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The half-filled Landau level is widely believed to be described by the Halperin-Lee-Read theory of the
composite Fermi liquid (CFL). In this paper, we develop a theory for the particle-hole conjugate of the CFL, the
anti-CFL, which we argue to be a distinct phase of matter as compared with the CFL. The anti-CFL provides
a possible explanation of a recent experiment [D. Kamburov et al., Phys. Rev. Lett. 113, 196801 (2014)]
demonstrating that the density of composite fermions in GaAs quantum wells corresponds to the electron density
when the filling fraction v < % and to the hole density when v > % We introduce a local field theory for the CFL
and anti-CFL in the presence of a boundary, which we use to study CFL-insulator-CFL junctions, and the interface
between the anti-CFL and CFL. We show that the CFL—anti-CFL interface allows partially fused boundary phases
in which “composite electrons” can directly tunnel into “composite holes,” providing a nontrivial example of
transmutation between topologically distinct quasiparticles. We discuss several observable consequences of the
anti-CFL, including a predicted resistivity jump at a first-order transition between uniform CFL and anti-CFL
phases. We also present a theory of a continuous quantum phase transition between the CFL and anti-CFL. We
conclude that particle-hole symmetry requires a modified view of the half-filled Landau level, in the presence of

strong electron-electron interactions and weak disorder, as a critical point between the CFL and the anti-CFL.
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I. INTRODUCTION

A powerful way of understanding the rich variety of frac-
tional quantum Hall (FQH) states realized in two-dimensional
electron systems in the lowest Landau level is in terms
of the theory of composite fermions [1,2]. In the simplest
version of this theory, the combination of the strong Coulomb
interactions and the applied magnetic field make it favorable
for electrons to bind to two units of flux quanta of an emergent
gauge field, thus transforming into composite fermions. At
filling fraction v = %, the composite fermions see on average
zero magnetic field and therefore form a Fermi-liquid-like
state which may be referred to as a composite Fermi liquid
(CFL) [3,4]. Remarkably, the main sequence of incompressible
FQH states can then be understood naturally in terms of
integer quantum Hall (IQH) states of the composite Fermi
liquid. Even-denominator incompressible FQH states, such as
is observed at v = % [5], are believed to result from pairing of
the composite fermions [6—8].

The introduction of the CFL was a remarkable milestone in
the study of the FQH effect, as the CFL explained experimen-
tally observed transport anomalies at v = % and the scaling of
ratios of the energy gaps in nearby incompressible FQH states.
Subsequent experiments directly verified the existence of an
emergent Fermi surface of composite fermions [9—13]. It is
therefore widely believed that the physics in the neighborhood
ofv= % in the lowest Landau level in GaAs quantum wells is
well described by the CFL. In addition, the CFL theory implies
that strong interactions between the composite fermions and
the fluctuating emergent gauge field results in a state of matter
that is distinct from a conventional Landau Fermi liquid.
Thus, the CFL provides a paradigmatic example of a metallic
non-Fermi liquid that can be investigated both theoretically
and experimentally.
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In recent years [14,15], it has been emphasized that in
the absence of Landau-level mixing, the Hamiltonian for
the lowest Landau level has a strict particle-hole symmetry,
associated with transforming v — 1 —v.! At v :% it is
therefore equally natural to consider the state obtained by
attaching two units of flux quanta to the holes of the filled
v = 1 Landau level instead of the electrons. If the CFL were
particle-hole symmetric, such a construction in terms of flux
attachment to holes would be an equivalent way of describing
the CFL. However, for its paired descendant, the Moore-Read
Pfaffian state [6], it was shown that particle-hole conjugation
does yield a topologically distinct phase, which lead in
particular to the prediction of the anti-Pfaffian state [14,15].
This suggests that the particle-hole conjugate of the CFL might
also be a distinct state.

In this paper, we develop a theory of the particle-hole
conjugate of the CFL, which we refer to as the anti-CFL.
We provide arguments that the anti-CFL is a distinct state of
matter as compared with the original CFL, which therefore
must break particle-hole symmetry. This provides a possible
explanation of a recent experiment [16] in which the Fermi
wave vector and therefore the density of composite fermions
was carefully measured through the period of magnetoresis-
tance oscillations in the presence of a one-dimensional periodic
grating. Remarkably, it was found that the density of composite
fermions corresponds to the electron density when v < % and

to the density of holes when v > %, thus providing evidence

that the anti-CFL is indeed realized when v > % in the lowest

Landau level (LLL). This picture thus requires a modified
view of the half-filled Landau level with strong interactions

ISee Ref. [61] for an early study of particle-hole symmetry.
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and negligible Landau-level mixing as being described not by
the CFL, as is the conventional understanding, but rather as a
critical point between the CFL and anti-CFL.

A. Particle-hole symmetry: General considerations

Hints that the composite Fermi liquid at v = % might
require particle-hole symmetry breaking has come from a
number of previous works [14,15,17]. In Ref. [17], it was
pointed out that particle-hole symmetry requires that the

electrical Hall conductivity satisfy o, = % %2, and that the only
way to obtain such a Hall conductivity within the CFL mean-
field theory (in the presence of disorder which is statistically
particle-hole symmetric) is to assume that the composite
fermions have an extremely large Hall conductivity with
the precise value ag = —%2—7 This suggests a fundamental
tension between particle-hole symmetry and the CFL state
because the composite fermions should see zero effective field
on average, so one instead expects ot A~ 0. In this paper,
we suggest that a natural resolution of this tension is that the
CFL state spontaneously breaks particle-hole symmetry (in the
limit of zero Landau-level mixing) and one must also consider
its particle-hole conjugate, the anti-CFL, in order to properly
describe the physics about v = % These considerations should
also be relevant to systems with weak Landau-level mixing, as
we will discuss.

More recently, it has been noticed that the Moore-Read
Pfaffian state [6], which is a candidate to explain the filling
fraction % plateau in GaAs systems [5], breaks particle-hole
symmetry [14,15]. Its particle-hole conjugate, referred to as
the anti-Pfaffian, has distinct topological properties and is,
therefore, a different topological phase of matter. The Pfaffian
can be thought of as a p, + ip, paired state of the composite
fermions in the CFL. This suggests that the parent CFL state
might also break particle-hole symmetry. The particle-hole
conjugate of the CFL, the anti-CFL, would then be the parent
state of the anti-Pfaffian.

If the CFL state spontaneously breaks particle-hole sym-
metry, then a clean system at filling fraction v = % must lie
at a phase transition between the CFL and anti-CFL. In a
clean (disorder-free) system, the nature of this transition will
either be first order or continuous. In Sec. VI we provide a
theory of a continuous transition in the clean limit. In the
presence of disorder that locally favors CFL or anti-CFL,
the transition will necessarily be continuous, as we discuss
in more detail in Sec. VI. A quantum critical point between
the CFL and anti-CFL would control a broad region of the
finite-temperature phase diagram in the vicinity of v = %

Tuning away from half-filling explicitly breaks particle-
hole symmetry and therefore favors one state over the other.
There are thus two possibilities: either the CFL is preferred for
V< % and the anti-CFL for v > %, or vice versa. The question
of which one of these possibilities is realized depends on
microscopic details of the interactions. Generally, one would
expect that the CFL is more stable when v < %, while the
anti-CFL is preferred for v > % This intuition comes from
the energetics of model wave functions. Wave functions for

FQH states in the lowest Landau level at fillings v < %, such
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as the % Laughlin wave function, are holomorphic in the
complex coordinates of the electrons and may be interpreted
as describing an integer Hall state of “composite electrons”
(where the statistical flux is attached to the electrons) rather
than an integer state of composite holes. Therefore, it is natural
to expect, by continuity with the wave function of the Laughlin
state, that the CFL state, which attaches flux to the electrons,
would be more stable for v < % Analogous considerations

for the holes at FQH filling fractions v > % suggest that the

anti-CFL controls the physics when v > % If the clean system

forv < % is controlled by the CFL, we note that disorder may
locally favor puddles of anti-CFL, and vice versa for v > %

B. Summary of results

Due to the length of this paper, here we will briefly
summarize some of the main results of our paper.

1. Bulk field theory

The effective field theory describing fluctuations about
the anti-CFL state is different from that of the CFL state,
and is presented in Egs. (30)—(35). Specifically, the CFL and
anti-CFL theories have a different set of emergent gauge fields
coupled to the composite fermions. The structure of the action
for these gauge fields suggests that the composite fermions in
the CFL represent fundamentally different nonlocal degrees of
freedom of the electron fluid as compared with the composite
fermions of the anti-CFL. Consequently, p-wave pairing of
the composite fermions of the CFL leads to topologically
distinct phases of matter as compared with p-wave pairing
the composite fermions of the anti-CFL. To highlight the
distinction between these two types of composite fermions,
we refer to the composite fermions of the CFL as composite
electrons, and the composite fermions of the anti-CFL as
composite holes. As expected, the robust topological features
of the incompressible FQH states away from half-filling can
be readily accessed in terms of both composite electrons or
composite holes.

2. Boundary physics

An important property of the CFL is that the single-electron
correlations, as probed for example by the local frequency-
dependent tunneling density of states, decay exponentially
in the bulk of the CFL [18,19], but as a power law on
the edge [20,21]. Therefore, although the system is gapless
everywhere, the electron effectively has a finite correlation
length in the bulk and infinite correlation length along the
boundary. Here, we introduce a local formulation of the CFL
field theory in the presence of a boundary which accounts for
the structure of these edge correlations in terms of a robust
chiral scalar field along the edge [see Eq. (50)]. We expect
that this formulation will be useful more generally also for
the study of boundary criticality in quantum phase transitions
between incompressible FQH states.

We apply our formulation of the CFL boundary theory
to deduce the theory of the anti-CFL in the presence of a
boundary [see Eq. (56)]. We find that a distinction between
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the CFL and the anti-CFL is in the structure of their respective
boundary theories: for example, the edge of the anti-CFL hosts
an additional chiral field that is inherited from the filled Landau
level.

We study a variety of interfaces, including CFL-insulator
(D-CFL junctions, the interface between CFL and anti-CFL,
and their paired descendants: Pfaffian-I-Pfaffian junctions and
Pfaffian—anti-Pfaffian interfaces. Our study of the CFL-I-CFL
junction reveals how to understand the healing together of
two adjacent CFL states through electron tunneling, leading
to effectively a single statistical gauge field stretching across
the interface and the elimination of the chiral boundary fields.
We show that CFL-I-CFL junctions support, in principle, three
distinct boundary phases, which are distinguished by whether
composite fermions can directly tunnel across the junction
and whether the electron correlations decay exponentially or
algebraically along the interface.

Our study of the interface between the CFL and anti-CFL
reveals several possible distinct interface phases (see Fig. 3).
These include “partially fused” interfaces where composite
electrons of the CFL can directly tunnel across the interface as
composite holes of the anti-CFL. Since the composite electrons
of the CFL and the composite holes of the anti-CFL appear
not to be related to each other by any local operators, this
provides a nontrivial and experimentally testable example of
transmutation between topologically distinct quasiparticles.’
As a consequence, our results also imply that the boundary
between the Pfaffian and anti-Pfaffian, while hosting topo-
logically robust chiral edge modes, host a number of distinct
boundary phases (see Fig. 4), some of which allow the neutral
fermion of the Pfaffian to tunnel directly into the neutral
fermion of the anti-Pfaffian. Importantly, we find that within
our field theoretic formulation, the boundary between the
CFL and anti-CFL must contain chiral scalar fields along the
interface. The “minimal” interface phase we find contains a
neutral chiral fermion field.

3. Continuous phase transition between CFL and anti-CFL

Within our field theoretic framework, we find that tuning
from the CFL to the anti-CFL state requires passing through
a phase transition. In fact, as we describe in Sec. VI, the field
theory we develop for the anti-CFL can be used to describe
a continuous phase transition between the CFL and anti-CFL
in a clean system. The critical point can be described in terms
of a neutral Dirac fermion, coupled to the various statistical
gauge fields and composite fermion fields in the system [see
Eq. (95)]. The neutral Dirac fermion at the critical point can be
naturally understood in terms of the theory of the CFL-anti-
CFL interface described above, which necessarily contains a
chiral fermion field at the interface.

In Sec. VI, we also present a detailed analysis of the
effect of gauge fluctuations on the critical theory, to show
that it remains continuous even beyond the mean-field limit.
We further analyze the finite-temperature phase diagram and
discuss the appearance of two crossover temperature scales,

2See Ref. [62] for a different example studied recently in the context
of quantum spin liquids.
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as has appeared in several other studies of quantum criticality
in fractionalized systems with emergent quasiparticle Fermi
surfaces [22,23].

An interesting consequence of this study is that one can
also understand the quantum phase transition between the
Pfaffian and anti-Pfaffian states in terms of a massless, neutral
Dirac fermion mode. This implies that if experiments were
to realize both the Pfaffian and anti-Pfaffian states by tuning
across half-filling (say in the second Landau level), then
the gap to charged excitations need not close, and therefore
electrical charge transport measurements alone may not show
any indication of a quantum phase transition.

4. Observable consequences

We discuss two main observable signatures that demon-
strate the distinction between the CFL and anti-CFL states.
First, we consider the conductivity of the system at v = %, in
the presence of disorder which is statistically particle-hole
symmetric (so that p,, # 0). Using the Ioffe-Larkin sum
rules [4,24] for the resistivity of the system, we observe that
the CFL state at v = % possesses a Hall conductivity [see
Eq. (117)]

1é?

UnyFL EZ’ (H

while the Hall conductivity of the anti-CFL state is [see
Eq. (123)]

2
G ACTL %% )
Therefore, we find that at a first-order transition between
uniform CFL and anti-CFL states, the system will exhibit a
jump in the Hall conductivity. The magnitude of the jump is set
by the longitudinal resistivity p.,, as explained in Sec. VII A.
We find similar jumps in both longitudinal and transverse
components of the resistivity tensor. The Hall conductivities
obey the “sum rule” at half-filling:
&2
oy o= 3)
Within this theory, systems that do not exhibit such a jump
either lie at a continuous transition between these two states
and do not realize uniform CFL or anti-CFL states arbitrarily
close to half-filling, or have strong Landau-level mixing and
thus explicitly break particle-hole symmetry even at v = %
At the continuous transition between the CFL and anti-CFL
presented in Sec. VI, the Hall conductivity is equal to %%,
within linear response, such that the sum rule continues to be
obeyed.

A second observable consequence of the distinction be-
tween the CFL and anti-CFL is as follows. The wave vector
(and therefore the density) of composite fermions can be
measured close to v :% through, e.g., magnetoresistance
oscillations in the presence of a periodic potential. As the
system is tuned from the CFL to the anti-CFL by tuning the
filling fraction through v = %, the composite fermion density
does not evolve smoothly, but instead possesses a kink as it
transitions from being set by the electron density to being
set by the hole density. This singularity in the evolution of
the composite fermion density through v = % further suggests
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that the CFL and anti-CFL are distinct phases of matter. If,
instead, the system remains in the CFL state on both sides
of v= %, then the composite fermion density would have
a smooth dependence on filling fraction. In Sec. VIIB, we
analyze in detail the experiment of Ref. [16], which performs
such a measurement of the composite fermion density through
magnetoresistance oscillations, and we show that it can be
explained by the existence of the anti-CFL state for v > %

Moreover, in Sec. VIIC, we suggest a further experiment
to detect the coherent tunneling of composite electrons to
composite holes across the interface between CFL and anti-
CFL states, by having the periodic potential modulation be
strong enough to force the system into alternating strips of
CFL and anti-CFL.

The rest of this paper is organized as follows. In Sec. II, we
provide a review of the conventional theory of the CFL and
its connection to the main sequence of incompressible FQH
states. In Sec. III, we develop the bulk effective field theory of
the anti-CFL and describe its relation to the main sequence of
incompressible FQH states. In Sec. IV, we describe the edge
theories of the CFL and anti-CFL, and use them in Sec. V to
study a variety of interfaces, including CFL- I-CFL junctions
and CFL-anti-CFL junctions, Pfaffian-I-Pfaffian junctions,
and Pfaffian—anti-Pfaffian interfaces. In Sec. VI, we develop
a field theory of a direct transition between the CFL and
anti-CFL. In Sec. VII, we describe experimental consequences
that can provide probes of the difference between the anti-CFL
and CFL, including an analysis of the experiment of Ref. [16].
In Appendix A, we develop a more general understanding of
particle-hole conjugates of fermionic FQH states, in terms of
vortex duals of bosonic FQH states.

II. REVIEW OF CFL

In this section, we will review the theory of the CFL as
introduced in Ref. [4]. We set the fundamental constants e =
h = ¢ =1, so that the flux quantum ¢y = hc/e = 2.

A. Bulk effective field theory at v = %

To motivate the CFL description of the half-filled Landau
level, we begin with the field theory for (spin-polarized)
electrons:

Eelectron ZCT (lat + AtE + Me)c - CT (l ai + AiE)zc

me

+ / d*r'v@r —r'ele(ryel e, @)

wherei = x,y, cis the electron operator, AE isthe background
or external electromagnetic field, which includes the constant
background magnetic field, u, is the chemical potential, m,
is the electron band mass, and V (r — r’) describes the leading
electron-electron interactions.

The CFL theory [4] starts by considering an equivalent
theory to that in Eq. (4) where 2 units of (magnetic) flux
quanta of an emergent statistical gauge field a are attached to
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a “composite fermion” field i:

11 »
LcrL =§Haaa + ¥ (0, + a + AF + p.)y

1 2
_ _—— w'ta ) E
zmwl// (18,+a,+A1)1/f

+ / d*r'Vr — Wiy, ®)

where we have used the notation ada = €,,,a,0,a, 1,v,A =
t,x,y. The original electron ¢ consists of a composite fermion
Y bound to two units of flux of the a gauge field. my is
the effective mass of the composite fermions, which may in
principle differ from the band mass of the electrons at long
wavelengths due to interaction effects.

At half-filling, when the electron filling fraction v =
2nn,/B = %, there exists a mean-field solution to the equa-
tions of motion of Eq. (5) where the total flux of a is equal
and opposite to the total applied magnetic flux B of AF. The
composite fermions then effectively see no magnetic field
on average, and thus form a Fermi sea with wave vector
krp = &/2m.pt.. Importantly, the composite fermion density
is equal to the electron density n, = k% /4m. Fluctuations
about this mean-field ground state are described by composite
fermions v, in zero net effective magnetic field, coupled to
the fluctuations of the U(1) gauge field a about its mean-field
value. If the coupling between the composite fermions and
the fluctuations of a were set to zero, the composite fermions
would form a Landau Fermi liquid; in the presence of such
a coupling, however, the composite fermions acquire an
anomalous self-energy and must instead be described by a
nontrivial interacting fixed point that is believed to be of a
non-Fermi-liquid character. In order to ensure consistency with
various general constraints, including certain sum rules and
Kohn’s theorem, sophisticated methods have been developed
to treat the gauge fluctuations [25].

In Sec. III, we will develop a theory, much like the one
above, for the holes of the filled Landau level. It is convenient
to refer to the composite fermions of the CFL as composite
electrons in order to distinguish them from the composite holes
of the theory to be introduced in Sec. III.

It is useful to note that the above theory can be obtained in
a different way, through a parton construction. We write the
electron operator as

c=by, (6)

where b is a charge-e boson and ¥ is a neutral fermion with
respect to the electromagnetic field. The decomposition in
Eq. (6) results in alocal U (1) redundancy, b — e~ *4"p, yy —
e'2)4 under which all physical operators must be invariant,
and an emergent U(1) gauge field a transforming as a —
a + 0 A. Next, we consider a mean-field ansatz where b forms
a bosonic % Laughlin (incompressible) FQH state, a is zero on
average, and i forms a Fermi sea. The effective field theory
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for such a mean-field ansatz is

2 1
LcpL = — —add + —(a — A¥)da
4 2

+ 10+ a + )y — ﬁtﬁ*(iai +a)’y+.. .,
(7

where the boson current is jﬁ = %emavax, my is the
effective mass of ¥, . is the electron chemical potential, and
the ellipsis indicates possible higher-order interactions. The
electromagnetic field A% represents deviations from the fixed
background magnetic field at exactly half-filling. Redefining
a — a — AF, and integrating out & yields Eq. (5). Note that
in the long-wavelength description in Eq. (7), the boson b is
created by inserting two units of flux of a, because b forms a
% Laughlin state and has unit charge under the a gauge field.
Therefore, the electron operator at long wavelengths becomes
precisely ¢ bound to two units of flux of a, as expected. This
presentation is useful because it allows one to consider the
transition to nearby phases, such as to a conventional Landau
Fermi liquid, under the application of an external periodic
potential [23].

B. Single-particle properties

The CFL is a metallic state: it is compressible and
possesses a finite longitudinal resistivity in the presence of
disorder. However, electron tunneling into the bulk of the
CFL is exponentially suppressed at low energies. Assuming
a (Fourier transformed) electron-electron interaction of the
form V(|g|) ~ 1/|q|" withO < n < 2, which physically corre-
sponds to a three-dimensional Coulomb interaction evaluated
in the two-dimensional system, the electron tunneling density
of states A(w) decays as [18,19]

A(w) oc e~/ (8)

where o = wp(n) is a finite constant that depends
upon the nature of the interaction. n = 0 corresponds to
short-ranged interactions, while n = 1 corresponds to (un-
screened) Coulomb interactions.

The composite electrons display a sharp Fermi surface,
however, they are not well-defined quasiparticles (for n < 1)
due to their coupling to the fluctuating emergent gauge
field [4,26,27]. Within a random phase approximation (RPA)
treatment of this interaction, the composite electrons obtain a
self-energy correction

=P(w) o o] T )

in the regime where the composite electron’s frequency is
less than its momentum. This self-energy correction implies a
vanishing quasiparticle weight for < 1. The self-energy also
directly implies the following finite-temperature corrections to
scaling of the specific heat [4,28]. For short-ranged interactions
(n = 0), the specific heat scales as

C x T3, (10)

Forunscreened Coulomb interactions (n = 1), the specific heat
instead receives a contribution

C « T Intkp/T), (11)
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and the self-energy of the composite electrons takes the
marginal Fermi-liquid form [29]

27 (@) < o In(kp /). (12)

C. CFL wave function

A wave function for the CFL in the half-filled Landau level
was previously presented [30] and is given by

WerL({ri}) = P [ @i — 2)Yes(rihe 240G (13)
i<j
where Py 1 is the projection onto the lowest Landau level, z; =
rix +ir; , are the complex two-dimensional (2D) coordinates
of the ith electron, s is a Slater determinant wave function
describing free fermions with a Fermi surface, and [z = B~!/?
is the magnetic length.

D. Relation to the main sequence of incompressible FQH states

One of the major successes of the CFL theory is that it
can describe a wide series of incompressible FQH states seen
experimentally in terms of integer QH states of the composite
electrons. As we move away from half-filling, the composite
electrons feel an effective magnetic field

Beff =B — 47Tl’le. (14)

Therefore, the composite electrons are at an effective filling
fraction

vt = v =2, (15)

When v = p, where p is an integer, so that v = 2,;%’ the
composite electrons fill p Landau levels. At low energies,
we may integrate out the composite electrons i to obtain an
effective theory:

11
L = S —ada+ (a+ADia+ A", (16)

which is equivalent to

2 1
LOFL = — % G0d + —add+ L(a + AF)d(a + AF),
P 4 2 47
(17)

as can be verified by integrating out @. The topological order
of this theory is therefore encoded in a K matrix>

-2 1
K — ( ; p), (18)

which provides a formulation of the effective field theory of

the v = ﬁ hierarchy states [31,32]. The central charge of

the edge theory can be obtained by noticinga A9 AZ term for
the background electromagnetic field in Eq. (17) with nonzero
coefficient proportional p. This indicates the presence of p
filled Landau levels whose chiral edge modes combined with
those implied by the K matrix in Eq. (18) give a chiral central
charge, a quantity that coincides, for Abelian states, with the

3Recall that the K matrix is defined in terms of an effective Chern-
Simons theory as £ = ﬁK”a’GaJ [63].
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number of left-moving edge modes minus the number of right-
moving edge modes, equal to p — sign(p) + 1.

A remarkable prediction of the CFL theory, which is borne
out by experiments [11], is the dependence of the ratio of
energy gaps of the resulting FQH states on the composite
electron Landau-level index. Specifically, the CFL theory
predicts that when the composite electrons fill p Landau levels,
the energy gap of the resulting state

ECFL — eBer _ e 27mne (19)

my  my |pl’

where n, is the electron density, p~! = v=! — 2, my is the

renormalized composite electron mass, and we have restored
the electron charge e. Therefore, in terms of the (electron)
filling fraction

2men,
ECFL = Zey -1 g, (20)
My,

E. Paired composite electron states

It is well known that the Moore-Read Pfaffian state can
be understood as a state where the composite electrons
have formed a p, +ip, paired state. In general, one can
consider any odd angular momentum / pairing of the composite
electrons, with a corresponding chiral central charge //2 in the
boundary state of the composite electrons. Including the chiral
charged mode, the chiral central charge of the resulting FQH
stateis c = 1 4 1/2. The topological properties of the resulting
FQH state can be readily obtained and are summarized in
Table 1. The system has four topologically distinct Abelian
quasiparticles: those corresponding to local (topologically
trivial) excitations, a neutral fermion associated with the
Bogoliubov quasiparticle of the composite electron paired
state, and charge +e/2 Laughlin quasiparticles. In addition,
the £ vortices of the composite electron state carry charge
+e/4. The e/2 Laughlin quasiparticle is associated with 27
units of external flux, and therefore has statistics /2. The
47 vortices have statistics 61 = 27 (1/16 + [/16), which is
a sum of contributions of & flux in the charge sector and the
contribution from the composite electron sector, which forms
one of the Ising states in Kitaev’s 16-fold way [33]. These
results are summarized in Table I.

TABLE I. Charges and statistics for the topologically nontrivial
quasiparticles of the paired composite electron states with angular
momentum / and chiral central charge c =1 +1/2.

Charge (modulo e) Statistics, 6 (modulo )
0 0

0 0

e/2 /2

—e/2 /2

e/4 w(l+1)/8

—e/4 7l +1)/8
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III. THEORY OF ANTI-CFL

A. Bulk field theory

Here, we develop a bulk effective field theory for the
particle-hole conjugate of the CFL, which we refer to
as the anti-CFL. In this case, the statistical flux is attached to
the holes of a filled Landau level, rather than to the electrons.

1. Derivation of hole theory

In order to provide a description of the anti-CFL, we first
need to derive an effective theory for the holes in the lowest
Landau level [15]. We start with the field theory in terms of
the electron fields in Eq. (4) and attach one unit of flux to
each electron, in the direction opposite to the external field.
This transmutes their statistics, yielding composite bosons [34]
at an effective filling fraction equal to 1 within a mean-field
approximation. The effective action for such a theory is

L5 =5*(i0, +an + AF)5 — ——|(i0; +a; + AF)B]
2mg

- 1
+ V(b]) + —ada, 21
V%

where b is a complex scalar field representing the composite
boson, a is a U(1) gauge field, V(|l;|) is an interaction potential
that encodes boson density-density interactions, and m;; is the
boson mass which may differ from m, upon performing the
duality. Next, we perform boson-vortex duality [35,36]:

1

L5, =bEid, +anb, — =—1(id; + @b,
2m

3 1 1
+ V(b)) — —ad(a + AF) + —ada, (22)
2 4

where b, represents the dual vortex field of b, m, is the vortex
effective mass, and the U(1) gauge field a represents the
conserved particle current of b:

P 1
I = el (23)

Shifting @ — a + A, integrating out a, and subsequently
shifting @ — @ + A% gives

~ ~ 1 ~
L;, =bj(id, +a, — ADD, — 5 1(19; + a; — Ap)by |
1y
~ | 1 g E
+ V(by|) — —ada + —A"9A". (24)
47 4

The Chern-Simons (CS) term for a attaches one unit of flux to
b,, thereby transmuting it into a fermion /. Therefore, at long
wavelengths, the above theory is equivalent to

I
Lhote = h1(i0, — AF + pui)h — —hi (i3, — AF)’h
th

+ LAEaAEJr..., (25)

47
where the ellipsis includes higher-order gradient and interac-
tion terms, & represents holes of a filled lowest Landau level
(LLL), and we have allowed the effective mass of the holes m,,
to be renormalized relative to m, upon assuming the duality
between bosons attached to one unit of flux and holes attached
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to zero flux in the presence of a background magnetic field.
1y, is the chemical potential of the holes and is given in terms
of the hole density n; = 2mju, /4.

The Lagrangian in Eq. (25) is the particle-hole conjugate
with respect to the filled lowest Landau level of the electron
Lagrangian in Eq. (4). As expected, Eq. (25) shows that the
hole & carries charge opposite to that of the electron with
respect to the background electromagnetic field AZ. If the
hole density is depleted to zero, the system exhibits an integral
quantum Hall effect with Hall conductivity o, = 2. In other
words, the vacuum state of the holes is correctly described by
a filled Landau level.

From an operator point of view, the above sequence of
transformations can be understood as follows. As before, the
electron ¢ can be written as

c=bf, (26)

where b is a boson and f is a fermion field. These fields may
be taken to carry opposite charge under an emergent U(1)
gauge field a. We consider a mean-field ansatz where f forms
avy = 1 IQH state. Let us suppose that the field b, describes
the vortices of the boson field 5. Then, we can consider the
fermion operator

h= f1b,. (27)

We can verify that 4 is in fact a gauge-invariant, physical
operator, and describes the holes. To see this, let us write
an effective theory in terms of 5. We first introduce a gauge
field af to describe the conserved current of the f fermions:

j,(Lf ) = %ewx 8va{ . The effective action then takes the form

L5 =b*(id, +a; + AF) (id; + a; + AF)b[’

~1
b 5|
2my
N 1 1 ;
+ V(b)) — —a’da’ + —ada’. (28)
4 2

Now let us consider the vortex dual of b:

1

L;, =b%id, + a)b, — 510, + a@)by|* + V(1by )

v

1 f f‘ 1 E f‘ 1 ~
— —a’da’ + —(a+ A")da’ + —adda, (29)
4 2w 2

where, as before, b, represents the vortices of the field b, and
the current of b is given in terms of @ through Eq. (23). The
above theory shows that b, is charged under the gauge field
a. The Chern-Simons terms indicate that a unit charge of a
is attached to —1 unit of flux of @ and —1 unit of flux of
a’. Minus one unit of flux of ¢/, in turn, corresponds to —1
unit of the f fermion. Therefore, the operator 1 = fTb, is a
gauge-invariant, physical operator in the low-energy effective
theory, and can be seen to correspond to the hole in the LLL.

2. Anti-CFL Lagrangian

Now that we have obtained the Lagrangian describing holes
in the Landau level, it is straightforward to obtain the anti-CFL
theory. We simply take Eq. (25) and attach two flux quanta to
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the hole field %, obtaining

11 ,
LacrL =— z—ada+ x"(id, +a, —

AE
24 ;)

1, 2 1
— — yi(io; +a; — AE — AEQAE + . ...
2mXX (l ta ') X+4JT +
(30)

Here, x is a fermion field describing the “composite hole,”
which is the analog in the anti-CFL of the composite electron
¥ in the CFL. The ellipsis represents higher-order interactions.
As usual, the sign of the Chern-Simons term is chosen so
that the flux of a is attached in such a way so as to cancel
out the background applied magnetic field, in a flux-smearing
mean-field approximation.

There is an important relation between the electron density
n,, hole density n;,, and background magnetic field B:

B
ne+nh=§, 31

within the first Landau level. We will use this relation to express
physical quantities symmetrically with respect to the electrons
and holes. Equation (31) can be rewritten in another convenient
form as

=0~ = Dn,, (32)

where v = 27n, /B is the filling fraction.
The effective field seen by the composite holes is

Begr = —B + 4mny,. (33)

The first term arises because the composite holes couple to the
external field with the opposite sign as compared to electrons.
The second term is due to the fact that each composite hole
is attached to +2 units of flux, in contrast to the composite
electrons which are attached to —2 units of flux. Using the
relation in Eq. (31), we find

Beff =B — 47'rne. (34)

Interestingly, the composite holes feel an identical effective
magnetic field as the composite electrons. In particular, this
implies that a composite hole of the anti-CFL moving with
velocity v in a magnetic field B.y feels a Lorentz force
perpendicular to its motion which is identical to the Lorentz
force that would have been felt by a composite electron of the
CFL, at the same magnetic field and with the same velocity.
In other words, the trajectory of the composite holes in the
anti-CFL and composite electrons in the CFL are the same, for
a given velocity, magnetic field, and electron density.

An alternative, useful presentation of the theory in Eq. (30)
is given by

2 1 .
EACFL ZECNIBEI + Eaad + XT(lat +a, — AIE)X
L
2mx i i i

1 1 .
— —AJdA+ —A"0A, (35)
4 4

where d and A are both emergent dynamical gauge fields. In-
tegrating out 4 and A in Eq. (35) gives Eq. (30). Equation (35)
is manifestly well defined on closed surfaces, in contrast to
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Eq. (30), because the coefficients of the resulting CS terms are
integral. Moreover, in Sec. [V we will find Eq. (35) to be a more
useful starting point to describe the system in the presence of a
boundary. The fluctuations of A describe the dynamics of the
filled lowest Landau level, which is the “vacuum” state of the
holes.

We emphasize that the composite hole x is topologically
distinct from the composite electron 1. From Eq. (35), we see
that the composite hole x corresponds to the hole %, attached
to two units of statistical flux of a U(1), CS gauge field a.
On the other hand, the composite electron i corresponds to
the electron ¢, combined with two units of statistical flux of a
U(1)_, CS gauge field [see Eq. (7)]. A direct consequence of
this is that a p, +ip, paired state of the v fermions, which
yields the Moore-Read Pfaffian state, is topologically distinct
from a p, — ip, paired state of the x fermions, which yields
the anti-Pfaffian state (and even distinct froma p, + ip, paired
state of x). This suggests that ¥ and x are not related to each
other by any local operator; in other words, they represent
topologically distinct degrees of freedom of the electron fluid.In
the CFL, v represents the appropriate low-energy degrees of
freedom, while in the anti-CFL, x represents the appropriate
low-energy degrees of freedom by which to describe the state.

From the perspective of the parton construction, it is clear
that the anti-CFL state can be understood through Eq. (26)
by considering a mean-field ansatz where f forms a vy =1
IQH state, while the vortices of 5 form a v, = —1 CFL state of
bosons. In Appendix A, we revisit this point in more detail and
show that, in general, particle-hole conjugates of fermionic
FQH states can be understood in terms of vortex duals of
bosonic FQH states. Vortex duality for bosonic states thus
proves to be intimately related to particle-hole conjugation for
fermionic states.

B. Relation to the main sequence of incompressible FQH states

In the same way that the main series of FQH states can
be understood as integer quantum Hall states of composite
electrons of the CFL, those same states can also be understood
as integer quantum Hall states of composite holes from the
anti-CFL.

To see this, consider moving away from half-filling. Using
Egs. (34) and (31), we see that the composite holes are at an
effective filling

—1 _
(k) =2--wh (36)
Therefore, if the composite holes are at filling vé‘ff = —p,
for inte%er p, then the filling fraction of the electrons is
v=2tL 12

 2p+l 2p+1°
Furthermore, we find that the resulting topological order

is equivalent to the particle-hole conjugate of the state where
the composite electrons of the CFL are at veg = p. This is
suggested from the above formula for the filling fraction. To
verify this, let us analyze the topological order of the state
where the composite holes y are at vé'ff = —p. Integrating out
x in Eq. (35) under the assumption that yx is in such an IQH
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state then yields the effective theory

2 1 p
ACFL __ ~n~ ~
‘C—p —E(la(l + Eaaa — Eaaa

1
+ L AEda+ A)— —AdA — L AEpAE. (37)
2 47 47

This theory can be summarized by a K matrix

1 0 0
K=—-10 -2 -1}, (38)
0o -1 p

which, by comparison with the results of Sec. II D, is indeed
the particle-hole conjugate of the state where the composite
electrons of the CFL form a ve = p IQH state. This shows
that the incompressible FQH states at a given filling fraction v
that result from the CFL state are equally well understood to
arise from condensation of the composite holes of the anti-CFL
state. The chiral central charge is again accounted for by the
p filled Landau levels implied by the —pA£9AE term.

Moreover, the ratio of the energy gaps of the resulting FQH
states are the same as well. This follows from an estimate
of the gap in terms of the effective magnetic field that the
composite holes and composite electrons feel. More explicitly,
according to Eq. (36), a FQH state at electron filling v =
p/(2p + 1) requires the composite holes to fill p + 1 Landau
levels. Restoring the electromagnetic charge e, the resulting
energy gap is estimated using

eBegr —eB + 4meny, e -~
EACFL = = — = —2nn, v =2,

my my my
(39

where m, is the renormalized composite hole mass. Remark-
ably, we see that

m

EACHL — EVCFLm—‘X”, (40)
which shows that the predicted energy gaps of the incom-
pressible FQH states are the same within the CFL or anti-CFL
construction, as long as the composite electrons and composite
holes have the same renormalized masses.

C. Paired composite hole states

Let us now also consider paired states of the composite
holes. The particle-hole conjugate of the Moore-Read Pfaffian,
the anti-Pfaffian, corresponds to p, —ip, pairing of the
composite holes. More generally, one can consider odd
angular momentum / pairing of the composite holes, with a
corresponding chiral central charge / /2 in the boundary state of
the composite holes. The chiral central charge of the boundary
theory of the corresponding FQH state, after considering the
charged modes and the background filled LL is therefore
¢c=—1+4+1+4+1/2=1/2. The topological properties of the
quasiparticles can be understood as follows. There are four
Abelian quasiparticles, corresponding to local (topologically
trivial) excitations, a neutral fermion corresponding to the
Bogoliubov quasiparticle of the paired composite hole state,
and charge +e/2 Laughlin quasiparticles. In addition to
these, there are the +m vortices, with charge +e/4. These
have fractional statistics 61 = 2w (—1/16 +1/16). The —]—16
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TABLE II. Charges and statistics for the topologically nontrivial
quasiparticles of the paired composite hole states with angular
momentum / and chiral central charge ¢ = 1/2.

Charge (modulo ¢) Statistics, 6 (modulo )
0 0

0 0

e/2 /2

—e/2 /2

e/4 x(l—1)/8

—e/4 m(l —1)/8

contribution is the effect of the = flux on the charged sector,
which is reversed in chirality relative to the composite electron
case considered in Sec. I E, while the [ /16 contribution is from
the composite hole sector, which forms one of the Ising states
in Kitaev’s 16-fold way [33]. These are summarized in Table II.
Interestingly, observe that there is a direct correspondence
between the paired states obtained from the CFL theory, in
Sec. ITE, and those obtained from the anti-CFL. In particular,
Tables I and II show that the FQH state obtained when
composite electrons of the CFL form an angular momentum
[ paired state is topologically equivalent to the state obtained
when the composite holes of the anti-CFL form an angular
momentum [ — 2 state. In particular, this confirms a recent
observation in Ref. [37], based on considerations of the
shift [38] and central charge, that (1) the case where composite
electrons of the CFL form the [ = —3 paired state corresponds
to the anti-Pfaffian, and (2) the case where composite electrons
form the / = —1 paired state gives rise to a state whose
topological properties are particle-hole symmetric.

D. Wave function

Since the anti-CFL is a state where the holes have formed
a CFL state at opposite magnetic field, its many-body wave
function can be immediately written in terms of the many-body
wave function of the CFL. It is given by

Ny
Wacn () = [ [] @l Wea (o). @)

a=1

where
W (tr i) =T =19 [ [0 =20 [ @ = 29
a<p a,i i<j
x e Xl /Al 42)

r, r are the real-space coordinates of the electrons and holes,
respectively, while z =r, +iry, and n =7, +iF, are their
complex coordinates. The indices take valueso, = 1, ...,N,
and i,j =1,...N,, where N, and N, are the number of
electrons and holes, respectively. W, ({r;,7;}) can be understood
as a wave function of N, holes at fixed positions {#;}, in a
v = 1IQH state of N, electrons. The prefactor [ [, _ s(Me — 1)
is included to ensure the proper normalization and Fermi
statistics of the holes; without this factor, the integral in
Eq. (41) would vanish because Wcr({7g}) is antisymmetric
in its coordinates.
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The wave function presented in Eq. (41) is technically
difficult to work with. We may consider a potentially
more tractable wave function by using the basis of
lowest-Landau-level orbitals on a sphere instead of the
real-space coordinates. To this end, consider a quantum Hall
system on a sphere, with N¢ flux quanta piercing the sphere.
The lowest Landau level has No + 1 single-particle orbitals,
which we can label /;, fori = 0, ..., Ng. In this basis, we can
write the anti-CFL wave function as

WacrL({li}) = Z Wi ({1, L D)W ER (T D) (43)
{la}

WepL({le}) is the CFL wave function, written in the orbital
basis of the lowest Landau level. ¥, is the wave function
where the ith electron occupies orbital /; and the «th hole
occupies the orbital I,.

We note that Ref. [39] studied the overlap of the CFL wave
function (13) with its particle-hole conjugate, and found a
high (but not unit) overlap for up to N = 16 particles. In
other words, the CFL wave function, while almost particle-hole
symmetric for small system sizes, is not exactly particle-hole
symmetric; we therefore expect that in the thermodynamic
limit, the overlap of the CFL wave function with its particle-
hole conjugate will indeed vanish.

IV. BOUNDARY THEORIES OF CFL AND ANTI-CFL

An important aspect of the CFL state is its behavior near any
boundary of the system. Just like incompressible FQH states,
the compressible CFL states exhibit qualitatively new features
at their edge, as compared with the bulk. Specifically, while
the electron tunneling density of states decays exponentially
in the bulk as the frequency w — 0, the edge tunneling density
of states decays as a power law due to the existence of
protected gapless edge fields. Tunneling into the edge of a CFL
would therefore yield a power-law nonlinear current-voltage
characteristic I oc V# for some exponent 8 > 0.

In this section, we introduce a theory for the CFL and anti-
CFL states in the presence of a boundary. We will show that in
order to be gauge invariant, the bulk effective field theories
discussed in the previous sections must include additional
chiral scalar fields at the boundary (see Fig. 1) [40,41]. We note

(@) Insulator (b) Insulator
g S S
CFL Anti-CFL

FIG. 1. (Color online) (a) The theory of the boundary of the CFL
with a trivial insulator (vacuum) contains a chiral bosonic field at
the edge. This bosonic field is analogous to the chiral edge mode
of a bosonic % Laughlin state. (b) The boundary of the anti-CFL
with a trivial insulator contains two fields. The left-moving field is
similar to that of a % Laughlin edge, while the right-moving field is
similar to a v = 1 IQH edge. To distinguish them, the right-moving
fields have been depicted with dashed lines. Consequently, the fields
cannot be localized through backscattering and are topologically
protected.
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that the theory we develop in the following, which describes
both the bulk and boundary fields simultaneously in a local
way, complements previous work. Previous studies [20,21]
of the boundary of the CFL developed the boundary theory
by effectively integrating out the fermions in the bulk in the
presence of strong disorder. This leads to nonanalytic terms
in the action, and precludes a direct description of both the
low-energy composite fermion and chiral boson fields near the
boundary. We expect that the new formulation of this boundary
theory may also be useful for studying more generally the
boundaries of Chern-Simons theories with gapless bulk matter
fields, such as those which describe quantum critical points in
FQH systems.

A. Boundary theory for the CFL

Let us begin with the bulk effective action for the CFL
which we assume to be placed in a lower-half-plane geometry
with boundary at y = 0:

2 1
Lop = — —add + =—ada + ¢ (id, +a, + AF + pe)y
vi% 21
1
—— (i 4 a + AE) Y+, (44)
2m1/,

where we denote the composite electron mass by m.,. Let us
fix the gauge a, = 0. In doing so, we must take into account
the constraint % = 0, which implies

Ee,-ja,-&j = Ze,z,-a,vaj. (45)
This constraint can be solved by setting
ai = sa; + 0, (46)

where ¢ is a real scalar field. Quantization of the flux of a
requires that ¢ be equivalent to ¢ + 27:

¢~ ¢+2m. 47)

Inserting a@ in Eq. (46) back into the effective action, we obtain
ScrL = / dPx dt L2% / dx di LEE, (48)
y<0 y=0

where

11 +
Lo =5 p-ada+ v (10 +a+ A + o)y

1
— i ta AP Y+ @9)
2m,/,

2 1 1 2
LE‘?E ZE [(al(ﬁ + at)8x¢ + Zatax - v<8x¢ + zax) :|

— u(axqb + %ax)x//w/. (50)

J

edge
EACFL -
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The resulting action is invariant under the gauge transforma-
tions

¢ g ¢ - %Av

a— a+ A, (51)

v — ety
where the real function A is the gauge parameter. The term
involving u above represents a density-density interaction
between the composite electron and edge boson fields, while v
characterizes the velocity of the chiral ¢ excitations. We have
included the terms involving u and v in the action by hand, as
they are not precluded by symmetry. One could also include
a current-density coupling between the fermions and bosons,
of the form ¥'(id, + a,)Y¥(0.¢ + %ax), although this term is
higher order and more irrelevant than the other terms in the
action.

The electron creation operator on the edge is the gauge-
invariant operator

i,y =0,0) ~ yle 2, (52)

In terms of the parton construction of (6), we see that b = e,
consistent with the interpretation that b forms a % Laughlin
state and ¢ represents the scalar field of the chiral Luttinger-
liquid edge of such a Laughlin state.

Electron correlation functions along the boundary can be
immediately computed within a mean-field approximation
which ignores gauge fluctuations:

(c1(x,1)c(0,0)) & (YT (x,0)1(0,0)) (¢~ 19xD=00.0)) = (53)

We see that single-electron correlations decay algebraically
because both the chiral field ¢ and the restriction to the
boundary of the composite electron field are gapless. A detailed
study of the quantitative effect of gauge fluctuations of a on
the edge correlation functions will be left for future work.

B. Boundary theory for the anti-CFL

The above method for deriving the edge theory of the CFL
can be readily applied to derive the boundary theory for the
anti-CFL. As before, we start with the bulk theory in Eq. (35).
Going through essentially the same argument as in the previous
section, we find the following effective action:

SACEL = / d*x dt £l/)§%]I(JL + / dx dt ‘Cii(‘jg}iu 54
y<0 y=

where
’ 11 L.
‘CI/DX(%II(:L = — Eﬂaaa + Xl(laz +at — AfE +M/1)X
_ t(io: - AE)? 55
2mXX(’l+al i) x ©3)
and

2 1 1\’ 1 1
— — | 011 — a)ox 1 + —a;a, + v | 0 — zax + —0:2(0:¢2 — V20:P2) — V12| 0xP1 — za, |05
4 4 2 4r 2

1 L
—uy <8x¢1 - Eax)xT X — u2(d:)x % + [E(x)xe ¥ 7% L Hel. (56)
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This action is invariant under the gauge transformations
¢ — ¢+ 3A,
a— a+dA, (57)
x—etx,

where we again denote the gauge parameter by A. The ¢,
chiral edge field is a result of the filled Landau level and also
satisfies ¢y ~ ¢ + 27.

The ¢, and ¢, fields are counterpropagating. There are two
local operators in the long-wavelength effective field theory
which can be identified as electron creation operators:

T —2ig,

cp~ xe , c; ~ e, (58)

In principle, the edge theory can also include electron tunneling
between these two types of edge fields, mediated by the random
coupling £(x), as modeled by the last term in L5, .

Importantly, in the mean-field limit, from the time derivative
of the ¢; term, we see that it can be interpreted as the chiral
edge field of a bosonic v = % Laughlin FQH state, while ¢,
can be interpreted as a chiral edge mode of a v = 1 IQH of
fermions. It is impossible for any type of backscattering to
localize these counterpropagating chiral fields.

V. THEORY OF CFL AND ANTI-CFL INTERFACES

A striking consequence of the existence of the anti-CFL
state is the nature of its interface with the CFL state. In order to
understand the physical properties of this interface, it is useful
to first develop a theory of a CFL-insulator-CFL junction.

A. CFL-I-CFL junctions

In this section, we develop an understanding of a junction
between two CFL states, separated by a thin insulating barrier.
We will see that there are three distinct possible interface
phases (see Fig. 2):

(1) Decoupled interface. Electron tunneling between edges
is weak and irrelevant. Composite electrons cannot tunnel
across the boundary. Tunneling density of states decays as
a power law at low energies at the interface, but exponentially
in the bulk.

(2) Partially fused interface. Electron tunneling across the
interface is strong and/or relevant. Composite electrons can

(@) (b) (©)
CFL CFL
Insulator I CFL
CFL CFL

FIG. 2. (Color online) Illustration of three distinct possible in-
terface phases at the CFL-I-CFL interface. (a) Decoupled interface,
(b) partially fused interface, where composite fermions can propagate
through and the electron has algebraic correlations along the interface,
and (c) fully fused interface, where the system effectively forms a
single CFL spanning across the interface, so that the electron has
exponentially decaying correlations everywhere.
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directly tunnel across the interface, but the counterpropagating
bosonic edge fields remain gapless. Electron tunneling density
of states decays as a power law at low energies at the interface,
but exponentially in the bulk.

(3) Fully fused interface. Electron tunneling across the
interface is strong and/or relevant, and the system has healed
itself into effectively a single CFL across the interface.
Electron tunneling density of states decays exponentially
everywhere, and composite electrons can propagate through
the interface.

Let us consider the insulating barrier to have a width €,
with its center position at y = 0. The effective theory for this
system can be written as

SCFL-I-CFL = Sbulk + Sedge (59)

where Shulk = Spulk;t + Sbulk;) and Shulkt =
fy e/ d*x dt Loyk;s is the bulk action for the CFL on
the upper-half plane, and Spux.,, defined similarly, is the
bulk action for the CFL on the lower-half plane. The bulk
Lagrangian densities are

11 .
‘CbUIk;a ZEEaaaaa + w‘i (l oy + a, + A,E + Me)K”a

1
—— Yl +at + A ..., (60)
2m¢
where o = 1, .
Similarly, Sedge = Sedge;T + Sedge;¢ + Sedge;T¢- Sedge;o: =
f} —te)2 dx dt Legge, is the edge action for the upper or lower
boundary, which lies at y = £€/2, with

2a

‘Cedge;a = 4

|:(at¢ot - aag)ax(ba

1 \> 1
+ava(ax¢a—a§af:) +Za;'af:} 61)

— Uy (axm - a%af)ﬁxm,, (62)

where o = 1/} = %. The second equality is used when o
appears as a coefficient rather than a label. Finally, Seqge;ty =
fdx dt ‘Cedge;TL’ with
Leage:ry = Lunst ) +A CANRY RS 63)
Etun;?i = twiw¢62l(¢l+¢v +H.c.,

where r.s = ¢, ¥, ngo = (Oxdpa — @3a%), ny.o = Y, are
the boson and fermion densities, while v,Tﬁ parametrizes the
density-density interactions between excitations on each side
of the interface. Ly, describes electron tunneling between
the upper and lower edges. Note that all physical operators
must be invariant under the independent gauge symmetries of
the upper and lower systems:

Vo — €M,

a® — a* + 0A,,
¢ = ér + A4/2,
b, = ¢y — Ay/2,

(64)
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where the real functions A, parametrize independent gauge
transformations above and below the insulating barrier.

In order to understand the effect of the electron tunneling
term L4, let us rewrite it as follows:

‘Cmn;Ti = [('(ﬁ'lwi + e*Zi(¢¢+¢T)*l‘9)(ezi(¢l+¢¢)+i9 + ,‘ﬁ_l wT)

— L= ylypy v, (65)

where we have written ¢ = |¢|¢’®. Note that for a clean
system, @ = e€x /1%, where [z = B~!/? is the magnetic length.
Introducing a complex Hubbard-Stratonovich field ®4, we
can replace Lyn:1 by

il 6o
Etun;N = E(q)TUpTII//l + ¢?L62l(¢l+¢“+19 +H.c)

1
= 1O P+ el Y. (66)

where we have dropped the overall constant. Here, we have
made use of the identity

20102 _ /DCD e—\¢|2/2+ﬂ(¢ol+¢*oz). (67)

We can recover the original action by substituting into Eq. (66)
the solution to the equation of motion for ®4:

Oy = V20OV Ly, (68)

The last term in Eq. (66) can be absorbed into the density-
density couplings, and will be dropped from consideration
below.

Note that ®;;, now also transforms under the gauge
symmetry described in Eq. (64) as

CDTL — EiAT?iA¢ (DN- (69)

We can obtain a self-consistent mean-field solution of the
action in which gauge fluctuations are set to zero by replacing
®,, by its expectation value and minimizing the resulting
action subject to the constraint

(1) = V20 [( O Ly ly).(70)

This yields a mean-field solution which we denote as ®;.*
In order to incorporate quantum fluctuations in the field
@, about this mean-field solution, we write

cDTi =5T¢eia”, (71)

Note that the amplitude fluctuations of &4, about the mean-
field value 5¢ , are gapped. Therefore, to describe physics at

“Equivalently, we may perform a saddle-point analysis by inte-
grating out the composite electrons, gauge fields, and edge fields in
order to obtain a gauge-invariant effective potential V (|®,,|) for the
Hubbard-Stratonovich field ®; . The shape of the effective potential
depends upon the effective parameters entering the action such as
vpyup 0,0 for r,s = ¢,, and ¢ along with the coupling between
the composite electrons and the statistical gauge fields. We anticipate
two general classes of (homogeneous) solutions that minimize the
resulting effective potential to be identified by whether ($3, ®4,) =0
or (&1, ®4y) #O0.

A FAaA~ 4

PHYSICAL REVIEW B 92, 165125 (2015)

low energies, we can focus on the phase fluctuations of &,
which are parametrized by a4,. The phase a4, can now be
seen to transform under the gauge transformations described
in Eq. (64) as

aN—>aN+A¢—A¢. (72)

At low energies, the couplings in the edge Lagrangian will
be renormalized due to fluctuations, and all possible terms
consistent with symmetries will be generated. In particular,
gauge-invariant kinetic terms for a4 will be generated in the
edge effective action that we anticipate to take the form

— — ia n
‘Ctun;'w :KQTi(aT —a' —aa¢¢)2+q)¢¢(t]€ NlﬂTlllfl
+ H.c. + ©,cosRpy + 2¢, — ayy)). (73)

The first term above comes with a factor of 5? | asitarises from
a kinetic term for 4 of the form |(id + a; — a;)®4, |* upon
the expansion of @4 about @4 ;. x # 0is a phenomenological
parameter, ¢, and #, are renormalized parameters for terms that
were already present in Eq. (66). We have also assumed for
simplicity that there is no additional constant phase in the
cosine term above.

Notice that a4 can be interpreted as an emergent gauge
field that bridges the upper and lower CFLs. The term
Ji—odtdx(a® —a* — day)? plays the role of a Maxwell term
across the boundary.

We see that when 5¢ 1 7 0, composite electrons can
directly tunnel across the boundary, due to the gauge-invariant
composite electron hopping term 1/4 W Le”’”. Therefore, when

5¢ 1 70, we have effectively a single U(1) gauge field a
defined everywhere, with a4 being equal to the line integral
of a across the boundary.

Note that if ¢/2(®1 811411 ig jrrelevant, the bosons will be
remain gapless at low energies. If instead e/2@1+V)=ian jg
relevant, then 2(¢4 + ¢,) — a4, will be pinned and become
massive.

We thus see the appearance of three possible phases:

1) 5¢ , =0. Here, the bosons remain gapless as the
coefficient of the cosine interaction vanishes. Similarly, the
composite electron tunneling amplitude is zero and so they
cannot tunnel across the interface at low energies. This phase
should occur when electron tunneling is a weak/irrelevant
perturbation to the edge theory, and corresponds to the two
sides being completely decoupled at long wavelengths. We
refer to this edge phase as the decoupled interface.

(2) @4 #0, but cos(2py +2¢, —ay) is irrelevant or
marginal. Here, the composite electrons can now tunnel across

the interface, due to the presence of the term \/EET l(wi vy +

H.c.). However, if cos(2¢4 + 2¢, —ay,) is irrelevant or
marginal, ¢, and ¢, fluctuate freely and are gapless or
unconstrained at long wavelengths. Therefore, the electron
correlations remain power law along the interface. This is the
partially fused interface phase.

(3) @4, #0, and both cos(2¢y +2¢, —ay;) and
(wTT ¥, + H.c.) are relevant. Here, the composite electrons can
tunnel across the interface, and the bosons ¢4 and ¢ are locked
to one another and no longer fluctuate freely. Consequently, the
electron correlations along the interface are now qualitatively



PARTICLE-HOLE SYMMETRY AND THE COMPOSITE ...

the same as in the bulk, and decay exponentially. This is the
fully fused interface, as the two, initially separate, CFLs have
fully healed.

In principle, one might imagine a fourth phase, where
D4y #0, and cos(2py + 2¢, —ayy) is relevant, but the
composite electron tunneling operator across the interface
el wi Y, is irrelevant. However, since the composite elec-
trons ¢ form a Fermi sea in the bulk, we expect that their
tunneling across the interface is highly unlikely to be irrelevant.

In addition, one may consider higher-order ‘“partially
fused” phases, where @, = 0, but one instead decouples pair
tunneling, or higher-order tunneling terms, across the interface
using a Hubbard-Stratonovich transformation. These phases
would, for example, allow pairs of composite fermions to
tunnel across the interface, but not single composite fermions.

1. Application to Pfaffian-I1-Pfaffian junctions

An interesting corollary of the above analysis appears in
the case where the composite fermions of the CFL form a
Dx + ipy-paired superconducting state. In this case, the system
then forms the famous Moore-Read Pfaffian state [6-8]. A
single edge of such a state consists of a chiral boson mode ¢
together with a chiral Majorana mode 7. The electron tunneling
term between two Moore-Read Pfaffian states separated by an
insulating barrier takes the form

Liunn;ry = 104 ﬂ¢€2i(¢T+¢¢) + H.c. (74)

This interface also supports three edge phases in principle,
which can be analyzed using the same logic as described in
Eqgs. (61)—(73):

(1) Decoupled interface, where the electron tunneling term
is irrelevant.

(2) Partially fused interface. Electron tunneling is strong
and relevant. The Majorana tunneling operator 147, acquires
an expectation value (n41,) # 0, which effectively gaps the
counterpropagating Majorana modes. Consequently, single-
electron correlations decay exponentially along the interface.
Furthermore, the expectation value (n4n,) # 0 allows the
neutral fermion of the bulk Moore-Read state to propagate
coherently across the interface. However, the boson tunneling
term ¢%@1+%)) is irrelevant or marginal, so the counterpropa-
gating chiral boson modes remain gapless along the interface.

(3) Fully fused interface. Electron tunneling is strong and
relevant and the Majorana tunneling operator n47n, again
acquires an expectation value. But now, e*@1+9)) is relevant
and pins the boson modes, causing them to acquire an energy
gap. The junction is now fully gapped, and the two sides of the
interface are fully healed into each other.

B. CFL-I-anti-CFL junctions

The CFL-Insulator—anti-CFL junction can be analyzed in
a manner closely analogous to the case of the CFL-I-CFL
junctions. In this case, we find that there are three basic types
of interface phases (see Fig. 3):

(1) Decoupled interface. Electron tunneling between edges
is weak and irrelevant. Composite electrons of the CFL cannot
tunnel across the boundary into the composite holes of the
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(a) (b) [(a]
Anti-CFL Anti-CFL Anti-CFL
——————— D o]
Insulator e s
P —_—
CFL CFL CFL

FIG. 3. (Color online) (a) Interface between the CFL and anti-
CFL state, separated by a thin insulator. When electron tunneling
across the interface is weak and irrelevant, the interface is in a
decoupled phase. (b) Partially fused interface 1: Composite electrons
can directly tunnel into composite holes across the interface, but
the chiral boson edge fields are unconstrained, leading to a protected
power-law tunneling density of states along the interface. (c) Partially
fused interface 2: Interface fields are partially gapped, leaving behind
a single neutral chiral fermion field. Electron tunneling density of
states decays exponentially along the interface and in the bulk.

anti-CFL. Tunneling density of states decays as a power law at
low energies along the interface, but exponentially in the bulk.

(2) Partially fused interface 1. Electron tunneling across
the interface is strong and/or relevant. Composite electrons of
the CFL can directly tunnel across the boundary into composite
holes of the anti-CFL, but the counterpropagating bosonic
edge modes remain gapless. Single-electron correlations, and
therefore the single-particle tunneling density of states, have
algebraic decay along the interface, but exponential decay in
the bulk.

(3) Partially fused interface 2. Electron tunneling across
the interface is strong and/or relevant. Composite electrons
of the CFL can directly tunnel across the boundary into
composite holes of the anti-CFL, but a single chiral bosonic
field remains gapless. Single-electron correlations decay ex-
ponentially along the interface and the bulk.

The existence of the partially fused interfaces is remarkable
because the composite electrons of the CFL and the composite
holes of the anti-CFL represent distinct types of excitations
of the electron system. An important difference as compared
with the CFL-I-CFL junctions is the absence of a fully fused
interface; the existence of at least one chiral bosonic edge field
in the effective field theory suggests that the CFL and anti-CFL
are distinct phases of matter.

In addition, we can imagine a regime of parameters where
the electron tunnels across the interface via the filled Landau
level of the anti-CFL. Such tunneling is always present, and
may be irrelevant or marginal at any of the given interface
phases listed above. (If such a tunneling is relevant, presumably
the system flows to one of the interfaces phases described
above.)

Let us consider the case where the region y > €/2 is now
in the anti-CFL state. In this case, electron tunneling across
the interface can occur via the terms

Lunyy = hxp ¥ @O0 4 el #1420y L He.  (75)

The existence of two single-electron tunneling terms, with
amplitudes #; and t,, reflects the fact that the electron can be
created in two distinct ways along the edge of the anti-CFL.
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Note that, as in the CFL-I-CFL example, only gauge-invariant
terms can be added to the Lagrangian. In this case, the gauge
transformations are

Yy — My,

xr = eMxq,

a® — a* + 0A,, (76)
by — by —A/2,

b1p = 11 — Ay/2,

where @ = 1 or |.
Following closely the analysis in the previous section, we
can decouple the first term:

t . .
Etun;N = M(CDNXMW + @3 MO0 +H.c)
2 1

1 . .
- 5|<I>N|2 + (e 290y + Hoe), (77)

where as before we have dropped an overall constant, absorbed
one of the four-fermion terms into the density-density interac-

tions between the separated edges, and set t; = |f; le?. Under
the above gauge transformations, @, transforms as
Dy — MM D, (78)

As before, we consider a self-consistent mean-field solution
(D1y) = V20t ¥y + e H OO, (79)

To understand the physics when 5? | 1s nonzero, we expand
the action around this mean-field solution by setting

q>Tl = &DTieiaN. (80)

This leads to the following interface Lagrangian at long
wavelengths:

—2 |t|— ia
Lunpy =« (@' +a* +day,)” + ‘/E(D“[e "y
+ H.c. + cosQ2e11 + 2, — ay)], (1)

where ayy — ayy — Ay — A under local gauge transforma-
tions. As before, we see that when <T>T 1 = 0, the two states
are effectively decoupled. When @4, # 0, we see that it is
possible for the composite electron i to tunnel across the
interface directly into the composite hole x . Importantly, since
the edge boson fields have a net chirality, they cannot be fully
gapped by any type of backscattering term, and therefore the
existence of at least one gapless edge field is guaranteed.

In order to understand the possible phases for the edge
boson fields, let us consider their commutation relations

(b, ()., ()] = i%sgn(x — ).

(P14 (x). 911 ()] Zi%Sgn(x - ¥ (82)

(921 (X), 21 (Y)] = — imwsgn(x — y).

These commutation relations imply that the cosine term
cos(2¢14 + 2¢, — ay,) in Eq. (81) cannot pin its argument to
a constant value in space, as the argument does not commute
with itself at different points in space. Therefore, we see
the appearance of an interface phase that we refer to as
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partially fused interface 1. The composite holes can directly
tunnel across the interface into composite electrons because
®4, # 0, and the single-electron correlations (cf(x,7)c(0,0))
decay algebraically because all of the interface fields are
gapless.

The existence of three gapless interface fields ¢ ,¢14,¢24
is not guaranteed. Within a partially fused phase, a term of the
form

cos(—2¢11 + 20, — 21 — a}) (83)

can pin its argument to a constant value in space, thus
effectively eliminating the right-moving chiral field ¢4 — ¢,
and left-moving chiral field ¢,4 from the low-energy physics,
leaving behind a single right-moving chiral field

On =11 + . (84)

The cosine term [Eq. (83)] can be generated in the effective
action as follows. We consider a correlated electron tunneling
term across the interface:

E;unn;m = t3016']1L¢C2¢3xCZ¢ + H.c.
= f31/fIX¢e‘i2"’¢+i2¢'T+2i"’2T Y He o (85)

Decoupling the fermion and boson fields with a Hubbard-
Stratonovich transformation, as before, we obtain

t . ) . X
'C;unn;Tl = \/g(wl)(?(aw + ®;¢e*12¢i+12¢m+21¢2? +H.c)
— 104, 17/2. (86)

Expanding ®;, around its mean-field value @¢ , by including
its phase fluctuations

Oy = Oy, (87)

we obtain

t3 1» — P
{unn;T¢ :V E[wixTG)TiemN

+ O4 ) cos(—2, +2¢11 +2¢01 —a ) + Hell.
(88)

Therefore, when ©;, # 0 and the cosine term above is
relevant, the the field —¢, + ¢11 + ¢24 — aj is pinned.

In order to understand the physical consequence of this,
observe that none of the electron operators ci4,c2¢,¢;, com-
mute with the argument of the cosine —2¢, + 2¢4 + 2¢, —
a’T . In fact, each of the electron creation operators cL(x)
for o, = ],11, and 21 create a 27w kink in the field
—2¢, + 2¢14 + 2¢21 — a’N. The operator c;f,(x)c;(x’), for
a,fp =] ,11, and 2 1, when acting on the ground state of
the system creates a finite-energy pair of domain walls in
—2¢, +2¢11 + 2¢2y — d|. Therefore, single-electron cor-
relations must decay exponentially along the interface. In
fact, correlation functions of all operators that carry nonzero
electric charge must, for the same reason, decay exponentially
along the interface. However, since the field ¢y + ¢y is

gapless, electrically neutral operators, such as CICIT’ can
have power-law correlations along the boundary, just as other
neutral operators do in the bulk.

The interface theory can then be written as

A FAAF 4
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1

L:edge = E
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1
2

1 1 2 —
[@@n—ﬁ—ﬂb%%ﬁjyﬁﬁ—w(%@r~W§—§@>}+K¢NMT+a“+MNV

| — . — fr— L,
+4/ %qm(mmemw +Hc)+ /@Q(aT —a'+9d})) + \/ge)w(wjmemu +H.c.). (89)

It is useful to note that the v = 1 neutral mode ¢, at this
interface can be fermionized by introducing a chiral fermion
field

Wp ~ ei(¢1¢+¢¢). (90)

We will revisit this point in Sec. VI to understand the
emergence of a Dirac fermion at the quantum phase transition
between the CFL and anti-CFL.

Therefore, as summarized at the beginning of this section,
the CFL-I-anti-CFL interface hosts three distinct interface
phases, two of which allow topological transmutation of
composite electrons of the CFL into composite holes of the
anti-CFL.

1. Application to Pfaffian—I-anti-Pfaffian junctions

As in the CFL-I-CFL case, an interesting corollary of
the above analysis appears in the case where the composite
fermions of the CFL condense into a p, + ip, paired state,
while the composite holes of the anti-CFL condense into a
Px — ipy paired state. In this case, the CFL is replaced by the
Moore-Read Pfaffian state, while the anti-CFL is replaced by
the anti-Pfaffian.

The boundary between the Pfaffian and anti-Pfaffian is
described by the Lagrangian

1 .
L= —EK113t¢13x¢J — V510x¢10x¢s + ine(8; — v )Ny

2 0 0
with K = (o 1 o), 1)
0 0 2
where 7, are chiral Majorana fields, each propagating with
velocity v. For convenience, we have relabeled the scalar fields
é1 = P11, 02 = P21, 3 = @y

The logic of the previous section, applied in this case, now
implies the existence of several distinct interface phases at the
junction between the Pfaffian and anti-Pfaffian (see Fig. 4):

(1) Decoupled interface, where electron tunneling across
the interface is irrelevant.

(2) Partially fused interface 1. The copropagating Ma-
jorana modes spontaneously acquire an expectation value,
(n4ny) # 0, which does not cause them to acquire an energy
gap, but which does allow the neutral fermion of the bulk
Pfaffian state to directly tunnel across the interface as the
neutral fermion of the bulk anti-Pfaffian state. Single-electron
correlations remain algebraic along the interface. The interface
has a chiral central charge ¢ = ¢, — cg = —1 + 3 = 2, where
¢y = 1 from the left-moving v = 1 mode and cg = 3 from
the two right-moving Majorana fermion modes and two
right-moving v = % boson modes.

(3) Partially fused interface 2. The three bosonic modes
are gapped, due to a large tunneling term cos(—4¢; + 4¢, +
4¢3), leaving behind a single right-moving neutral v =1

“rraA~

boson mode ¢, = ¢; + ¢».° Correlation functions of charged
operators, such as single-electron correlations, therefore decay
exponentially along the interface. The neutral fermion of the
Pfaffian cannot tunnel across into the neutral fermion of the
anti-Pfaffian because (n4n,) = 0.

(4) Partially fused interface 3. Same as partially fused
interface 2, except that (n47n,) # 0, so that the neutral fermion
from the Pfaffian can tunnel into the neutral fermion of the
anti-Pfaffian.

3 A similar set of boson modes and gapping term was also considered
recently in Ref. [64], in a different context.

(a) (b)
Anti-Pfaffian

Anti-Pfaffian

Insulator

(mny) =0 (mny) # 0
(©) (d)
Anti-Pfaffian Anti-Pfaffian

(mmy) #0

(mmy) =0

FIG. 4. (Color online) The interface between the Pfaffian and
anti-Pfaffian states hosts four topologically distinct interface phases.
The wavy lines depict the chiral Majorana fermion modes, while the
solid lines depict the chiral v = % Luttinger-liquid modes, and the
dashed line depicts the chiral v = 1 Luttinger-liquid mode. (a) The
decoupled interface. (b) Partially fused interface 1, where (n4n,) # 0,
which allows the neutral fermion from the Pfaffian to directly tunnel
across the interface as the neutral fermion in the anti-Pfaffian.
(c) Partially fused interface 2, where the boson modes have been
partially gapped, leaving behind a neutral v = 1 chiral boson mode.
{mn,) =0, so that the neutral fermion from the Pfaffian cannot
directly tunnel across the interface. (d) Partially fused interface 3,
which is the same as (c), but (7,7,) = 0, allowing the neutral fermion
to directly tunnel across the interface.

P



BARKESHLI, MULLIGAN, AND FISHER

In all of these cases, the interface hosts edge modes that
are stable to local perturbations. This provides a nontrivial
example where the boundary between two topological phases
possesses robust gapless chiral edge modes, but nevertheless
hosts several different topologically distinct boundary phases.
Similar examples of topologically distinct boundary phases
for gapped interfaces of Abelian topological states have been
classified recently in Refs. [42—44], and interesting examples
of topologically distinct gapless boundary phases have recently
been discovered in Ref. [45].

VI. CONTINUOUS TRANSITION BETWEEN CFL
AND ANTI-CFL

In the previous sections, we have developed a bulk effective
field theory for the anti-CFL. A natural question now is to
understand the nature of the zero-temperature phase transition
between the CFL and anti-CFL. This can be tuned, for
example, by varying the filling fraction through v = % in
the limit of zero Landau-level mixing. One can distinguish
two possibilities, depending on whether the phase transition
is first order or continuous in the clean (disorder-free) limit.
If first order, as we will briefly describe, the transition will be
rendered continuous in the presence of disorder. A continuous
zero-temperature quantum phase transition will have important
consequences for broad regions of the finite-temperature phase

. . o e . _ 1
diagram in the vicinity of v = 3.

A. Clean critical point

In this section, we present a theory that describes a
continuous transition between the CFL and anti-CFL in the
absence of disorder. Recall the effective action in Eq. (35)
for the anti-CFL. Let us rewrite this action by introducing the
linear combinations

a’ = —a— A,
92)
a® =2a+ A.

In terms of these gauge fields, the effective action for the
anti-CFL becomes

2 1
LacrL = — —a”da” + —(a — A¥)da”
4 21

1 1
8 o 0'8 o
+2na a +471a a
s 1 trs 2
+ x'@0 +ar +pun)x — —x'00 +a) x.
th
(93)

Now we can see that if a® were set to zero, this would be
identical to Lcgp [see Eq. (7)], with the replacement of x by
Y, my by my, and u;, by w.). This motivates the following
theory, which can describe the transition between CFL and

“rraA~
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anti-CFL:

2 1
Ligans = — —a”da” + —(a — A¥)da”
V% 21

1 - | I ;o
+ —ada® +-—a%da’ + "9, + a, + wy
2 4

1 trs 2 . o 2
~ ok (@0 +ai) ) + 100 +a”)e|” + V(p).
%94)

When ¢ is disordered (|¢|) = 0, this theory describes the anti-
CFL state. When ¢ orders (|¢|) # 0, a® gets Higgsed. Setting
a’ = 0 recovers Lcpr. At the transition, @, = u, = u and
my, = m, = m; these parameters may vary away from the
transition from their values at the transition.

Examining Eq. (94), we see that the CS term for a“ attaches
a unit flux to ¢ to convert it to a fermion. In fact, using the
duality proposed in Ref. [46], the boson ¢ can be fermionized,
yielding the following dual effective theory of the critical point:

2 1 11
Lirans = —Eapaap + Z(a — AB)oar — EEaaa

1
+ X' +a + wx — =—x"Gd +a)*x
2m
+ W0y (0,0, + a,) — mylV + e WIW,  (95)

where W is a two-component Dirac fermion, and o, = o,
o0x,0, are the Pauli matrices. We have included a chemical
potential term iy, which is allowed in general; the analogous
term in Eq. (94) is difficult to analyze because it involves
monopole operators. When my < 0 and |my| > |uy|, inte-
grating out W cancels the CS term for a, and gives the CFL
theory LcpL. When my > 0 and |my| > |y, integrating out
W gives an additional — % %aaa. The resulting Lagrangian can
be seen to be equivalent to that of the anti-CFL theory.

When |uy| > |my|, the ¥ fermions form a Fermi sea, and
the system transitions into a novel type of CFL-like state but
with two bands of composite-fermion-type excitations, which
we label CFL,. The phase diagram described above is sketched
in Fig. 5.

CFL,

FIG. 5. Zero-temperature (mean-field) phase diagram of Eq. (95).

s
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Importantly, we see that within this theory, the only way to
tune from the CFL to the anti-CFL states is to pass through
a phase transition. There is a direct phase transition when
gy = 0; when py # 0, there is an intermediate phase. In the
following discussion, we analyze the direct transition as my
is tuned through zero, with the chemical potential fixed at
my = 0.

1. Coupled-chain description

An interesting way to approach the critical point, which
makes contact to the results of Sec. VB, is to consider
alternating strips of CFL and anti-CFL, reminiscent of the
percolation picture for the IQH plateau transition of Chalker
and Coddington [47]. In Sec. V B, we showed that the interface
between the CFL and anti-CFL necessarily possesses a chiral
electrically neutral fermion field (or, alternatively, a v =1
neutral chiral boson field). Therefore, alternating strips of
CFL and anti-CFL possess counterpropagating chiral fermion
fields, as shown in Fig. 6. For a finite-size strip, there will be
backscattering terms between these counterpropagating fields,
which we have labeled #, and ¢, in Fig. 6. When ¢, > 1, the
system is in the anti-CFL state everywhere. When 1, > t,,
the system is in the CFL state everywhere; it can be easily
verified that the remaining edge fields can be reduced, via
backscattering terms, to the minimal CFL boundary theory
introduced in Sec. IV. Atthe critical point, 7, = ¢, , the interface
fields delocalize in both directions and form the (24-1)D Dirac
fermion field W.

2. Mean-field treatment

The transition at my = 0 is continuous in the absence of
gauge fluctuations of a, if the Dirac fermion W does not couple
to the holes x. In what follows, we show that the transition
remains continuous in the presence of these fluctuations as
well. The analysis below extends previous work in Ref. [22] for
the continuous Mott transition between a Landau Fermi liquid
and a U(1) spin-liquid Mott insulator, and also the closely

FIG. 6. (Color online) The transition between the CFL and anti-
CFL can be understood by considering alternating strips of the two
phases. #, and ¢, describe the backscattering of counterpropagating
chiral fermions, as shown.
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related analysis of Ref. [23] for the transition between the
CFL and a Landau Fermi liquid.

First, let us consider the continuity of the transition in a
mean-field limit where the gauge fluctuations of a are ignored.
In this limit, we must analyze the effects of any coupling
between the Dirac fermion W and hole x. In principle, there
are three additional quadratic interactions that one can add to
Eq. (99),

Lowa = g1 % x + (g2)o(¥] x +Hec.), (96)

for o = 1,2. The first interaction parametrized by g; is merely
a shift of the hole chemical potential which is fixed so
that the system sits at half-filling. The second interaction
parametrized by g, mixes the W and x fields. In the clean
limit, this interaction vanishes at long wavelengths due to an
oscillating coupling, proportional to exp(ikrx), arising from
the hole Fermi sea. As described in the previous subsection,
we consider the case where the W chemical potential is tuned
to zero, gy = 0.

We now consider quartic interactions between the Dirac
fermion current and the particle-hole continuum of the yx
fermions:

/ dt dxT, ¥ x' X1, 97)

where j:’ = Wig, W and A, are coupling constants.

Strict perturbation theory about the decoupled fixed point
indicates that the interactions parametrized by A, are irrele-
vant. The tree-level momentum-space scaling assignments are
as follows: [w] =1,[k 1= 1,[k)] =0,[p.] =1,[x]= —%,
and [V] = —2, where k, refers to the momentum of the
composite hole perpendicular to the Fermi surface, kj is the
momentum paralle]l to the Fermi surface, and p,, collectively
denotes the frequency and momentum of the Dirac fermion.
For generic values of the hole momentum, the interaction has
momentum-space scaling dimension equal to +2, while for
special kinematic values, say, when the incoming and outgoing
holes have equal and opposite momentum, the interaction is
dimension +1. In both cases, the interaction is irrelevant at
weak coupling.

We may also consider the interaction generated after inte-
grating out the hole Fermi sea. Integrating out the excitations
about the hole Fermi surface leads to an interaction of the form

/dwd2k I, (w. k)| A j) (ko)) (98)

where ITy(w.k) ~ ¢+ 2 in the limit that w/k — 0.
Within this mean-field treatment, c¢; is the finite, nonzero
compressibility of the x fermions while ¢, is a second
finite constant. The operator j I;" (w,k) has (momentum-space)
scaling dimension —1 about the Dirac fermion critical point
where the dynamic critical exponent z = 1, implying that (98)
is an irrelevant perturbation. Therefore, the Dirac fermion W
and composite hole x are decoupled at long wavelengths in
the absence of the fluctuations of the gauge field a, thereby
implying that in mean-field theory, the transition remains
continuous.
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3. Gauge fluctuations

Next, let us discuss a few properties of the transition in the
presence of fluctuations of the gauge field a. We show that
the transition remains continuous in the presence of the gauge
fluctuations, which leads to a rich finite-temperature phase
diagram with two finite-temperature crossover scales.

We shall be interested in the behavior of the theory in the
kinematic regime 0 < |w| < vplk| < vpkp, where w refers to
the Wick-rotated (imaginary-time) frequency, kr = /2mpu is
the Fermi momentum at half-filling, and the Fermi velocity
vrp = kp/m. We treat the problem using the random phase
approximation (RPA).

We work in Coulomb gauge 0;a; = 0. The temporal
gauge fluctuations of aq are screened by the x fermions,
and decouple from the low-energy physics. The transverse
magnetic fluctuations of @; are damped by both W and yx
fluctuations. In the kinematic regime, |w| ~ |k| < kp, a; first
receives the one-loop self-energy correction due to fluctuations
of the W fermions

JFTRE,

(W) _ i,
H,‘j (w,k;) = 16 ij-

99)
(Here, we have identified the cutoff of the entire theory with
the Fermi wave vector.) The correction in Eq. (99) softens the
IR behavior of the a; propagator. In the RPA, the a; propagator
is diagonal:

16
Vo + |k

While not present for my = 0, an off-diagonal term arising
from a bare Chern-Simons coupling is subleading in the RPA.
We note that the transverse gauge field propagator in Eq. (100)
is identical to the one-loop corrected gauge field propagator of
QED3.

As we proceed to lower frequencies 0 < |w| < vrl|k|, the
composite hole sea Landau damps the transverse gauge field
leading to an additional (diagonal) self-energy correction

Gij(w~ |k]) = (100)

w
oo |l

00—y D5 101
17 VO |k| J ( )

where yp = - Putting together these two self-energy cor-

rections in Egs. (99) and (101), the gauge field propagator
takes the asymptotic form

Gij(w < vplk| € vrkp) = ﬁ (102)
Yo + T

To understand whether or not the Dirac fermions remain
massless at the transition in the presence of gauge fluctuations,
we need to determine the form of the Dirac fermion self-
energy Xy at the transition. If this self-energy approaches
a finite, nonzero constant at low frequencies and momenta,
then we conclude that the Dirac fermions obtain a mass at
the transition, thereby implying a fluctuation-driven first-order
transition; otherwise, the transition remains continuous in the
presence of interactions. Using the asymptotic form for the
gauge field propagator in Eq. (102), the one-loop correction to

“rraA~
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Yy in the regime |w| < vp|k| takes the form

dow d*k ((a) + qo)o* + (ki + Qi)0i>
Q2n)} (0 + qo)* + |k + g ?

(eie)
X —k2 .
Yolol + 75

At go = |gq| = 0, we find that the above self-energy vanishes.
This indicates that the transition remains continuous at leading
order. Intuitively, we note that the |w|/q contribution to the
propagator for the transverse gauge fluctuations looks, from
the point of view of the Dirac fermions, like a mass term for
the gauge field because of the relativistic (z = 1) dispersion of
the Dirac fermions. This provides another way to see that the
damped gauge fluctuations should continue to leave the Dirac
fermion transition continuous.

We comment that the composite holes receive a self-energy
correction of the marginal Fermi-liquid [29] form due to
their interaction with the transverse gauge field precisely
at the transition point. This arises from a combination of
screening of the gauge field by the Dirac fermion and Landau
damping by the composite hole Fermi surface, i.e., the gauge
field propagator in Eq. (102). In contrast, the scaling of the
self-energy of the composite holes or composite electrons on
the my > 0 ormyg < 0 side of the transition depends upon the
form of the electron-electron density-density interaction. As
we remark following, if the Coulomb interaction is unscreened,
the self-energy has a marginal Fermi-liquid form on both sides
of the transition as well. For shorter-ranged interactions, the
frequency-dependent self-energy is expected to scale with a
power that is less than unity.

Yy (qo,lq)) =

(103)

4. Finite-temperature phase diagram

It is interesting to examine the effect of the fermions on
the gauge field more closely [22]. On the anti-CFL side of the
transition my > 0, the action for the transverse component of
the gauge field, after integrating out both the Dirac fermion
and composite hole, contains the terms

w
Sela] = / do dﬂm% T xok?

2 2
w—+k>|a(w,k)|2}, (104)
[my|

where we have assumed 0 < w < vg|k|. The scaling function
F(x)=x forx=0

=1 forx = o0.

+ o9 w2+k2F<

(105)

The parameters xg, and oy are finite constants. We implement
the 0 < |w| < vp|k| limit by replacing

Vw? + k?
|m |

An interesting feature of this transition is the existence of two
crossover temperature scales which follow from Eqgs. (104)
and (106) (see Fig. 7). For |q| > T ~w > T* «x my, the
Dirac fermions are effectively massless, and therefore the
system 1is effectively a “quantum critical” non-Fermi liquid.
As the temperature is lowered below 7%, the Dirac fermions

w? +k2F< ) — [k|F(k|/Img]).  (106)

10
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FIG. 7. Finite-temperature phase diagram for the CFL—anti-CFl
transition, as predicted by the theory presented in Eqs. (94) and (95).
For short-ranged interactions, the system exhibits two crossover
temperature scales 7* and 7. For long-ranged interactions, 7**
has no effect, and there is effectively a single crossover temperature
scale 7*. The tuning parameter my shown in the figure is the Dirac
fermion mass in Eq. (95), which is a phenomenological parameter in
the field theory. Physically, it can be taken to be a perturbation that
breaks particle-hole symmetry and thus favors the CFL or anti-CFL.

begin to decouple, however, their influence on the gauge
fields continues to be felt. The frequency and momenta of
the gauge field are related by @ ~ (09/y0)lk|? < |k| in the
high-temperature limit and so the scaling function only crosses
over to its low-energy limit for 7 ~ T** = (op/ yo)m%p, which
in the region about the critical point is lower than 7*. In
the crossover regime 7** < T < T*, the Dirac fermions are
effectively massive, but the gauge propagator has not changed
significantly. This means that the theory is formally similar
to the case where the holes x feel a long-ranged Coulomb
interaction, in which case they form a “marginal” composite
Fermi liquid. In this marginal anti-CFL, the self-energy of the
holes scales as

Y(w)~owho, 107)
while the specific heat scales like
C,~TInT. (108)

For T < T**, the fate of the system depends on whether
there are long-ranged Coulomb interactions, or if they have
been screened (by, e.g., an external gate). In the former case,
there is no qualitative modification of these scaling forms upon
lowering the temperature through 7**. In the latter case, for
T < T* the fermions have a different self-energy:

T(w) ~ w?? (109)

for short-ranged interactions, while the specific heat scales like
C, ~ T (110)

Identical considerations apply on the CFL side (my < 0) of the
transition. In addition, the system appears to be incompressible
at the critical point. We find the (dc) compressibility to vanish
linearly as the wave vector k — O.

B. Disordered critical point

In the presence of quenched disorder (which breaks
particle-hole symmetry), the transition between the CFL and
anti-CFL must be continuous. This follows from the absence

A FAaA~ 4
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of first-order transitions in the presence of disorder in two
spatial dimensions or below [48—50].

There are two possible cases to consider. First, suppose
that in the clean limit, the transition is continuous, possibly
described by the effective field theory presented above. The
effect of weak disorder can then be included as a pertur-
bation, which maps onto a random mass in Eq. (95). Since
Eq. (95) represents a nontrivial strongly coupled field theory,
it is difficult to determine the exact scaling dimensions of
operators, and thus to deduce the effect of disorder. If disorder
is weak and perturbatively irrelevant, then the clean critical
theory will continue to describe the long-wavelength behavior
of the system down to zero temperature. If disorder is relevant,
then the clean critical point would only be valid down to some
crossover temperature scale, below which the long-wavelength
properties will be described by an alternative disordered
critical fixed point, the study of which we leave for future work.

Suppose instead that the transition is first order in the clean
limit. There is a standard argument for the rounding of a first-
order transition in the presence of disorder that locally favors
one phase or another [48-50]. Here, we will briefly review this
argument, in the context of the CFL—anti-CFL transition. If the
CFL-anti-CFL transition is first order, there is a characteristic
correlation length & near the transition. £ can be thought of
as the length scale beyond which it makes sense to identify
the system as being in the CFL or anti-CFL. It should be
equivalent to the characteristic length scale of the exponential
decay of bulk single-electron correlations in the CFL or anti-
CFL. Thus, in the presence of disorder, the system can be
broken up into regions of linear dimension &, in which case
it will locally be in the CFL or anti-CFL state. Whether the
system is locally in the CFL or anti-CFL state in any given
region can be considered to be an effective Ising degree of
freedom. The surface tension between different neighboring
regions is proportional to the length of their boundary, and
can be thought of as an antiferromagnetic interaction between
the effective Ising degrees of freedom. The disorder thus acts
effectively like a random field in an Ising model. However,
this model does not have a phase transition in two spatial
dimensions. Since we know there must be a phase transition
between the CFL and anti-CFL, this implies that the starting
assumption that the transition is first order must be incorrect,
and the system must instead exhibit a continuous quantum
phase transition.

We note that since the electron density does not jump across
the phase transition between the CFL and anti-CFL, long-range
interactions alone, in the absence of disorder, would not be
expected to round an otherwise first-order transition.

VII. POSSIBLE EXPERIMENTAL SIGNATURES

In this section, we consider a number of observable
signatures that can distinguish the CFL and anti-CFL. We
reinstate the constants 2 = h /2w, the electron charge —e < 0,
the speed of light ¢, and the unit of flux ¢y = hc/e.

A. dc transport: Resistivity jumps

Here, we show that within the standard RPA treatment of
composite fermion theory, the difference between the CFL
and anti-CFL is manifest in subtle differences in the low-
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temperature dc transport properties of the two states exactly at
and near v = % If we assume that the system is uniformly in
the CFL state for v < % and uniformly in the anti-CFL state for
v > %, and that there is a first-order transition between the two
states at exactly v = %, then we predict jump discontinuities
in the Hall and longitudinal resistivities. The dc transport can
therefore provide an indirect confirmation of the existence of
the anti-CFL state and also provide evidence of a first-order
transition between the the CFL and anti-CFL states. Absence of
these discontinuities, in the limit of zero Landau-level mixing,
would then presumably imply a continuous transition between
the CFL and anti-CFL.

1. CFL

In the CFL state, the electrical resistivity is given by the
Ioffe-Larkin composition rule [24]

pCFL — ,OCf+,0CS, (111)

where p°! is the contribution to the resistivity coming from
the composite electrons (usually referred to as the composite
fermions), and pCS is the contribution from the Chern-Simons
term of the statistical gauge field representing the attached flux

tubes, with
h (0 =2
cs _ 1
=5 7)
1

Close to v = 5, we can approximate the composite electron
Hall resistivity by its classical value
h1l-—2v

Py = —Ber = —
P neec ez v

(112)

(113)

where B = B — 2¢on, is the effective magnetic field seen
by the composite electrons, B is the total applied magnetic
field, n, is the electron density, and v = ¢on./B. Deviations
away from half-filling are parametrized using

S=1—2p="n""e

. 114)
ne +ny (
Note that § — —4§ under the particle-hole transformation v —
1 —v.
The longitudinal resistivity of the composite electrons can
be taken to be
my

—9
nee2tst

£ of _
Prx = Pyy = (115)

where ' is the composite electron transport scattering
time. Equation (111) tells us that the electrical longitudinal
resistivity pf = p¢t .

The electrical conductivity tensor is obtained by inverting
CFL.

p
2 5
ol = & 2ty (116)
ey 2
(P5)" + (2+73)
where 5¢0 = pf € s the longitudinal resistivity in units of .

Note that at exactly half-filling, when § = 0, we have

2 2 1 2
ol = 6——2 <= (117)
PR 4 20
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where pL = p¢f is the measured longitudinal resistivity at
half-filling, in units of A /e2 (in the CFL state). Thus, the Hall
conductivity of the CFL, at exactly half-filling, is strictly less
1¢?
than I
2. Anti-CFL

Now let us consider the resistivity of the anti-CFL state. As
before, the Ioffe-Larkin rule allows us to write the resistivity
of the holes as

ph — pch _ pCS’ (118)
where p" is the resistivity of the composite holes and —p°
is the resistivity due to the attached flux tubes, which is given
by Eq. (112). The minus sign in front of o5 relative to the
corresponding expression in Eq. (111) is due to the fact that
the composite holes are attached to 42 units of statistical flux
as opposed to the —2 units of flux which are coupled to the
composite electrons. Close to v = %, we approximate the Hall
resistivity of the composite holes as
1 hl1—-2v h §

ch
Pyx = Beff = w——— = —
Y npec e21—v e21—v’

(119)

where we have used the relation n, 4+ n, = B/¢y and the
fact that the composite holes feel the same effective magnetic
field as the composite electrons. Comparing to the composite
electron Hall resistivity in Eq. (113), we notice the replacement
of v by (1 —v)~L

We write the resistivity of the composite holes as

my

h h
S w (120)
T

where 7" is now the scattering time for the composite

holes and m, is the renormalized composite hole mass.
Precisely at half-filling and in the limit where particle-
hole symmetry is preserved (i.e., zero Landau-level mixing),
the composite holes and composite electrons should have the
same diffusion constant, so that o¢f = o ¢! at half-filling. Since
the off-diagonal components of o and ¢! vanish at v = %,
this also implies
Pt = pdt atv =1 (121)

In general, since the composite hole density is magnetic field
dependent, 75! will be different from 7' in its field dependence
as we move away from half-filling.

The electrical conductivity of the full system in the anti-
CFL phase is given in terms of the conductivity of the holes
and the single filled Landau level:

2
ACFL _ ;-1 , ¢ (0 1
AL = (ot (_1 0>.

; (122)

Setting 6 = 0 in order to sit precisely at half-filling, we find

_ 2
24218

U ey T2

where p! = “h—z oI, Using Eqgs. (118) and (122), the composite
hole resistivity can be written in terms of the physical,

“rFiAF AN
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measured conductivity as

N N 0‘ACFL
Prx = Pix = TR —. (124)
(oA + (et = )

Remarkably, the Hall conductivity of the anti-CFL, at exactly
half-filling, is strictly greater than %%

From the expressions for the Hall conductivities at half-
filling (§ = 0) computed within the CFL and anti-CFL theories
[Egs. (117) and (123)], we observe the “sum rule”

&2
CFL ACFL _
Oy +o, "= e

(125)

At the critical point presented in Sec. VI, we find the Hall
conductivity to equal %% within a linear-response treatment.

3. Comparison of the CFL and anti-CFL resistivity

Therefore, in comparing the resistivity tensors for CFL and
anti-CFL, at v = %, we find

_ch\2

CFL_2£ ACFL_£2+(IO;2)
Pyx =475 yxooo T 52 _n)2’
¢ <1+ (o)

CFL f ACFL IbCh
Prx = Puxs Py =T
1+ (o)

where the composite particle resistivities can be obtained in
terms of physical, measurable quantities as described in the
previous subsections.

If the system is uniformly in the CFL state for v < % and in
the anti-CFL state for v > % the resulting resistivity will be
given by

(126)

>0 (v <1/2),

CFL .
o if
p= { §<0 (v>1/2). 27

pACFL if

This piecewise behavior implies a small jump in the electrical
1

resistivity tensor at v = 3:

A — _ _ _ h =(—))3
Pxx =,0xx|5=0* pxx|8=0+ = Z(pxX ),

(128)

Apyx =Pyxls_g- = Prxlsigr = =5 (L

In Eq. (128), we have denoted the jumps in terms of
i) = Pex(8=07) (129)

which is equal to the resistivity at half-filling as approached
from v < 1. Since the jumps are proportional to a power 5{.,
they would be more noticeable for somewhat more disordered
samples.

In experiment [13], p,, at v = % is typically observed to
range from 100 /0 to 5 k2/0). Taking the upper limit,
™) = 0.19, we find that the jumps Ap,, ~ —200 /] and
Apyy ~ —1 kQ /0. These jumps correspond to roughly 4%
and 2% differentials, Ap;;/p;;.

In addition to the jump in electrical resistivity, there are

. S ) dp,
also discontinuities in the slopes d(‘;j; 5;‘. To compute

these discontinuities, we need to know the behavior of pf and

and
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P as one moves away from half-filling. Let us assume the
following analytic expansions:

o0
P =ﬁ£;)<1 + cha">,
n=1

(130)
[o.¢]
P =ﬁ§§)<1 + Zc;8">,
n=1

where the ¢, and ¢/, are model-dependent constants. Perform-
ing an expansion of the longitudinal and Hall resistivities first
in powers of ;) and then in the deviation § away from
half-filling, we find slope discontinuities

- dﬁxx dﬁxx —(—
AP = - =p @+ ¢ — ),
Prx = 3 7 Prx (4] —c1)
L dpy dpys -
Ap, = —> - =23+ ).
P = s |y T b |y PO
(131)

If either ¢; or ¢} are nonzero, along with any higher-order
coefficients in the assumed analytic expansion, these slope
discontinuities, if observed, could provide constraints on
theoretical models.

To clarify the above expressions, it is helpful to consider two
typical ways of departing away from half-filling: (i) we may
fix the electron density n, and vary the magnetic field B, or (ii)
we may fix B and vary n,. In the former case, we may write
8§ =1—[1+ (B — Bi2)/Bi2]"" ~ (B — By;2)/ By, where
By = 2¢on,. In the latter case, we may write § = —[n, —
(ne)1721/ ()12, where (n.)12 = B/(2¢o).

To get a feeling for possible values of ¢; and ¢}, we can
estimate [4] pt using Eq. (115), with

47Tl’limp

£\ —1
() = mokid, (132)

where the impurity density n;y, is contributed by a doping
layer a distance d, away from the electron gas and kS
is the Fermi momentum of the composite electrons. A
similar estimate can be given for p“h. Note, however, that
Nimp = N for both t&' and ", which directly leads to the
absence of a symmetry relating the expansion parameters
cm to ¢, away from half-filling. We find pf o (n,)~!/? and
Pt oc (n)"12(1 4+ $5)73/2. Fixing n, and varying B away
from half-filling, we find ¢; = 0 and ¢} = —3. Using again
P = 0.19, we find the slope discontinuities: A, = 0.19
and Apj, =0 to Ol(p)?]. Within this model, the first
contribution to the discontinuity in the slope of the Hall
resistivity occurs at quartic order A}, = 2(p{)*(5 + 2¢}) =
—0.003.

Therefore, if the system is uniformly in the CFL state for
V< %, and uniformly in the anti-CFL state for v > %, we
expect the above discontinuities in the resistivity given in
Eqgs. (128) and (131).

Experimental observation of the jumps implies an inter-
esting interplay of disorder and strong interactions since the
very existence of the CFL requires the disorder to not be
too strong relative to the strength of the electron-electron
interactions. For sufficiently strong disorder, which smears
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out the incompressible FQH states, the system at half-filling
is presumably perched at the integer quantum Hall plateau
transition.

Deviations from the above predictions are expected if,
rather than a sharp first-order transition between the two states,
the transition is continuous. As discussed in Sec. VI, the
transition could be continuous in the absence of quenched
disorder, or it could be intrinsically first order, but rounded by
the effects of disorder.

B. Magnetoresistance oscillations and the Princeton experiment

A successful method of detecting the Fermi sea of
composite fermions in the CFL is by imposing a periodic
potential on the system, modulated in one direction with a
wave vector ¢ K kp. As the magnetic field is varied, the
system exhibits oscillations in the magnetoresistance, which
are determined by when the diameter of the cyclotron motion
is commensurate with the period A = 27 /q. These oscillations
occur for magnetic field deviations away from half-filling that
are smaller than conventional Shubnikov—de Haas oscillations.

For charge —e < 0 fermions in a circular Fermi surface
with Fermi wave vector kz in a uniform magnetic field B, the
cyclotron radius R, is given by

R, = ke (133)
‘7 eB’

Consider a modulation of the electric potential and the
magnetic field, such that

U(x) = U, cos(gx),

(134)
B(x) = By + B, cos(gx).

Let t be the transport scattering time of the fermions, and w. =
%. To leading order in (tw.)~", and for weak modulations in
the fields, the change in the resistivity is [51]

A 20 g (Bo (GR. — 7/4)
. =po———| —U,cos(qR. —
Pxx = PO n2n R. \|Bo| q q
kr heB, :
+ — sin(gR, —m/4) ) . (135)
q mc

Here, py is the longitudinal resistivity without the modulation,
7 is the transport scattering time, n is the density of fermions,
m is their mass, and the cyclotron radius R, is defined relative
to the uniform part of the magnetic field By. Equation (135)
is obtained from a semiclassical calculation, and is therefore
valid for temperatures T, < T < %TC, where T, = % As
discussed in Ref. [51], this condition is so that the temperature
is sufficiently high so that the sum over Landau levels can be
converted to an integral over energies, but low enough that
only states near the Fermi surface are excited. Outside of this
range, a fully quantum mechanical calculation is required [52].
For the CFL, the modulation in electric potential U(x)

induces a density modulation
ne(x) = ne + KooU, cos(gx), (136)

where 7, is the electron density in the absence of the potential
modulation, and K is the compressibility of the CFL state.
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This was estimated in RPA to be [4]
my
h2[my V(q) + 10 /3] ’

where V(q) is the Fourier transform of the interaction poten-
tial, which for short-ranged interactions vanishes as ¢ — O.

The density modulation in turn induces a modulation in the
effective magnetic field felt by the composite electrons of the
CFL,

Koo(w =0,g9) =

(137)

Best = (B — Bi2) — 2¢0 Koo U, cos(gx), (138)

where B, = 2¢on.o is the magnetic field at exactly half-
filling. Equation (135) indicates that the ratio of the amplitudes
from the potential modulation and the magnetic field modula-
tion is ;2'[20 ITB ~ 17’* for the CFL with short-ranged interactions.
Typically, A ~ 500 nm while /5 ~ 10 nm, indicating that the
modulation from the potential term can be ignored; including
it yields a correction to the resistivity of only ~1%-2%.

Since p;; = pfif in the CFL, the only component of the re-
sistivity that receives a noticeable modulation is py, (at higher
orders, all components obtain an oscillatory component), and
is given by Eq. (135). Minima in the longitudinal resistance
Pxx therefore occur when

2R. = A1+ 1/4)

(139)

for integer /. In the CFL, the composite fermion density is equal
to the electron density, so that kp = v/47wn.o = /27 By 2/ do.
Moreover, the effective magnetic field seen by the composite
fermions is Bey = 8B = B — By, so that the resistance
minima are expected to occur whenever

B — 277:«/47771@0
el 4 1/4)

In the case of the anti-CFL, the composite holes couple
with opposite charge to the external electromagnetic field.
Therefore, they would effectively feel a potential modulation
with opposite sign:

(140)

Uei(x) = —U, cos(gx). (141)
This induces a change in the hole density:
nh(x) =nno — K()()Uq cos(qx). (142)

The effective magnetic field felt by the composite holes is
Betr = (B — B12) — 2¢0KooU, cos(gx). (143)

This then leads to a modulated resistivity for the composite
holes and therefore also the holes

Apl, = Aph
2(T°h)2 q B
ch tr 0
=pg————| ———U,cos(gR. — /4
‘“h%h&(|&|q (@Re=7/9

kF hqu . 2
sin(gR. —7/4) ) ,
c

(144)

X
with B; = —2¢oKooU, and By = B — B;,;, while the other
components of p" remain unmodulated. Note that in this
case, the Fermi wave vector of the composite holes is kp =

JArngg = /4w (v — Dn,. The resistivity tensor of the

electron system in terms of the composite hole resistivity
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tensor is more complicated than the analogous problem in
the case of the CFL:

2 —1
prt = [(p*‘)-l + %W} : (145)

whereo” = ((i) _()i). If we expand the above equation to lowest

order in p" _,, we find

pACFL 3
8P = 2 b 4 O[(6l)'].

XX - (146)
Lo

Therefore, in the anti-CFL, ignoring once again the contri-
bution from the potential modulations, one expects resistance
minima to occur whenever § B satisfies the following equation:

277,«/ 47‘”1;,0

p=-—Y"" (147)
er(l + 1/4)

for integer /.
In the experiment of Kamburov et al. [16], it was observed
that the resistance minima away from v = % satisfied Eq. (140)

for v < %, whereas the resistance minima are much better
approximated by Eq. (147) for v > % In other words, the
experiment is explained by considering the system to be in the
CFL state when v < %, and in the anti-CFL state for v > %

We note that in the CFL, the potential modulation and
effective magnetic field modulation are exactly 7 out of phase
relative to each other. This is due to the fact that in the CFL,
—2 units of flux are attached to each composite fermion.
However in the anti-CFL, we see that the effective potential
modulation and effective magnetic field modulation U.g and
Bt are exactly in phase. From Eq. (144), we see that the
phase difference between the potential and magnetic field
modulations enters the formula for the modulation in Ap,,.
Even though the effect of the potential modulation is weak
compared to that of the effective magnetic field modulation, it
would be interesting to see if the effect of these relative phases
can be extracted experimentally.

The analysis in Ref. [51] and its adaptation to the CFL
and anti-CFL reviewed above for 1D periodic potentials also
applies to 2D periodic potentials. Thus, we expect minima
of the magnetoresistance oscillations in such circumstances to
reflect the Fermi wave vector of the underlying state, consistent
with recent observations [53].

C. Magnetoresistance oscillations across CFL-anti-CFL
interfaces

An important consequence of the theory that we have
developed here is the fact that the CFL-anti-CFL interface
possesses a “partially fused” interface phase where the com-
posite electrons in the CFL can directly tunnel into composite
holes of the anti-CFL. As emphasized above, this is a highly
nontrivial phenomenon because the composite electrons of
the CFL and the composite holes of the anti-CFL represent
topologically distinct degrees of freedom of the electron fluid.
Here, we would like to investigate methods to detect such a
phenomenon.
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FIG. 8. (Color online) (a) Density modulation of the two-
dimensional electron gas (2DEG), induced by a periodic potential.
The dashed line represents the density at exactly v = % Regions
above the dashed line have v > % and are in the anti-CFL phase, while
regions below the dashed line have v < % and are in the CFL phase. (b)
The system is thus broken up into alternating strips of CFL (blue) and
anti-CFL (red). The gapless chiral boson interface fields are robustly
present at the interfaces, which we have assumed to be in “partially
fused interface 2” of Sec. V B. Observation of magnetoresistance
oscillations would indicate the ability for composite electrons in the
CFL to directly tunnel into the composite holes of the anti-CFL.
The circles indicate the effective cyclotron orbits of the composite
particles that are commensurate with the periodic modulation. As the
magnetic field is tuned, the dashed line in (a) moves vertically relative
to the density modulation, thus changing the relative widths of the
CFL and anti-CFL regions.

To this end, let us consider the application of a periodic
potential to the electron fluid

U(x) = U, cos(gx), (148)

where g is the wavelength of the potential modulation. This
induces a density modulation in the electron fluid:

ne(x) = neo + KooU, cos(gx). (149)

We would like to consider the amplitude U, to be large enough
so that this potential induces striped domains of alternating
regions with v > % andv < %, which would induce alternating
regions of CFL and anti-CFL (see Fig. 8). Since the electron
tunneling across the interface between v < % and v > % is as
strong as it is in the rest of the system, we expect that the
CFL-anti-CFL interfaces would be in a partially fused phase
(see Sec. V B).

Next, consider the magnetoresistance p,,(B), as a function
of the magnetic field B tuned away from half-filling. The
composite electrons of the CFL directly tunnel into the com-
posite holes of the anti-CFL, so one expects magnetoresistance
oscillations p,,(B), with a period set by the Fermi wave
vector of the composite particles and the wavelength of the
modulation. As B is tuned, the width of the CFL regions will
change relative to the anti-CFL regions, so we would like to
consider the case that the modulation U is large enough so that
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over the range where B is tuned, the system always consists
of alternating regions of CFL and anti-CFL. The existence
of the magnetoresistance oscillations in this regime would be
nontrivial verification of the fact that composite electrons of the
CFL can directly tunnel into composite holes of the anti-CFL.

D. Effect of Landau-level mixing

It is important to consider the effects of Landau-level
mixing, which explicitly breaks particle-hole symmetry, on
interactions within the lowest Landau level. The effects of
Landau-level mixing can be quantified using the parameter
Kk = (2 /4melp)/hw,., where € is the dielectric constant, the
magnetic length /5 = /hAc/eB, and w, = eB/m.c is the
cyclotron frequency of the electron. In GaAs heterostructures,
k ~ 0.6-1.8 for magnetic fields B = 2—15 T. Interestingly, it
has been found that corrections to the effective interactions
in the lowest Landau level due to Landau-level mixing are
numerically small even though the naive expansion parameter
K ~ O®) [54].

Since nonzero « explicitly breaks particle-hole symmetry,
it is expected that weak Landau-level mixing will shift the
location of the transition between the CFL and anti-CFL away
from v = % Strong Landau-level mixing, or large «, could
potentially eliminate the transition altogether, leaving either
the CFL or anti-CFL dominant around half-filling. Therefore,
a qualitative result that would validate the theory presented
here would be to observe that systems with weak Landau-level
mixing have the composite fermion density equal to the
electron density for v < % and the hole density for v > %,
while other systems with much stronger Landau-level mixing
have the composite fermion density equal to the electron
density (or hole density) on both sides of v = % The precise
quantitative value of Landau-level mixing « needed to see the
latter case is a question that requires further detailed study.

VIII. DISCUSSION AND CONCLUSION

In this paper, we have introduced the particle-hole conjugate
of the CFL, which we refer to as the anti-CFL. In the presence
of particle-hole symmetry, we suggest that the anti-CFL plays
an equally important role as the CFL in determining the low-
energy physics around the half-filled Landau level. We posit

that the CFL is operative for fillings fractions v < % and the

anti-CFL is favored for fillings v > %

As outlined in Sec. VII B, the existence of the anti-CFL for
v > % naturally explains the remarkable experiment of Kam-
burov et al. [16] measuring magnetoresistance oscillations
about half-filling in the presence of a 1D periodic potential. The
locations of the magnetoresistance minima reveal the value of
the Fermi wave vector of the underlying composite particles
of the CFL or anti-CFL.

A variety of other experiments that probe the Fermi wave
vector of the composite particles should be revisited to see
whether they are consistent with the predictions of CFL versus
anti-CFL: for instance, magnetoresistance oscillations in the
presence of a 2D antidot superlattice [12], magnetic focus-
ing [55-57], and composite particle cyclotron resonances [58].

A further consequence of this picture is borne out in the
behavior of the dc resistivity as the filling fraction is varied
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across half-filling. Assuming a first-order transition, we find
that the resistivity tensor exhibits both a jump discontinuity
and slope change as the state transforms from the CFL into
the anti-CFL across half-filling. Observation of this prediction
would be an independent verification of the theory presented
here. A second-order transition, on the other hand, would not
be expected to yield a jump discontinuity in the resistivity.

In addition, we have developed a local field theory for
both the CFL and anti-CFL, valid when the system has a
boundary. This theory enables us to study various interfaces
between these two states. We suggest the existence of interface
phases which are characterized by intermediate, partially fused
phases in addition to either decoupled or, in the case of
CFL-I-CFL junctions, fully healed interfaces. These phases
are characterized by the ability of the composite electrons or
holes to tunnel into one another, even while the interface fails
to fully heal.

We have also put forward a theory that is capable of
describing a continuous transition between the CFL and anti-
CFL. Interestingly, the transition point exhibits non-Fermi-
liquid behavior reminiscent of the marginal Fermi liquid,
independent of whether or not the Coulomb interaction is short
ranged.

There are a number of interesting directions for further
research. The gauge-invariant boundary theory of the CFL and
anti-CFL described in Sec. IV should enable the computation
of scaling dimensions of operators inserted along the boundary.
The scaling dimension of the electron operator, in particular,
would allow the computation of the tunneling current into the
edge from a nearby metallic lead. Such a calculation would
make contact with previous work in Refs. [20,21] and possible
experimental measurements.

The boundary theory in Sec. IV and existence of a fully
fused CFL-I-CFL interface phase described in Sec. V should
also furnish a complementary approach to the calculation of the
bulk electronic tunneling density of states [18,19]. In the mean-
field approximation for computing the electron correlation
functions [Eq. (53)], itis straightforward to see that the electron
autocorrelation function at the fully fused interface decays with
imaginary time 7 as % exp(—mt). Laplace transforming gives
Eq. (8) for n = 2. We expect a RPA treatment of the gauge
field to be able to recover the formula of Eq. (8) for other
values of n as well.

In Sec. V, we provided arguments for the existence of
various line interface phases. A detailed calculation for the
different regimes in parameter space where such phases occur
would be valuable.

It would be extremely interesting to consider energetic
and entanglement properties of model wave functions for the
CFL and anti-CFL described in Sec. III and to compare with
numerical experiments studying the ground state of interacting
electrons in the lowest Landau level. Such numerical experi-
ments might provide insight into the underlying reason why

the CFL might be favored for filling fractions v < %, while the
anti-CFL obtains for v > %

At a more qualitative level, it is interesting to consider
additional implications of the anti-CFL state for physics about
half-filling. For example, strong electron-electron interactions
and weak disorder are crucial to the stabilization of the CFL

and anti-CFL physics at half-filling. As the electron-electron
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interaction is weakened or disorder is increased, it is expected
that the system will cross over into a regime which corresponds
to the regime of the integer quantum Hall plateau transition.
A theoretical understanding of the nature of this interpolation
is an open problem and consideration of the anti-CFL makes
any such interpolation even more interesting.

Note added. Recently, we became aware of the recent
preprint [37] studying particle-hole symmetry in the half-filled
Landau level from a different perspective.
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APPENDIX A: GENERAL RELATION
BETWEEN PARTICLE-HOLE CONJUGATION
AND VORTEX DUALITY

For every fermionic FQH state at filling fraction v, one
can consider the “particle-hole” conjugate of that FQH state,
which occurs when the holes are at a filling fraction v and the
electrons are at filling 1 — v. Bosonic FQH states on the other
hand do not have a natural notion of the particle-hole conjugate
state. For them, the natural analog is to consider the vortex
dual of a given bosonic FQH state. In the following, we will
first give a general discussion of vortex duals of bosonic FQH
states, and subsequently illustrate the intimate relation between
particle-hole duals of fermionic FQH states and vortex duals
of bosonic FQH states.

1. Vortex dual of bosonic FQH states

Given a system of bosons, one can always choose to
describe the system in terms of the dynamics of its vortices.
When the bosons are at a filling fraction v = p/q, this means
there are p bosons per g units of flux quanta, or p bosons
per g vortices. Since the vortices see the original particles as
sources of magnetic flux, this means that there are g vortices
for every p units of their effective flux quanta. In fact, it is
easy to see that the vortices are at an effective filling fraction
v, = —v~! = —g/p, as we will show in more detail following.

A general effective theory for the vortices takes the form

1
L=—A%3a+ L,(a,p), (A1)
2
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where AF is an external probe gauge field that couples
to the particle current, and £,(a,¢,) describes the state of
the vortices. Observe that if state of the vortices results in
a polarization tensor [T, for the gauge field a, then after
integrating out ¢, we would obtain the effective action

1 1
L=—A%3a+ ~a,0,,.a,. (A2)

2 2

Integrating out a gives the polarization tensor of the system:

L=3AlT,, AL (A3)

It is easy to see that if the bosons are described by
a conductivity tensor o, then the vortices should be in a
collective state with a conductivity tensor o, = ¢ ~'. In a clean
system with continuum translation invariance, the conductivity
iso = (_3U ‘76»"), with o, = 2 v, in units where the charge
of the boson and h are set to one. Therefore, the vortices
would have a conductivity o, = (Ugl _%‘3'1). From this, we
can conclude that if the original bosons are in a filling fraction
v, then the vortices must be at a filling fraction v, = —1/v.
Therefore, for any given bosonic FQH state at filling fraction
v, one can consider a dual state at filling fraction —1/v, where
the vortices form that filling fraction v FQH state.

Let us consider several examples. First let us consider a
class of incompressible FQH states, described by a N x N
symmetric integer matrix K. The effective theory is

1 1
L=-—Kjsa;da; + 2—611AE3611, (A4)
T

4
where ¢ is the “charge vector” of the FQH states. Such a theory
will describe a bosonic FQH state as long as the diagonal
entries of K are all even.
The vortex dual of this state would therefore be described
by

1 1 1
Laual = — Af3a — —Kjja;d0ay; + —qjaday. (AS)
4 27

27
In other words, it would be described by a new (N + 1) x

(N + 1) matrix
—-K
KU = <qT g)s

with a new charge vector (q,); = 87 n+1-

As another example, note that there are two types of CFL-
like states for bosons that we can consider at filling fraction
v = 1. One of them is the usual CFL state of bosons, which is
described by the effective action

(A6)

1
LycrL =Ea3a + 918, +a + A +

1

viGo +ai + AEY Y
va,

+

+ / dr'Ve =W EYTe). (A7)

Alternatively, we could consider a state where the vortices
form an analogous v, = —1 CFL state. The resulting effective
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theory would be given by

1 1
LocrL ==—Apdd — —ada + v'(id, + a, + a, + wy
2 4

1 .
— — G0 +a; + @)y
me

+ / &’r'V e =y e). (A8)

LycrL and Lycgr describe two thermodynamically distinct
states of matter at filling fraction v = 1, both of which exhibit
an emergent Fermi surface of composite fermions. L,cp. was
discussed previously in Ref. [59] as an alternative theory
for the v =1 CFL state of bosons. The logarithmic inter-
action between the vortices, and consequently the composite
fermions in LycrL, suppresses the gauge fluctuations of a.
This leads to a marginal Fermi-liquid state for the composite
fermions, where the composite fermion self-energy only
acquires logarithmic corrections from the gauge fluctuations.
This theory is presumably equivalent to the theory developed
in Ref. [60], for the CFL at v = 1.

2. Fermionic particle-hole conjugates

Here, we would like to explain how particle-hole conjugates
of fermion FQH states can generally be understood in terms
of the vortex duals of bosonic FQH states discussed in the
previous section. To see this generally, recall that in Sec. III
we showed that if we think of the electron as

c=0bf, (A9)

where f is a fermion that forms a vy = 1 IQH state and bisa
“composite boson.” The effect of the f fermion is effectively
to attach one unit of flux to b, converting it into the electron c.
In terms of these variables, the hole is described by

h= f1b, (A10)
where b, is the vortex of 5. Now let us consider a FQH state,
denoted F, which can always be understood in terms of the
above construction if 5 forms some other topological phase of
matter B. The above suggests that the particle-hole conjugate
of F, which we denote as F, can be understood as a state where
the vortices of b form the bosonic state 3. In other words, F
is the resulting fermionic phase when b forms the vortex dual

of B.
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Let us study several concrete examples. First, let us
consider a generic Abelian fermionic FQH state described
by a symmetric integer matrix K and a charge vector g. This
means that the effective theory of the electrons is

1 1
L.=—K;sa;0a; + 2—611AE3611, (A11)
P

4
where Agp is the external response field. In terms of our
construction, this can be rewritten as

| B 1.
L,=——ada+ —Ada

4r 2

1 | 1 ~
+ —Kpsar0a; + z——A"0d + ——qp.rAday,
4 2 2
(A12)

where K, is a symmetric even integer matrix and g, is an
integer vector. The U(1) gauge field a describes the IQH state
of f, while A is the emergent gauge field associated with the
gauge redundancy f — ¢!’ f, b — e~"?b. Integrating out A
sets d@ = Y, gpray, which then implies the relation

K1y = Kp17 — qu:190;,0 (A13)

and g = qp.

Now, suppose that b instead forms the vortex dual of the
theory described by (—Kj, — ¢). In this case, the electron
theory would be

L ! ada + ! Ada ! K 9
=— —ada+ —Ada — —Kp.;5a;0a
ph 47 27 4o SIS
| 1 1 .
4+ —A"09a — —qpAda; — — AA.  (Al4)
2 2m 2

Integrating out A sets A = @; further integrating out A then
gives

1

L=-—(qlq] -

1 1
—AFQAE — — g, AFBay,
4

Kﬁ}j)alaa1+4n 2
(A15)

which is precisely the particle-hole conjugate of the theory
described by K.

The theory of the anti-CFL developed in Sec. III provides
another example of the general relation discussed here, where
the anti-CFL state can be understood as a state where the
composite bosons 5 form the vortex dual of a v = —1 bosonic
CFL.

[1] J. K. Jain, Phys. Rev. Lett. 63, 199 (1989).

[2] J. K. Jain, Composite Fermions (Cambridge University Press,
Cambridge, UK, 2007).

[3] V. Kalmeyer and S.-C. Zhang, Phys. Rev. B 46, 9889
(1992).

[4] B. I. Halperin, P. A. Lee, and N. Read, Phys. Rev. B 47, 7312
(1993).

[5] R. Willett, J. P. Eisenstein, H. L. Stormer, D. C. Tsui, A.
C. Gossard, and J. H. English, Phys. Rev. Lett. 59, 1776
(1987).

[6] G. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).

[7] M. Greiter, X.-G. Wen, and F. Wilczek, Phys. Rev. Lett. 66,
3205 (1991).
[8] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000).
[9] R. L. Willett, M. A. Paalanen, R. R. Ruel, K. W. West, L. N.
Pfeiffer, and D. J. Bishop, Phys. Rev. Lett. 65, 112 (1990).
[10] R. L. Willett, R. R. Ruel, M. A. Paalanen, K. W. West, and
L. N. Pfeiffer, Phys. Rev. B 47, 7344 (1993).
[11] R. R. Du, H. L. Stormer, D. C. Tsui, L. N. Pfeiffer, and K. W.
West, Phys. Rev. Lett. 70, 2944 (1993).
[12] W. Kang, H. L. Stormer, L. N. Pfeiffer, K. W. Baldwin, and
K. W. West, Phys. Rev. Lett. 71, 3850 (1993).

“rrFAAF A


http://dx.doi.org/10.1103/PhysRevLett.63.199
http://dx.doi.org/10.1103/PhysRevLett.63.199
http://dx.doi.org/10.1103/PhysRevLett.63.199
http://dx.doi.org/10.1103/PhysRevLett.63.199
http://dx.doi.org/10.1103/PhysRevB.46.9889
http://dx.doi.org/10.1103/PhysRevB.46.9889
http://dx.doi.org/10.1103/PhysRevB.46.9889
http://dx.doi.org/10.1103/PhysRevB.46.9889
http://dx.doi.org/10.1103/PhysRevB.47.7312
http://dx.doi.org/10.1103/PhysRevB.47.7312
http://dx.doi.org/10.1103/PhysRevB.47.7312
http://dx.doi.org/10.1103/PhysRevB.47.7312
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1103/PhysRevLett.59.1776
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1103/PhysRevLett.66.3205
http://dx.doi.org/10.1103/PhysRevLett.66.3205
http://dx.doi.org/10.1103/PhysRevLett.66.3205
http://dx.doi.org/10.1103/PhysRevLett.66.3205
http://dx.doi.org/10.1103/PhysRevB.61.10267
http://dx.doi.org/10.1103/PhysRevB.61.10267
http://dx.doi.org/10.1103/PhysRevB.61.10267
http://dx.doi.org/10.1103/PhysRevB.61.10267
http://dx.doi.org/10.1103/PhysRevLett.65.112
http://dx.doi.org/10.1103/PhysRevLett.65.112
http://dx.doi.org/10.1103/PhysRevLett.65.112
http://dx.doi.org/10.1103/PhysRevLett.65.112
http://dx.doi.org/10.1103/PhysRevB.47.7344
http://dx.doi.org/10.1103/PhysRevB.47.7344
http://dx.doi.org/10.1103/PhysRevB.47.7344
http://dx.doi.org/10.1103/PhysRevB.47.7344
http://dx.doi.org/10.1103/PhysRevLett.70.2944
http://dx.doi.org/10.1103/PhysRevLett.70.2944
http://dx.doi.org/10.1103/PhysRevLett.70.2944
http://dx.doi.org/10.1103/PhysRevLett.70.2944
http://dx.doi.org/10.1103/PhysRevLett.71.3850
http://dx.doi.org/10.1103/PhysRevLett.71.3850
http://dx.doi.org/10.1103/PhysRevLett.71.3850
http://dx.doi.org/10.1103/PhysRevLett.71.3850

PARTICLE-HOLE SYMMETRY AND THE COMPOSITE ...

[13] R. L. Willett, Adv. Phys. 46, 447 (1997).

[14] M. Levin, B. I. Halperin, and B. Rosenow, Phys. Rev. Lett. 99,
236806 (2007).

[15] S.-S. Lee, S. Ryu, C. Nayak, and M. P. A. Fisher, Phys. Rev.
Lett. 99, 236807 (2007).

[16] D.Kamburov, Y. Liu, M. A. Mueed, M. Shayegan, L. N. Pfeiffer,
K. W. West, and K. W. Baldwin, Phys. Rev. Lett. 113, 196801
(2014).

[17] S. A. Kivelson, D.-H. Lee, Y. Krotov, and J. Gan, Phys. Rev. B
55, 15552 (1997).

[18] Y. B. Kim and X.-G. Wen, Phys. Rev. B 50, 8078 (1994).

[19] S. He, P. M. Platzman, and B. I. Halperin, Phys. Rev. Lett. 71,
777 (1993).

[20] A. V. Shytov, L. S. Levitov, and B. I. Halperin, Phys. Rev. Lett.
80, 141 (1998).

[21] L. S. Levitov, A. V. Shytov, and B. I. Halperin, Phys. Rev. B 64,
075322 (2001).

[22] T. Senthil, Phys. Rev. B 78, 045109 (2008).

[23] M. Barkeshli and J. McGreevy, Phys. Rev. B 86, 075136 (2012).

[24] L. B. Ioffe and A. I. Larkin, Phys. Rev B 39, 8988 (1989).

[25] S. H. Simon, in Composite Fermions, edited by O. Heinonen
(World Scientific, Singapore, 1998).

[26] C. Nayak and F. Wilczek, Nucl. Phys. B 417, 359 (1994).

[27] C. Nayak and F. Wilczek, Nucl. Phys. B 430, 534 (1994).

[28] T. Holstein, R. Norton, and P. Pincus, Phys. Rev. B 8, 2649
(1973).

[29] C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abrahams,
and A. E. Ruckenstein, Phys. Rev. Lett. 63, 1996 (1989).

[30] E. Rezayi and N. Read, Phys. Rev. Lett. 72, 900 (1994).

[31] A. Lopez and E. Fradkin, Phys. Rev B 44, 5246 (1991).

[32] A. Lopez and E. Fradkin, Phys. Rev. B §9, 15323 (1999).

[33] A. Kitaev, Ann. Phys. (NY) 321, 2 (2006).

[34] S. C. Zhang, T. H. Hansson, and S. Kivelson, Phys. Rev. Lett.
62, 82 (1989).

[35] C.Dasguptaand B. I. Halperin, Phys. Rev. Lett. 47, 1556 (1981).

[36] M. P. A. Fisher and D. H. Lee, Phys. Rev. B 39, 2756 (1989).

[37] D. T. Son, arXiv:1502.03446.

[38] X. G. Wen and A. Zee, Phys. Rev. Lett. 69, 953 (1992).

[39] E. H. Rezayi and F. D. M. Haldane, Phys. Rev. Lett. 84, 4685
(2000).

[40] X. G. Wen, Phys. Rev B 43, 11025 (1991).

PHYSICAL REVIEW B 92, 165125 (2015)

[41] M. Stone, Ann. Phys. (NY) 207, 38 (1991).

[42] M. Levin, Phys. Rev. X 3, 021009 (2013).

[43] M. Barkeshli, C.-M. Jian, and X.-L. Qi, Phys. Rev. B 88,
241103(R) (2013).

[44] M. Barkeshli, C.-M. Jian, and X.-L. Qi, Phys. Rev. B 88, 235103
(2013).

[45] J. Cano, M. Cheng, M. Mulligan, C. Nayak, E. Plamadeala, and
J. Yard, Phys. Rev. B 89, 115116 (2014).

[46] W. Chen, M. P. A. Fisher, and Y.-S. Wu, Phys. Rev. B 48, 13749
(1993).

[47] J. T. Chalker and P. D. Coddington, J. Phys. C: Solid State Phys.
21, 2665 (1988).

[48] Y. Imry and M. Wortis, Phys. Rev. B 19, 3580 (1979).

[49] K. Hui and A. N. Berker, Phys. Rev. Lett. 62, 2507 (1989).

[50] M. Aizenman and J. Wehr, Phys. Rev. Lett. 62, 2503 (1989).

[51] R. R. Gerhardts, Phys. Rev. B 53, 11064 (1996).

[52] E. M. Peeters and P. Vasilopoulos, Phys. Rev. B 47, 1466
(1993).

[53] Y. Liu, H. Deng, M. Shayegan, L. N. Pfeiffer, K. W. West, and
K. W. Baldwin, arXiv:1410.3435.

[54] W. Bishara and C. Nayak, Phys. Rev B 80, 121302 (2009).

[55] V. J. Goldman, B. Su, and J. K. Jain, Phys. Rev. Lett. 72, 2065
(1994).

[56] J. H. Smet, D. Weiss, R. H. Blick, G. Liitjering, K. von Klitzing,
R. Fleischmann, R. Ketzmerick, T. Geisel, and G. Weimann,
Phys. Rev. Lett. 77, 2272 (1996).

[57] J. H. Smet, R. Fleischmann, D. Weiss, R. Ketzmerick, R. H.
Blick, G. Lutjering, K. von Klitzing, T. Geisel, and G. Weimann,
Semicond. Sci. Technol. 11, 1482 (1996).

[58] I. V. Kukushkin, J. H. Smet, K. von Klitzing, and W.
Wegscheider, Nature (London) 415, 409 (2002).

[59] J. Alicea, O. I. Motrunich, M. Hermele, and M. P. A. Fisher,
Phys. Rev. B 72, 064407 (2005).

[60] N. Read, Phys. Rev. B 58, 16262 (1998).

[61] S. M. Girvin, Phys. Rev. B 29, 6012 (1984).

[62] M. Barkeshli, E. Berg, and S. Kivelson, Science 346, 722

(2014).

[63] X.-G. Wen, Quantum Field Theory of Many-Body Systems
(Oxford University Press, Oxford, 2004).

[64] D. E. Mross, A. Essin, and J. Alicea, Phys. Rev. X 5, 011011
(2015).

“rFAAF AR


http://dx.doi.org/10.1080/00018739700101528
http://dx.doi.org/10.1080/00018739700101528
http://dx.doi.org/10.1080/00018739700101528
http://dx.doi.org/10.1080/00018739700101528
http://dx.doi.org/10.1103/PhysRevLett.99.236806
http://dx.doi.org/10.1103/PhysRevLett.99.236806
http://dx.doi.org/10.1103/PhysRevLett.99.236806
http://dx.doi.org/10.1103/PhysRevLett.99.236806
http://dx.doi.org/10.1103/PhysRevLett.99.236807
http://dx.doi.org/10.1103/PhysRevLett.99.236807
http://dx.doi.org/10.1103/PhysRevLett.99.236807
http://dx.doi.org/10.1103/PhysRevLett.99.236807
http://dx.doi.org/10.1103/PhysRevLett.113.196801
http://dx.doi.org/10.1103/PhysRevLett.113.196801
http://dx.doi.org/10.1103/PhysRevLett.113.196801
http://dx.doi.org/10.1103/PhysRevLett.113.196801
http://dx.doi.org/10.1103/PhysRevB.55.15552
http://dx.doi.org/10.1103/PhysRevB.55.15552
http://dx.doi.org/10.1103/PhysRevB.55.15552
http://dx.doi.org/10.1103/PhysRevB.55.15552
http://dx.doi.org/10.1103/PhysRevB.50.8078
http://dx.doi.org/10.1103/PhysRevB.50.8078
http://dx.doi.org/10.1103/PhysRevB.50.8078
http://dx.doi.org/10.1103/PhysRevB.50.8078
http://dx.doi.org/10.1103/PhysRevLett.71.777
http://dx.doi.org/10.1103/PhysRevLett.71.777
http://dx.doi.org/10.1103/PhysRevLett.71.777
http://dx.doi.org/10.1103/PhysRevLett.71.777
http://dx.doi.org/10.1103/PhysRevLett.80.141
http://dx.doi.org/10.1103/PhysRevLett.80.141
http://dx.doi.org/10.1103/PhysRevLett.80.141
http://dx.doi.org/10.1103/PhysRevLett.80.141
http://dx.doi.org/10.1103/PhysRevB.64.075322
http://dx.doi.org/10.1103/PhysRevB.64.075322
http://dx.doi.org/10.1103/PhysRevB.64.075322
http://dx.doi.org/10.1103/PhysRevB.64.075322
http://dx.doi.org/10.1103/PhysRevB.78.045109
http://dx.doi.org/10.1103/PhysRevB.78.045109
http://dx.doi.org/10.1103/PhysRevB.78.045109
http://dx.doi.org/10.1103/PhysRevB.78.045109
http://dx.doi.org/10.1103/PhysRevB.86.075136
http://dx.doi.org/10.1103/PhysRevB.86.075136
http://dx.doi.org/10.1103/PhysRevB.86.075136
http://dx.doi.org/10.1103/PhysRevB.86.075136
http://dx.doi.org/10.1103/PhysRevB.39.8988
http://dx.doi.org/10.1103/PhysRevB.39.8988
http://dx.doi.org/10.1103/PhysRevB.39.8988
http://dx.doi.org/10.1103/PhysRevB.39.8988
http://dx.doi.org/10.1016/0550-3213(94)90477-4
http://dx.doi.org/10.1016/0550-3213(94)90477-4
http://dx.doi.org/10.1016/0550-3213(94)90477-4
http://dx.doi.org/10.1016/0550-3213(94)90477-4
http://dx.doi.org/10.1016/0550-3213(94)90158-9
http://dx.doi.org/10.1016/0550-3213(94)90158-9
http://dx.doi.org/10.1016/0550-3213(94)90158-9
http://dx.doi.org/10.1016/0550-3213(94)90158-9
http://dx.doi.org/10.1103/PhysRevB.8.2649
http://dx.doi.org/10.1103/PhysRevB.8.2649
http://dx.doi.org/10.1103/PhysRevB.8.2649
http://dx.doi.org/10.1103/PhysRevB.8.2649
http://dx.doi.org/10.1103/PhysRevLett.63.1996
http://dx.doi.org/10.1103/PhysRevLett.63.1996
http://dx.doi.org/10.1103/PhysRevLett.63.1996
http://dx.doi.org/10.1103/PhysRevLett.63.1996
http://dx.doi.org/10.1103/PhysRevLett.72.900
http://dx.doi.org/10.1103/PhysRevLett.72.900
http://dx.doi.org/10.1103/PhysRevLett.72.900
http://dx.doi.org/10.1103/PhysRevLett.72.900
http://dx.doi.org/10.1103/PhysRevB.44.5246
http://dx.doi.org/10.1103/PhysRevB.44.5246
http://dx.doi.org/10.1103/PhysRevB.44.5246
http://dx.doi.org/10.1103/PhysRevB.44.5246
http://dx.doi.org/10.1103/PhysRevB.59.15323
http://dx.doi.org/10.1103/PhysRevB.59.15323
http://dx.doi.org/10.1103/PhysRevB.59.15323
http://dx.doi.org/10.1103/PhysRevB.59.15323
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1103/PhysRevLett.62.82
http://dx.doi.org/10.1103/PhysRevLett.62.82
http://dx.doi.org/10.1103/PhysRevLett.62.82
http://dx.doi.org/10.1103/PhysRevLett.62.82
http://dx.doi.org/10.1103/PhysRevLett.47.1556
http://dx.doi.org/10.1103/PhysRevLett.47.1556
http://dx.doi.org/10.1103/PhysRevLett.47.1556
http://dx.doi.org/10.1103/PhysRevLett.47.1556
http://dx.doi.org/10.1103/PhysRevB.39.2756
http://dx.doi.org/10.1103/PhysRevB.39.2756
http://dx.doi.org/10.1103/PhysRevB.39.2756
http://dx.doi.org/10.1103/PhysRevB.39.2756
http://arxiv.org/abs/arXiv:1502.03446
http://dx.doi.org/10.1103/PhysRevLett.69.953
http://dx.doi.org/10.1103/PhysRevLett.69.953
http://dx.doi.org/10.1103/PhysRevLett.69.953
http://dx.doi.org/10.1103/PhysRevLett.69.953
http://dx.doi.org/10.1103/PhysRevLett.84.4685
http://dx.doi.org/10.1103/PhysRevLett.84.4685
http://dx.doi.org/10.1103/PhysRevLett.84.4685
http://dx.doi.org/10.1103/PhysRevLett.84.4685
http://dx.doi.org/10.1103/PhysRevB.43.11025
http://dx.doi.org/10.1103/PhysRevB.43.11025
http://dx.doi.org/10.1103/PhysRevB.43.11025
http://dx.doi.org/10.1103/PhysRevB.43.11025
http://dx.doi.org/10.1016/0003-4916(91)90177-A
http://dx.doi.org/10.1016/0003-4916(91)90177-A
http://dx.doi.org/10.1016/0003-4916(91)90177-A
http://dx.doi.org/10.1016/0003-4916(91)90177-A
http://dx.doi.org/10.1103/PhysRevX.3.021009
http://dx.doi.org/10.1103/PhysRevX.3.021009
http://dx.doi.org/10.1103/PhysRevX.3.021009
http://dx.doi.org/10.1103/PhysRevX.3.021009
http://dx.doi.org/10.1103/PhysRevB.88.241103
http://dx.doi.org/10.1103/PhysRevB.88.241103
http://dx.doi.org/10.1103/PhysRevB.88.241103
http://dx.doi.org/10.1103/PhysRevB.88.241103
http://dx.doi.org/10.1103/PhysRevB.88.235103
http://dx.doi.org/10.1103/PhysRevB.88.235103
http://dx.doi.org/10.1103/PhysRevB.88.235103
http://dx.doi.org/10.1103/PhysRevB.88.235103
http://dx.doi.org/10.1103/PhysRevB.89.115116
http://dx.doi.org/10.1103/PhysRevB.89.115116
http://dx.doi.org/10.1103/PhysRevB.89.115116
http://dx.doi.org/10.1103/PhysRevB.89.115116
http://dx.doi.org/10.1103/PhysRevB.48.13749
http://dx.doi.org/10.1103/PhysRevB.48.13749
http://dx.doi.org/10.1103/PhysRevB.48.13749
http://dx.doi.org/10.1103/PhysRevB.48.13749
http://dx.doi.org/10.1088/0022-3719/21/14/008
http://dx.doi.org/10.1088/0022-3719/21/14/008
http://dx.doi.org/10.1088/0022-3719/21/14/008
http://dx.doi.org/10.1088/0022-3719/21/14/008
http://dx.doi.org/10.1103/PhysRevB.19.3580
http://dx.doi.org/10.1103/PhysRevB.19.3580
http://dx.doi.org/10.1103/PhysRevB.19.3580
http://dx.doi.org/10.1103/PhysRevB.19.3580
http://dx.doi.org/10.1103/PhysRevLett.62.2507
http://dx.doi.org/10.1103/PhysRevLett.62.2507
http://dx.doi.org/10.1103/PhysRevLett.62.2507
http://dx.doi.org/10.1103/PhysRevLett.62.2507
http://dx.doi.org/10.1103/PhysRevLett.62.2503
http://dx.doi.org/10.1103/PhysRevLett.62.2503
http://dx.doi.org/10.1103/PhysRevLett.62.2503
http://dx.doi.org/10.1103/PhysRevLett.62.2503
http://dx.doi.org/10.1103/PhysRevB.53.11064
http://dx.doi.org/10.1103/PhysRevB.53.11064
http://dx.doi.org/10.1103/PhysRevB.53.11064
http://dx.doi.org/10.1103/PhysRevB.53.11064
http://dx.doi.org/10.1103/PhysRevB.47.1466
http://dx.doi.org/10.1103/PhysRevB.47.1466
http://dx.doi.org/10.1103/PhysRevB.47.1466
http://dx.doi.org/10.1103/PhysRevB.47.1466
http://arxiv.org/abs/arXiv:1410.3435
http://dx.doi.org/10.1103/PhysRevB.80.121302
http://dx.doi.org/10.1103/PhysRevB.80.121302
http://dx.doi.org/10.1103/PhysRevB.80.121302
http://dx.doi.org/10.1103/PhysRevB.80.121302
http://dx.doi.org/10.1103/PhysRevLett.72.2065
http://dx.doi.org/10.1103/PhysRevLett.72.2065
http://dx.doi.org/10.1103/PhysRevLett.72.2065
http://dx.doi.org/10.1103/PhysRevLett.72.2065
http://dx.doi.org/10.1103/PhysRevLett.77.2272
http://dx.doi.org/10.1103/PhysRevLett.77.2272
http://dx.doi.org/10.1103/PhysRevLett.77.2272
http://dx.doi.org/10.1103/PhysRevLett.77.2272
http://dx.doi.org/10.1088/0268-1242/11/11S/004
http://dx.doi.org/10.1088/0268-1242/11/11S/004
http://dx.doi.org/10.1088/0268-1242/11/11S/004
http://dx.doi.org/10.1088/0268-1242/11/11S/004
http://dx.doi.org/10.1038/415409a
http://dx.doi.org/10.1038/415409a
http://dx.doi.org/10.1038/415409a
http://dx.doi.org/10.1038/415409a
http://dx.doi.org/10.1103/PhysRevB.72.064407
http://dx.doi.org/10.1103/PhysRevB.72.064407
http://dx.doi.org/10.1103/PhysRevB.72.064407
http://dx.doi.org/10.1103/PhysRevB.72.064407
http://dx.doi.org/10.1103/PhysRevB.58.16262
http://dx.doi.org/10.1103/PhysRevB.58.16262
http://dx.doi.org/10.1103/PhysRevB.58.16262
http://dx.doi.org/10.1103/PhysRevB.58.16262
http://dx.doi.org/10.1103/PhysRevB.29.6012
http://dx.doi.org/10.1103/PhysRevB.29.6012
http://dx.doi.org/10.1103/PhysRevB.29.6012
http://dx.doi.org/10.1103/PhysRevB.29.6012
http://dx.doi.org/10.1126/science.1253251
http://dx.doi.org/10.1126/science.1253251
http://dx.doi.org/10.1126/science.1253251
http://dx.doi.org/10.1126/science.1253251
http://dx.doi.org/10.1103/PhysRevX.5.011011
http://dx.doi.org/10.1103/PhysRevX.5.011011
http://dx.doi.org/10.1103/PhysRevX.5.011011
http://dx.doi.org/10.1103/PhysRevX.5.011011

