Gang Wen, “Classification of dis-
ordered phases of quantum hall edge states,” Physical Re-
view B 57, 10138 (1998).

Michael Levin, Bertrand I Halperin, and Bernd Rosenow,
“Particle-hole symmetry and the pfaffian state,” Phys.
Rev. Lett. 99, 236806 (2007).

Sung-Sik Lee, Shinsei Ryu, Chetan Nayak, and
Matthew PA Fisher, “Particle-hole symmetry and the v=>5
2 quantum hall state,” Phys. Rev. Lett. 99, 236807 (2007).
In Ref. 13, this change of variables includes an offset, i.e.
C) = Zj Vi;Cj + xi, but we do not need to include x; here
as it does not play a role in the degeneracy computation.


http://dx.doi.org/10.1103/PhysRevB.41.12838
http://dx.doi.org/10.1103/PhysRevB.41.12838
http://dx.doi.org/ 10.1103/PhysRevB.25.2185
http://dx.doi.org/ 10.1103/PhysRevB.25.2185
http://dx.doi.org/10.1103/PhysRevLett.64.2206
http://dx.doi.org/10.1103/PhysRevLett.64.2206
http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/ 10.1103/PhysRevLett.64.220
http://dx.doi.org/10.1103/PhysRevLett.67.2060
http://dx.doi.org/10.1103/PhysRevLett.67.2060
http://dx.doi.org/ 10.1103/PhysRevB.45.3894
http://dx.doi.org/10.1103/PhysRevLett.72.4129
http://dx.doi.org/10.1038/nature09277
http://dx.doi.org/10.1038/nphys2384
http://dx.doi.org/10.1038/nphys2384
http://www.nature.com/articles/ncomms5067
http://dx.doi.org/10.1103/PhysRevB.93.075118
http://dx.doi.org/ 10.1103/PhysRevB.37.325
http://dx.doi.org/ 10.1103/PhysRevB.37.325
http://dx.doi.org/10.1103/PhysRevB.38.9375
http://dx.doi.org/10.1103/PhysRevB.38.9375
http://dx.doi.org/10.1103/PhysRevB.52.17393
http://dx.doi.org/10.1103/PhysRevB.51.13449
http://dx.doi.org/ https://doi.org/10.1103/PhysRevB.57.10138
http://dx.doi.org/ https://doi.org/10.1103/PhysRevB.57.10138
http://dx.doi.org/ https://doi.org/10.1103/PhysRevLett.99.236806
http://dx.doi.org/ https://doi.org/10.1103/PhysRevLett.99.236806
http://dx.doi.org/ https://doi.org/10.1103/PhysRevLett.99.236807

	Solvable models for neutral modes in fractional quantum Hall edges

