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The energy and entanglement spectrum of fractionally filled interacting topological insulators exhibit a peculiar
manifold of low-energy states separated by a gap from a high-energy set of spurious states. In the current paper,
we show that in the case of fractionally filled Chern insulators, the topological information of the many-body state
developing in the system resides in this low-energy manifold. We identify an emergent many-body translational
symmetry which allows us to separate the states in quasidegenerate center-of-mass momentum sectors. Within one
center-of-mass sector, the states can be further classified as eigenstates of an emergent (in the thermodynamic
limit) set of many-body relative translation operators. We analytically establish a mapping between the two-
dimensional Brillouin zone for the fractional quantum Hall effect on the torus and the one for the fractional
Chern insulator. We show that the counting of quasidegenerate levels below the gap for the fractional Chern
insulator should arise from a folding of the states in the fractional quantum Hall system at an identical filling
factor. We show how to count and separate the excitations of the Laughlin, Moore-Read, and Read-Rezayi series
in the fractional quantum Hall effect into two-dimensional Brillouin zone momentum sectors and then how to
map these into the momentum sectors of the fractional Chern insulator. We numerically check our results by
showing the emergent symmetry at work for Laughlin, Moore-Read, and Read-Rezayi states on the checkerboard
model of a Chern insulator, thereby also showing, as a proof of principle, that non-Abelian fractional Chern

insulators exist.
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I. INTRODUCTION

Band theory formed the foundation of solid-state physics
for the past century. The theory analyzes the one-body motion
of electrons through a crystal and obtains their wave functions
as Bloch states dependent on a crystal momentum which
takes values in a space equivalent to a d-dimensional torus
(in d dimensions). Insulators hold a special place in band
theory: At first look, they are its most boring aspect, having
a full gap between occupied and unoccupied bands, no low-
energy excitations, and hence no interesting properties at zero
temperature. This viewpoint permeated the physics of much
of the last century, but is, as we now know, untrue. The space of
the eigenvectors of the Bloch Hamiltonians can be thought of
as a unitary matrix, which in the case of insulators exhibits
several gauge symmetries related to permutations of the
occupied and unoccupied bands, thereby creating a complex
manifold. The Hamiltonians can be regarded as maps from the
Brillouin zone (BZ) to these manifolds, which, as mathematics
teaches us, can be nontrivial. Anytime an insulator with a
nontrivial map (Hamiltonian) is placed in the vicinity of the
vacuum, gapless edge or surface states appear on the boundary
and cross the energy space between the valence and conduction
band. One of the first examples of such behavior was Haldane’s
Chern insulator model on the graphene lattice.! This model
exhibits the physics of the integer quantum Hall (IQH) effect
but does not have an overall applied magnetic field, thereby
preserving the translational symmetry of the initial lattice. The
IQH does not require any discrete symmetry to exist. The field
of topological insulators has further evolved to include other
symmetries such as time-reversal,”™ charge conjugation, and
point-group symmetries.
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Most of the research on topological insulators has focused
on one-body electron Bloch physics. While several interesting
works on insulators with interactions exist,>”’ most of them
focus on obtaining a mean-field state with topological prop-
erties through interactions. Recently, it has been proposed
and substantiated®!? that fractionally filled bands of Chern
insulators at 1/3 and 1/5 filing can exhibit an incompressible
state in the same universality class as the Abelian 1/3 and 1/5
fractional quantum Hall (FQH) states. This state was dubbed
the fractional Chern insulator (FCI). Its appearance is quite
surprising, as the FQH and FCI problems vary considerably
in several important ways, in the lack of a constant Berry
curvature in the FCI, its large lattice filling, the absence
of holomorphic and antiholomorphic (z,z*) structures in the
lowest band, and the presence of Umklapp processes that favor
density wave states.

In a previous paper® we have shown that the ground state of
the interacting 1/3 fractionally filled band with Chern number
1 of the checkerboard Hamiltonian supports a threefold
degenerate ground state separated by a gap from the excited
states and which is a featureless liquid with momentum orbital
occupation number 1/3. We showed that the spectrum of quasi-
holes (spectrum at lower filling) by a gap separated into two
manifolds: a high-energy uninteresting set of spurious states,
and a low-energy set of quasiholes whose counting empirically
matches that of the quasihole states in an Abelian v = 1/3 fill-
ing FQH state. Similar results were obtained for the particle en-
tanglement spectrum,'! a procedure used to obtain the topolog-
ical part of the excitation spectrum directly from the ground-
state wave function.'? In the FCI, we have empirically found
that the counting of states in the lower energy manifold, be they
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ground states or quasiholes, exhibits a peculiar, yet undeter-
mined structure. On a finite-size N, x N, lattice, a translation-
ally invariant Hamiltonian for N, electrons has a spectrum clas-
sified by total many-body lattice momenta Z,N: , kix(mod 27r)
and Z,N: | kiy(mod 27), with each particle momentum k;y ,
taking values 27 j /N, ,2nl/N,, j =1,...,N,,I =1,...,N,.
We have found that the counting of states in the low-energy (or
entanglement energy) manifold per momentum sector exhibits
multiple degeneracies, although the states themselves are not
degenerate; there are no other exact degeneracies besides the
point-group enforced ones, such as inversion. In many cases,
we have found that an empirical Pauli principle borrowed from
the FQH physics can sometimes (but not always) explain the
degeneracies observed. While the degeneracy of some model
wave functions has been worked out for the FQH effect on a
lattice,'? these results cannot be applied to the FCI.

Our prior analysis strongly suggests the existence of an
emergent symmetry for FCIs at rational filling factors. In the
present paper we show that such a symmetry is a many-body
translational symmetry of the type exactly present in the
FQH effect. We show analytically that, if the FCI state is in
the same phase as the FQH state (including in the presence
of quasiholes), the spectrum separates into quasidegener-
ate center-of-mass sectors which exhibit identical counting.
Within each center-of-mass sector, the Hamiltonian eigenstates
can be further classified as eigenstates of an emergent (in the
thermodynamic limit) set of many-body relative translation
operators. Using the recently obtained Girvin-MacDonald-
Platzman (GMP)'* algebra for Chern insulators'® for the
one-body density operators in the valence band, we build
a set of many-body relative translational operators which
diagonalize the Hamiltonian eigenstates in the lower manifold
in the thermodynamic limit. We then establish an analytic
mapping between the counting of zero-mode states in the
FQH two-dimensional BZ on the torus (quasiholes) and that
of the FCI levels in the low-energy manifold. We show that
the counting of quasidegenerate levels below the gap for the
FCI should arise from a folding of the zero-mode states in
the FQH system at an identical filling factor. In the process,
we show how to count and separate the quasihole excitations
of the Read-Rezayi (RR)'® series in the FQH effect into
two-dimensional BZ momentum sectors and then how to map
these into the momentum sectors of the FCI. We provide
numerical verification for our analytic results by checking
the emergent symmetry at work for Laughlin,'” Moore-Read
(MR),'® and RR'® states on the checkerboard model of a
Chern insulator: We predict, from the FQH quasihole counting
plus our FQH to FCI analytic mapping, the number of
non-Abelian quasiholes per momentum sector in the FCI, and
then check that it matches the numerical data obtained by
exact diagonalization for large system sizes. Our work then
also shows, as a proof of principle, that non-Abelian FCIs
exist. The emergence of the low-manifold of states with folded
FQH counting can be regarded as both a consequence as well
as an imprint of the existence of the topological phase. Its
existence is rather mysterious, as the GMP one-body algebra
from which the many-body generators are built is not valid at
large momentum'> and is not in one-to-one mapping with the
algebra of the continuum FQH problem.
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The paper is organized as follows. In Sec. II we analyze
the interacting Landau level problem on the torus in the
continuum and obtain the set of many-body relative and
center-of-mass symmetries that can classify the interacting
spectrum by two-dimensional BZ of N x N momenta, where
N = GCD(Ny,N,). GCD stands for greatest common de-
nominator, Ny is the number of fluxes that pierce the FQH
torus due to the presence of the magnetic field, while N, is
the number of electrons. This section has no new material,
most of the end results having been obtained by Haldane in
a classic PRL," but it does derive the physical equations
in a much greater level of detail. We then reformulate the
translational symmetry in terms of density operators, allowing
a closer analogy with the FCI. We also explicitly show
how to implement the many-body symmetries to build the
FQH Hilbert space. Section III describes the counting of
the zero modes of several pseudopotential Hamiltonians per
two-dimensional BZ momentum. We focus on the RR series
and show how the generalized Pauli principle that allows the
counting of the quasihole states in the one-dimensional orbital
space on the torus can be tuned to give the counting of zero
modes in the two-dimensional BZ. As such, resolving the
zero-modes (quasiholes) of model Haldane pseudopotential
Hamiltonians in the two-dimensional BZ becomes a combi-
natorics problem of counting partitions. In Sec. IV we first
rederive the commutator algebra of the projected densities in
the lowest band of the Chern insulator on a N, x N, lattice
first derived in Ref. 15, which reduces, in the long-wavelength,
limit to the GMP algebra for the FQH effect for Ny = Ny - N,.
We show that the noncommutativity of the projected densities
which gives rise to the GMP algebra is a requirement in the
Chern insulator, while in the trivial insulator the projected
densities are adiabatically continuable to commuting variables
in the atomic limit. We then show that the existence of a GMP
algebra superimposed on a lattice of N, x N, sites implies the
existence of many-body relative translational operators which
classify many-body states by a two-dimensional momentum
in areduced BZ of GCD(N,,N,) x GCD(N,,N,) momenta.
If the FCI phase is identical to that of the FQH, there is an
emergent, center-of-mass degeneracy of N,/GC D(N,,N,) in
the x direction and N,/GCD(Ny,N,) in the y direction. We
show that the counting of states in lower-energy manifold of
the FCI is a folding of the counting of zero modes inthe N x N
BZ of the FQH times the difference between the center-of-mass
degeneracies. We establish the analytic mapping between the
FQH and FCI counting, and give several examples of this
counting for several Abelian and non-Abelian RR states based
on the generalize Pauli principle. We refer the reader versed in
FQH translational symmetries to read this section and look at
Figs. 2—4 for a simple understanding of how the FQH-FCI
map works. In Sec. V we engage in extensive numerical
calculations of both energy and entanglement spectra that
show the existence of Laughlin, MR, and Z3; RR states on the
checkerboard model?® of the Chern insulator. We then show
that the counting of quasihole states per momentum sector
obtained in numerics matched the one derived by our analytic
map for all our large set of data and parameters (lattice aspect
ratios, electron numbers) tried. Up to the largest sizes available
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on today’s computers, the numerical data supports our analytic
result.

II. MANY-BODY SYMMETRIES OF THE INTERACTING
ELECTRONS IN A MAGNETIC FIELD

In this section, we aim to analyze the symmetries of the
interacting Hamiltonian of electrons on a two-dimensional
torus in the presence of a magnetic field and electron-electron
interaction,

Zn2+ ZV(}’, ), (1)

i#]

with IT; = —ihV; — eA(r;) = —ihV; + |e| A(r;) the canoni-
cal momentum in the presence of a magnetic field. N, is the
number of electrons in the system. We choose not to gauge
fix and have V x A = B. The positions of the particles, {1,
reside on a two-dimensional torus of generators L, L,. The
Hamiltonian is periodic under translations by these vectors,
V(i —F) =G —71; + Ijlqz), and can be written as a sum
over the allowed reciprocal vectors g:

va Fj) = AZV@Z )

i#] i<j

where A = |L1 X L2| is the area of the unit cell, and q =
mg, +ng>, mn € Z and q; = —L2 X 2, gy = —jz x L.
We now analyze the single- and many-body translational
symmetries of the above Hamiltonian.

A. Guiding center coordinates and translational symmetries
of the one-body problem

We first consider a N, =1 problem and try to find
the symmetries of the one-body problem. A perfectly good
translational operator could be ei‘}'n, which would translate
the single-body wave function by a. However, this operator
does not commute with the Hamiltonian because

[T, TIg] = —ihFup 3)

[where Fop = 0,Ap — 0gA, is the (magnetic) field strength
applied on the sample]. Hence, the Hamiltonian wave functions
cannot acquire quantum numbers under this operator and one
finds an operator which commutes with Hamiltonian
hooL

KQZHot—l—z(Zxr)a’ (4)
where | = \/hi/eB is the magnetic length. The commutation
relations read

n? n?
[Ka,Kﬂ] = 21[—2 zhe(a Alg — 8,3 oz) = l ezotﬂv (5)
where we have used By = %e@aﬁ F,g as the uniform magnetic
field applied on the sample. By direct calculation, we have for
the commutators:

[Ke, [Tl =0 — [Ky,H] =0. 6)
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K is called guiding center momentum. Hence, the operator
that implements the magnetic translation is

T(d) = exp (;-la : 1%) . (7

If translations by different vectors would mutually commute,
we could form momentum eigenstates of the system. However,
they do not. Using the operator relation eA+8 = eAeBe=214.81,
valid when [A,[A,B]] = [B,[A,B]] = 0 (which is the case
here as the commutator of two guiding center momenta is a

constant for uniform B ), we find

TG +b) = T(B)T(@)e" 7K Kel — T(BYT(@)e™ 32 5@D),

®)

which leads to
[T(@),T(h)] = —2sin (%z (@ x 5)) T@+b). (9

This is called the magnetic translation algebra or GMP algebra.
This algebra leads to the quantization of flux passing through
the lattice: Going around the unit cell must give us the
identity (same condition as commutators of L I Lz translations
must commute). This GMP algebra arises in several contexts
in the quantum Hall effect and has the interpretation of
a quantum deformation of the classical algebra of area-
preserving diffeomorphisms on the plane as well as that
of magnetic translations in a uniform field as discussed.
Integer quantum Hall states are invariant under area-preserving
diffeomorphisms. In finite size, the GMP algebra is the Lie
algebra of U(Ng). Combinations (powers and products) of
the operators of the algebra commute with the interacting
Hamiltonian and can hence be simultaneously diagonalized
giving the good quantum numbers of the problem. Our scope
is to find the maximal set of such good quantum numbers for
a translationally invariant interacting electrons in the presence
of a magnetic field.

We now particularize (without loss of generality, since one
can always deform the BZ to a rectangle) to L| = fo,iz =

L,y:
T(LAT(Ly)T(~LAT(~L,§) = 1 = er . (10)

Hence, L,L, = 271’12N¢ or, for a nonrectangular lattice, 1%2 .
(Zl X Zz) = 27 Ny. For this quantization condition, we have
that [T(Zl),T(Zg)] = 0. Ny is the number of magnetic flux
quanta passing through a unit cell. As a spoiler for the Chern
insulator section, notice that this is the same as the number of
sites Ny on a square lattice with lattice constant ag = ~/ 271>
and number of sites in the x direction L, /ag and in the y direc-
tion L /ag. Hence, the magnetic field to Chern insulator lattice
analogy is L,/v2ml> — N, Ly/v2ml> - N,, Ny — Nj.

Observe that L, /v/21> — Ny, L,/~2nl> - Ny, Ny — N;
are all integers.

B. Many-body translational symmetries

‘We now focus on the interacting problem. The many-body
problem is characterized by translation operators for each ith
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particle, T;(a). Translational operators of different particles
commute:

[T,(@).T;(B)] = —28;;T;(d@ + b) sin (%z (@@ x 13)). (11)

Physical quantities are invariant under magnetic translations of
any particle i by a linear combination of multiples of L,,L,:

Lon = {mLy +nLy, mn € 7). (12)

Following Haldane,19 primitive translations Zmn are those
for which AL,,,, 0 < A < 1 are not lattice vectors; hence,
(m,n) have no common divisors. Choose a potential V (r +

L,)=V(r) such that the whole Hamiltonian commutes
with the translation operators T; (Ll) T; (Lz) for each particle
i=1,...,N,. This means that the wave functions of the
Hamiltonian are eigenstates of the translation operator up to a
phase:

T WolF) = Yol + L) = €y, (13)
where i is the particle index, j = 1,2, and gt are the
eigenvalues. In the wave function ¥, (7;), we have suppressed
the position of all other particles but the ith, as they do not
get translated by 7;. Let T,-(Z,,,,,) be the translation operator
that translates the ith particle by the primitive translation
Zmn = mil + I’lZzZ

Ti(Ln) W) = €% [3,) . (14)

The eigenvalue 6! , which we will encounter again, can
be expressed in terms of the eigenvalues of the primitive
translations by Ll ,Lz, 6‘1 ,9’

T:(Luw) = T(mLy + nLy) = Ty(mLy)Ti(nLy)e' =<l
= (T,(L1))"(T,(Ly))" ™ Mo, (15)

Hence, the eigenvalue of translation by Ly, is o =
mmnNg + m6| + nb;. Since eigenstates are symmetric or

antisymmetric under exchange of identical particles i,j,

0i i : .
we have that e/ = ¢!%n = ¢i%n: The eigenvalues of the

translation operators for particle i do not depend on the particle
chosen. The Hilbert space of the problem is separated in
different sectors labeled by 6;,6,. At this point, the analysis of
the symmetries of the problem under translational invariance
by each particle has run its course. Haldane'® showed how to
now introduce the many-body formalism for the translation
operators. We expand his description in detail below.

Consider N, electrons on a torus pierced by Ny fluxes, such
that the filling factor v = N, /Ny is arational number p /g, with
(p.q) = 1 relatively prime. Let N, = pN, Ny = gN, where
GCD(N,,Ny) = N. One thing we can hope from a many-
body formulation of the translation operators is to separate the
many-body problem into its center-of-mass part and a relative
coordinate part. The center-of-mass operator moves each and
every particle by the same amount:

Ne
Tew@ = [ [ Ti@). (16)
i=1

The center-of-mass translation by an arbitrary quantity com-
mutes with the Hamiltonian but does not commute with the
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single-particle translation operators T,-(I:i) and hence does
not keep us in a Hilbert space specified by 6;,6,. To find the
center-of-mass operators act within the same Hilbert space,
we look for all a for which the center-of-mass operator
Tem(a) commutes with every T(L ). Since operators of
different particles commute, this is tantamount to imposing
the constraint

[T;(@),Ty(L;)] = —2T;(@+ L;)sin <2i12z (@ x E,)) =0
(7

Hence, the condition for vanishing commutator is 2 - (@ X
i ;) = 21*mr. Since L,L, span the two-dimensional plane,
it is clear that any vector in the plane can take the form
a= ozL1 + ,BLZ, where «, are real numbers. Taking j =2
in Eq. (17) we have af- (L x Ly) = 271%r = a27>N,.
Hence, o =r/Ny, and similarly, by taking j =1, for B.
Hence, the most general center-of-mass motion which leaves
the system invariant is TCM(Z,M /Ng). All other forms of
center-of-mass translation change the Hilbert space of the
system.

Our purpose now is to separate the motion of the system into
a center-of-mass motion and a relative motion of the particles.
Toward this, Haldane'® defined the relative translation operator
T; acting on particle i so that the motion of that particle is
compensated by the motion of all other particles in the opposite
direction:

N,
= [ [ T:@/No)Ti(=a/Ne) = T,((N.

Jj=1

Ti(@) — Dd/N.)

N,
[] mi=d/No. (18)
J=1j#i

Since T;(a)T;(—a) = 1, the relative translation operator of the
system has the property that 1_[,N=1 Ti(@) = 1. When T;(a)
applied to a function of 7; —7; (i # j), it translates the
function by a; when applied to a function of 7; — 7 (k, j, # i),
it does nothmg Due to the periodicity of the interaction
term, only T; (L,,m) commute with the Hamiltonian. We
have introduced the center-of-mass operator and the relative
translation operator, so it seems natural that the total translation
operator factorizes in a product of the two:

Ti(a) = TCM(N )T(a)

1G5

J=1,j#i

3|a1
N—
| p— |
=N

—
mZ|m
N—"
| I

=

|

19)

The relative translation operator commutes with any center-
of-mass translation for any Ei,l;:[f}(&),TCM(l;)] =0, a clear
indication that both of them are diagonalizable at the
same time. To review the bidding, we have introduced
center-of-mass translations TCM(Zi)ﬂwhich commute with the
Hamiltonian, found the ones [Tcvm (L, /Ng)] which commute
with the single-particle translation operators n(Z j), even
though, as we will see, the TCM(Zm,, /Ng) do not necessarily
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commute between themselves, and found the relative momen-
tum operators which commute with the Hamiltonian and with
the center-of-mass translations.

We would like to simultaneously diagonalize the relative
translation operators and the Hamiltonian, and are hence after
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Hence, we find: (IVEV;DZ (@ X Lyy) = 2ml?r, where r is an
integer. To find the constraints on «,f, we can pick Lym =

L1,L2 to obtain (NN 1)N a=r, (N D, »B =r. As we are
at filling N,/Ny = p/q, we have (N — ga = pr, (N, —

1)gB = pr, where r is any integer. Also from the commutator
or relative translations with the single-particle translations of
primitive lattice vectors, for j # i, we have

the maximal set of T;(@) which commute with each other
[T;(a),T;(b)] = 0 and which act in the same Hilbert space,
that is, which commute with 7;(L,,,). What are the a,b that

satisfy these equations? To solve these constraints, it is simple 0 = [T;(a),Ti( L)l

toexpandd = aL| + BL,, whichis always possible, with &, 8 . N, R
real numbers. From the commutator or relative translations =T <M) 1_[ T, <_ i)
with the single-particle translations of primitive lattice vectors, ! N N,

m=1,m=#i,j

(-4
X|: z(_ﬁ>a 1( mn):|

. N,
2T, (—(Ne]; Da) I1

a
(3)
. N,
m=1,m#i, j
TZZ+Z 11(L)(21)
XL\ —— mn Sll‘l a X mn
N, 212 N,
The conditions the above equation gives are go = pr, gB =

pr, where r is any integer, consistent with, but more restrictive
than the first set of conditions. We now impose the condition

we have, for j =i

0= [ﬁ(a)v Ti(zmn)]

N, 2
Tl ——
(-]

(N, — Da -
(T) 7Ti(Lmn)i|
N.

. (N,—Dd -
—2i ]—[ Tm(—E>Tl<—N6 —}—Lm,,)

m=1,m#i

=

1 -1 -
X sin —Ne—z (@ % L) |. (20) that the 0 = [7;(a),T; (b)]. Fori = j we have
22N,
|
e - N, —1. -
T,@7(b) = T,-( a) ( ) T, (__a) (__b>
N D N

_ @b U2 L (Ne—1) Z)T[

(a + b)} l_[ T |:——(a + b)}

1#i

; 7 (Ne=1) N, —1 a !
- ezzzf«ﬁxbxﬁem[ ¢ a+5}| |T|:—— a+z§]. 22
—@+b et )

I

For 7:(@)T;(b) to equal T:(b)T; (@), we need that 3 - (d@ x 5)(%;”)
hence (N, — 1)qaB = pr for r some integer. For i # j we have

I ()T (b Ne—1. 15 Ne—1- 1 2 @xb)[—2(Ne—1) Ly +(Ne—2) L5 ]
aner= Ti( “ _b>T"< "o ) [1 T’[__(“ ”’)] T 23
Ne Ne Ne Ne iy

= 271%.1fd = aL,, b = BL, we have W=D wBN, = r and

and hence [by taking T (I;)T (@) and requiring the vanishing of the commutator], we must set Z - (@ x 5)[—2(Ne
2)N2] = 271%r.1f G = aL,,b = BL, we have gaf = pr.

We now bring the four sets of constraints on ¢, 8 to gether The conditions for the set a for which the relative translation operators
commute between themselves and commute with the 7; (Lmn) are qo = pry, qB = pra, qoff = pri3, ri,ra,r3 € Z.1f g is a prime
number, then we can show that o, = p: We substitute «, 8 from the first two equations in the third to obtain prir, = grs.
Since p,q are relatively prime, then r3 = pr and r;r, = gr, where r € Z. However, since ¢ is prime, then rir, = gr implies
r1 = qr’, where r’ € Z (or vice versa for r,). We then plug this in go = pr; to obtain « = pr’ and so « is an integer proportional
to p. The smallest value (which gives the largest set of @ = azl) of this is « = p. Then g8 = r; = pr and hence 8 = p.
The set of vectors a for which relative translation operators commute with each other and with the single-particle momenta is
a= pljmn if ¢ is a prime number. In passing, we note that if ¢ is not a prime, other possibilities arise for the set of maximally
commuting relative translations. The simplest case is to assume g = q1 , that is, ¢ is a perfect square, but same situation occurs
whenever ¢ is not prime. Then if we choose « = 8 = p/q; we have rj =r, = q1,r3 = p; all integers and hence the relatlve
translation operators commute with themselves and with the one-body translation operators by L,,m This then gives a = —Lm,,
This, however, corresponds to a different choice of resolving the ground-state center-of-mass degeneracy,

— Dz + (Ve —

as is now shown
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The center-of-mass operators TCM(ZW,H /Ng) commute with the the Y}(imn) but not between themselves (so they cannot all be
simultaneously diagonalized):
N.
TCM(Lmn/NS)TCM(Lm’n’/NS) = H{Tt[(Lmn + Lm’n’)/Ns]

i=1

67 2;—2 ﬁ(mn’fnm’)f-(i,] xLs)
s

}

eI "’")l_[T (Lo + Luw)/Nsl = &7 ‘"’“1‘[T[<Lmn+Lmn>/N] (24)

i=1 i=1

As a hint of the g-fold degeneracy of the spectrum, for g a prime number, we see that TCqM(Zm,, /Ny) commutes with TCM(Zm,,).
Moreover, if g is not a prime number, and it is, for example, a perfect square ¢ = g7, we see that a set of mutually commuting
operators is Té’f\,[(lj,,m).

We now try to diagonalize the maximum commuting set of relative momentum operators T;( pzm,,) which commute with
themselves and also with the T; (f,mn) operators. We would like to find its eigenvalues, labeled by a 2-momentum k. Following
Haldane, we make the assumption that the many- body state [which i is an eigenstate of Ti( me,l)] experlences when acted on
by Z = exp(i Q 7;), an increase in its momentum by Q as long as Q is a reciprocal lattice momentum exp(i Q Lmn) =1.In
other words, let the eigenstates of Ti( me,l) be |1//(k)), with eigenvalue A7,

T(p L)Y (0)) = Agly (k). Ze’QW(k» Yk + 0)). (25)

By applying T;(pL,) on the Y, ¢'07i |y (k)) we obtain

n pd 7 =g Ne LA = - Ne
A;+Q|w(k + Q)> = Ti(men)ZelQ‘rjlwa{)) = T[(
J

=g N
-1 - pL - N oAa >
Lo | []1( =22 ) €97 + D e 97 |k
p )lﬁ /< N, >(e +D e )Iiﬂ( )

J#

. N,

: () PLmn - A= A Ne—l 7 A=\~ - N

= <e"Qp~e > el 4 ”Lf""e'Q’f>T,-<men>|w(k>>
I#i

Ne - - P AT - -
= ¢ W QL ZeiQ"fA,;|1ﬂ(k)) = e W @l (k + 0)). (26)
J

We have then Ap, 5 = )\,;e_iN[*;Q'L"‘" and hence A; = De~'%%Lm D can only be a phase independent on k. The constant D can
be found by requiring that the k = 0 state remains invariant under all translations:

DIy(k = 0)) = T(pL)IY(k = 0)) = Ty(—pLa)|yr(k = 0) = T,(pLy — pL1)|yr(k = 0)). @7

However, the last term 7;( piz — pzl) can be reexpressed in terms of the product of the translation operators of pZ2 and le.
We have

(L T(—pLy) T(Ne_l z>T( Ne — 1 z)rp( L z)r(_l z)
i\pL2)Li\—=pLy) = 1 pLo ) 1| — pLi I\ =5 pPL2 )i pPLa
N, N, i\ N N,
Ne—l =g =g 1 i o1 X i X
sz[ N, p(LZ_Ll):|1_[TZ|:_N p(Lz—Ll)]EM N2 P*e(LaxLy) e N2 P e(laxLy)
¢ 1#i

= Ti(pLy — pLy)es 5 V2N = Foply — pLy)es 5o PN Z FpLy — pLy)e Me-bpam,

(28)
[
Thisyields the equation DW(I? = 0)) = D?e!Ne=Dpar |1//(l; = the Nth power of the relative 7;( pZ,,,,,) operator has a fixed
0)), which gives D = (—1)MNe=Drd_ After establishing the  eigenvalue:
constant D, we would like to now find the possible values that k
can take. We remark that N, = pN and Ny = qN and, hence, N
~ - mn T 7 N =T — 7 — 7
T‘l(men) — ’Tt < mn) 1_[ ’Tl < ) . (29) Tz(men) Tl[(Ne 1)Lmn] l—[ 7}( Lmn)
1#£i
1#i
We know that T;(L,,,) has fixed eigenvalue 6,,, (which for = /O (Ne—1) 1_[ O — | = DN o=ik-Lun (30)

identical particles does not depend on i). This means that [
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Having determined the constant D, we have DV =

(—1)aNe(Ne=D) — 1. Hence, e~ FLm — 1, and we have as solu-
tions - L, = 27i, k- L2 =2mj,i,j € Z. We now must ask
how many of these solutions represent unique eigenvalues of
T,-(pi,,m). Its eigenvalues are (— 1)PgNe=D exp(—ilz . Z,m,,/N),
and are different for k- Z,l =2ri, k- Zz =2rj,
i,j €[1,...,N]. Hence, the BZ of the relative translation
operators is made up of N x N values of the momentum.
An alternative way of presenting the resulting momenta is to
say that the eigenvalues of the relative momentum Ti( pzmn)

are e FLm/N  with kI = [ 2[5 — so. Mt — 1p)], where
s,t=1,...,N and A = L,/L, is the aspect ratio, while the

50,1ty are the quantum numbers belonging to zero momentum:
exp(2misg/N) = exp(Qrty/N) = (—1)P4Ne=D _This exhausts
our discussion of the relative translation operators.

Having fixed 6,,60,,k, we now ask if there are any other
degeneracies. The answer is yes. Physically, this is because
60,0, define the single-particle Hilbert space while k is the prin-
cipal symmetry quantum number of the relative wave function
[¥re1). Left untouched so far is the center-of-mass translational
symmetry of the problem, or the center-of-mass wave function
[¥cm) - In principle, we have diagonalized only the Ti( pzm”)
but there are missing center-of-mass operators, TCM(Z,,m /Ny),
which also commute with the T;(Z,mn) operators and keep us
in the same Hilbert space; also, any center-of-mass translation
operator commutes with the relative translation operator, and
hence we are well on our way toward finding other commuting
operators. However, crucially, two center-of-mass translations
TCM(Lmn/N ) and TCM(Lm w | Ns) do not commute with each
other and hence they cannot be simultaneously diagonalized.
We hence must find the maximum set of TCM(Z,,,,, /Ny) that
can be diagonalized, which, per the above, is equal to the
maximally commuting set of TCM(Zmn /Ng). We can find
out how many TCM(Z,M /Ny) are self-commuting by either
brute-force calculation or by a smart argument. We start with
the brute-force calculation of the commutator:

T Zmn T Zm/n’
CM Ns » 1CM Ns

-
2(LmnxL, 1)
=e¢ Tz MX N, | l < mn 1 Lm/n’)

! Ak Lmn Lmn
— 717‘[”(mn nm)l_[ < + >’ 31)

which vanishes if and only if (mn’ — nm’)/q € 7Z.Hence, there
are g values possible. If we require |/cy) to be an eigenstate of
Tem(L?/Ny), where L is some particular primitive translation,
the set of all center-of-mass translations that commute with
Tem(LY/Ny) is given by {Tem[(gLyn + rL°)/ N1}, with r =
0,1,...,q — 1. Indeed, the commutator

{Teml(@ L + 7L/ N1, Tem[(q Lyww 4 rL°)/ N1} = 0.
(32)

As Haldane mentions, ' this is only one of the few resolutions
of the center of mass degeneracy. The smart and quick
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argument which reveals the g-fold degeneracy is the following:
We know that

Ti(pzmn) = TCM(pZ‘mn/Ne)Ti(pZ‘mn) (33)

and hence the eigenvalue of

[TCM(Zmn/NY)]q - TCM(pZmn/Ne) - T;'(pzmn)fi(_pzmn)
(34)

is fixed once we have diaggnalized 01,6,k to be
(—=1)Pa4WNe=D exp(i p6,,,) exp(igk - L,,,/Ns). Since only the
gth power of the eigenvalue is fixed, we see that there
must be g center-of-mass operators (of different eigenvalues).
If the eigenvalue of TCM(ZO /Ng) is A, then the eigen-
values of the set qf maxirgally commuting center-of-mass
operators {Tcem[(qLmn +rL%)/N]1} with » =0,1,...,q —
1 have eigenvalues A" (—1)P9"Ne=D exp(ip6,,,)exp(igk -
Zmn /Ny). This completes the many-body theoretical symmetry
analysis of the spectrum of FQH states. The section so far did
not contain new material, although we believe and hope that the
detailed and expanded description of the calculations present
in Ref. 19 is useful to the reader.

C. Building the Hilbert space

On the torus, each Landau level has an identical number of
states that it can accommodate. The operator for an electron at
position (x,y) is ¥(x,y) = Zm’j Om, j(X,¥)Cm, j, Where ¢, ; is
the annihilation operator of an electron of momentum j in the
mth Landau level, and the ¢,, ; are the single-particle orbitals:

b i(x,y) = ZeL‘(]+kN¢)(x+n) _2726 2(1”") (j+kNg)?
m,j\ANs -
keZ
H 2ml X (35)
X .
"L, l

H,, is the Hermite polynomial. In the above, we have picked
the Landau gauge A= Bx$. While the single-particle orbitals
given above are not normalized, it is crucial to notice that
the normalization factor depends only on the Landau level
index m and not on the orbital momentum j. This is a
feature of the torus geometry; on the sphere the single-particle
orbitals depend on the angular momentum quantum number.
For the lowest Landau level, to which we particularize, Hy = 1.
The translational properties of the s1ngle particle orbitals
(for a rectangular lattice L1 = L,X, L2 L,9) are trivially
obtained:

¢m$j(xvy +L ) = ¢m ]‘(.X )’),

TN,
<b‘(ﬁm,j(-x’y)'

In order to obtain the action of the relative translation operators
on the many-body states, we note the translational properties
under translations by (N, — 1)pL,,,,/N, and by —pL,,,/N,:

N, —1 1
N pLy = ¢’m,j X,y — Fany

= W i (x,), 37)

(36)
G j(x + Le,y) =€ &

¢)m,j (x,y +

075128-7



B. ANDREI BERNEVIG AND N. REGNAULT

N, —1 i 22 (N, —1
b j <x+ ‘ pLx,y) =B, ).

N,
(38)
1 —iZqy
¢m,j X — ﬁpvay =e b ¢m,j+q(xvy)-
In the Landau gauge wused, the guiding -center
translation  operator ~ T(L) is _ related @ to  the
usual  translation operator  t(L)=expL-V by

T(L) = expl5(L.y + 1L, L)I(L). On a  one-body
state T(L)|m.j) = [[ dxdyT(L)|x.y) (x.y Im.j) =
J[ dxdy exp{EILo(y + Ly) + 5L Lylx + Lo,y + L))

(x,ylm,j), where (x,y|m,j)= ¢n j(x,y). By switching
variables in the integral, we have T(L)|m,j)=

Jf dxdyexpljs(Lxy + 5LiLy) 1X.)[(x = Ly,y = Ly m. j).
Using the properties of Eqs. (37) and (38), we can prove the
following:

~ AN . j2r o Ne oo .
TipLyjis - ojn) = X 2=t ji o jn). (39)

This was possible because there is no Ly in the L= pL,y
translation, and hence the factor exp[l%(ny + %LXL Wl=1
The relative translation operator by pL,X, T;(pL,X) has the
factor exp(l%N"T:lpny) = exp[ii—’iq(Ne — 1)y;] if it acts on
the particle i in the single-particle decomposition, which
cancels the factor exp[—i%q(Ne — 1)y;] present in (x; —
N"T:lpLx,y,- |m,j). Similarly; T,-(pLXi) there contains opera-
tors Tj(—pL%/N,). These give a factor exp(— l’—z NLEpnyj) =
exp(—ii—’fqyj) which cancel the factor exp(i%qy ;) arising

from (x; — ;/—:pLx,yj |m, j). We hence obtain

Ti(pL®)ljr, - - N+ q). (40

We hence found that (in the Landau gauge), the many-body
Hilbert space vectors |j1, R ,jNe> is an eigenstate of T;(pL, )

7jNe> = |]1 +q1

with eigenvalue ¢/ ¥ i1 i dependent on the total momentum
vaz”l ji(mod N). Due to the denominator N, the momentum
is defined only by mod N, which is an explicit way of
seeing that the relative momentum BZ is made out of N
ky, momenta. Note, however, and this is essential, that this
does not imply that all states with identical Z,N=1 Ji(mod N)
belong to the same Hilbert space. In fact, only states with
all ZlN: | Jilmod Ny) belong to the same Hilbert space.
The construction of relative translational symmetry-sorted
Hilbert space proceeds as follows: First, write all possible
states |ji,...,jn,) with no constraint other than no double
occupancy of orbitals in the case of fermions. Now sort the
Hilbert space into different sectors given by the constraint that
each sector contains terms with identical 3", ji(mod Ny). No
two states having different ZfV: | Ji(mod Ny) can be coupled
by a momentum-conserving Hamiltonian. Since Ng = ¢N,
there will, in general, be several more sectors, with different
vazfl Jji(mod Ny), which have the same Z,N=1 Jji(mod N). It is
hence a mistake to first sort the Hilbert space first by sectors
with identical ZINZ”I Jji(mod N): This will result in a much
larger number of free-many-body states per sector, because
the states have yet to be sorted by ZlN: | Jilmod Ng). Once we
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have sorted the states by ZZV;I Ji(mod Ny), for the elements
in one sector (which has a momentum exp(—ik,L,/N) =
exp(i2m ZlN:l Ji/N)explitpg(N, — 1)]) we must imple-
ment the translational symmetry in the other direction.
As the translation operator T,-(pL,C)?) takes |ji,...,Jwn,)
into |j1 +4,...,jn, +¢g) (which crucially, has a the iden-
tical ", (ji + ¢)(mod Ny) = (gN, + 3N, ji)(mod Ny) =
Z,N;l Jji(mod Ng), and same thing with Ny replaced by N,
so k, remains unchanged), we must form the orbits of this
operator. This operation goes as follows: For every element of
the set | ji, ..., jy,) form all the elements | j; + gk, ..., jn, +
gk) with k € Z. These elements form the orbit of T;(pL.%).
Let the number of elements in an orbit be Z. We can form
eigenstates of the 7;(pL,%) by taking combinations of the
states in an orbit:

z

k) = 3 e FHji gk, jx, + k), @D)
k=0

where n is an integer. The k, momentum of these states has
been already established by the equation exp(—ik,L,/N) =
exp(i2r Z,N=1 Ji/N)explimpg(N, — 1)]. To establish the k,
momentum, we note that

Ti(pLo®)lky ky) = €% [ky ky)
= (—l)pq(N"_l) exp(_ikax/N)|kaky)
(42)

and, hence, exp(—ikyLy/N) = exp(i2nn/N)
explirpg(N, — 1)], where n € [0,...,N — 1] is an integer.
These are the basis states explicitly translationally invariant
with the relative translation operator. They allow a large
simplification of numerical computation and explain the
degeneracies observed in the spectrum of any translationally
invariant Hamiltonian. We come back in more detail to the
explicit construction of a translationally invariant Hilbert
space in the Sec. III.

D. The density algebra in the lowest Landau level

The results above can be put in an equivalent form when
written in terms of the projected density algebra. In a similar
way to how one defined the guiding center momentum K, =
I, — lh—z(ﬁ X F)g, a guiding center coordinate R, (one-body
operator) can be defined

? - o2 -
Razra—ﬁ(l'[xﬁ)a, RzﬁzxK, (43)

where r is the position of the particle. The guiding center
coordinate is then related to the guiding center position
and one can obtain the similar commutations: [I1,,Rg] =0,
[Ro,Rgl =1 lzeaﬂz. We cannot build a guiding center density
operator:

p(§) = Tk, (44)

It is known that this operator has several interesting properties.
First, it satisfies the GMP algebra:

i

P@P@G) = pG + e @Dz, (45)
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which is not surprising as it is just a restatement of the guiding
center translation operator:

- 5% L
T(L):p(Z; ) (46)

The relation between the translation operators and densities
means that a// the many-body translation operators obtained
in the previous section can be expressed in terms of the density
operators If we define the two fundamental lattice momenta
G1=2mLyJA G = —27TL1/.A where A is the area of the
BZ A= 271[2N¢, we obtain T(Lmn) = (0(Gup))* With g =
mq, + ngs, and [ (,o(qnm)) = 0. From here on, one can
just copy the many-body formulation of the translation opera-
tors to obtain it in terms of the guiding center densities and de-
fine a center-of-mass density p(G,m) = ]_[lN= 1 Pi(Gnm) and a set
of self-commuting relative density operators p;( pN¢§nm) =
Pil(Ne = D)pNyGum/Nel T1 3% £;(—PNgGum/Ne), which can
be simultaneously diagonalized to obtain the relative mo-
mentum quantum numbers, an identical copy of the situation
encountered in the translation operator example.

It is crucial to understand how the guiding center density
relates to the usual density operator po(g) = exp(ig - 7). It is
easy to prove that, up to a factor, the guiding center density
equals the projection of the usual density operator into the
lowest Landau level:

o). @7)

In other words, the guiding center density is the projection of
the usual density into the lowest band of the Landau level
insulator. Let us recapitulate the bidding. The many-body
translational symmetries can be expressed in terms of a set
of many-body density operators that obey a GMP algebra and
who are the projection of the regular density operators in the
lowest band of the insulator.

PP = e

III. COUNTING OF ZERO MODES FOR THE
READ-REZAYI AND OTHER MODEL STATES
(AND QUASIHOLES) PER MOMENTUM SECTOR
ON THE TORUS

In this section, we present a procedure which allows for
the computation of the number of zero modes (ground states
and quasiholes) of many model FQH states resolved per each
ky,ky momentum sector of the relative translational operators
T(pLxx) T(pLyy) We aim to obtain this counting without
diagonalizing the Hamiltonians for which these model states
are exact zero modes. We aim to give a combinatoric procedure
for counting the states that is valid and can be performed for
any number of particles. All states whose quasihole counting
satisfied a generalized Pauli principle in orbital space are
amenable to our construction. In a later section, we use this
counting and the one numerically obtained from the FCI to
check the emergent symmetry proposed in the FCI.

We work with a system of Ny orbitals. If that system was
the sphere manifold, the problem of counting the zero modes
of certain pseudopotential Hamiltonians can be related to the
problem of counting partitions satisfying certain conditions.
The same conditions, subject to another periodicity constraint,
are valid on the torus. We now state and justify these
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conditions, which have been obtained in previous studies.?' %

Fermionic/bosonic many-body wave functions of N, particles
on any manifold can be expressed as linear combinations of
Fock states in the occupation number basis of the single-
particle orbitals. Each Fock state |A) can be labeled either
by the list of occupied orbitals, A, or by the occupation
number configuration, n(1). A = [A1,A2, ...,Ax,]isan ordered
partition of (the z angular momentum L!* on the sphere

and) the one-dimensional momentum K = Z,N: | Ai(mod Ny)
on the torus into N, parts and each orbital with index A;
is occupied in the Fock state. We number the orbitals on
the torus from O to Ny — 1, and hence each A; belongs to
this interval. By definition, A; > A; if i < j, and reordering
of the basis acquires the appropriate number of negative
signs depending on whether the state is bosonic or fermionic.
n()) is the occupation number configuration. It is defined as
n(A) ={n;A),j =0,... Ny}, where n;(}) is the occupation
number of the single-particle orbital with (angular) 1 — D
momentum j. In the un-normalized basis in the lowest Landau
level on the torus,

(z1,...,2nlA) = S[¢O,A1(Zl) SR ¢0,AN(ZN)]7 (48)

where S is the process of symmetrization/antisymmetrization
over all indices i,j such that A; # ;. In this section, we
repeatedly use special kinds of partition: the so-called (k,7)-
admissible partition. For bosons, a (k,r)-admissible partition
labels a configuration whose occupation configuration has
no more than k particles in r consecutive orbitals. For
fermions, a (k,r)-admissible partition labels a configuration
whose occupation number has no more than k particles in
k + r consecutive orbitals and not more than two particles in
two consecutive orbitals. For example, [2,2,0,0] is a (2,2)-
admissible bosonic partition on the torus of Ny =4, while
2,1,0,0 is not. On the torus, due to its periodicity (the orbital
of one-dimensional momentum 0 is identified with the one of
momentum Ny) [2,2,0,0] is not a (2,2)-admissible partition
on the torus of Ny = 3, as depicted in Fig. 1. For obvious
reasons, we call these admissibility rules generalized Pauli
principles. Partitions satisfying Pauli generalized principles
as the (k,r) one above, or other more complex ones play a
prominent role in the physics of the FQH as it was proved that
they count the Hilbert space of the quasiholes of many model
FQH liquids. The number of (k,2)-admissible partitions count
the number of quasiholes of the Z; RR state, while the generic
(k,r) case counts the number of Jack polynomials states.
On the sphere, other concepts such as squeezing, etc., are
important, but they are not on the torus and we do not discuss

&> €» €

(@) [2,2,0,0] Ny= 4 (b) [2,2,1,0] Ng= 4 (€) [2.20.01N =3

FIG. 1. (Color online) A schematic view of the partitions on the
torus geometry. The shaded regions are the orbitals [four for panels
(a) and (b), three for panel (c)]. Among the three examples, only
situation (a) corresponds to a (2,2)-admissible partition on the torus.
On the sphere geometry, both (a) and (c) would be (2,2)-admissible

partitions.
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them further, referring the reader to the existing literature.*
On the sphere and on the torus, the bosonic RR sequence
at filling v = k/2 here (see Sec. III for other model states),
are the unique, highest-density zero-mode wave functions of
(k + 1)-body pseudopotential Hamiltonians.?' Recent work”!
has shown the RR bosonic wave functions ¥ to be Jack
polynomials J; indexed by a parameter o = —(k + 1) and
the densest possible (k,2)-admissible “root” configuration?
n(xg) = {kOkOkO - - - kOk}. On the torus, no extension of the
Jack polynomials exist, but the correspondence between zero
mode and partition counting is still valid. One can imagine
it does, as the admissible partitions implement a generalized
Pauli exclusion statistics, which should be independent of the
manifold on which the state resides. On the torus, at filling
k/2, Ny =2N,/k for the ground-state and bosonic (k,2)-
admissible partitions, we obtain the correct degeneracy (k + 1
for the Z; RR ground states on the torus) by just counting
the occupation number configurations with no more than k
particles in two consecutive orbitals [k 0 k O, ...,k 0], [k —
I11k—11,....k—11],[k—22k—22,...,k—22],and
so on until [0k Ok, ...,0k]. Quasihole counting proceeds
identically. Counting states through partitions in this way is
usually referred to as the “thin”-torus limit, although we stress
that this counting also applies for the sphere (where it can be
analytically proved through the Jack-polynomial mapping), as
well as for the finite-size torus.

The counting of quasiholes for the Jack polynomial
states proceeds as follows. First, in the one-dimensional
momentum on the torus, write all the (k,r) partitions (r = 2
gives the RR series) A = [A{,...,Ay,] possible on the torus
(remembering that the torus is periodic). Their number is
the fotal number of the quasihole states for that flux. We
now aim to resolve the partitions by assuming they represent
states and check their properties under the relative translation
operators. It is trivial to first resolve k,. To obtain all the states
(unresolved in k,) at a certain k, we sort the partitions based
on the values of vazl Ai(mod Ny). Partitions with the same
vazfl Ai(mod Ny) belong to the same k,, whose value given by
exp(—ikyL,/N) = expli2nm ZlN:l ri/N)exp(irpg(N, — 1)].
Call such a set of partitions {A*}. We now must implement
the translational symmetry in the x direction with
momentum k,, which we do as in the previous section.
From all the partitions {A%} we again form the orbits
by taking all partitions [A; +gs,...,Ay, +¢gs], forming
the orbit of number of elements Z and form the states
ZSZZO exp(i2nns/N)[A +gs, ..., Ay, +qs] with momen-
tum  exp(—ikyL,/N) = exp(i2nn/N)explitrpqg(N, — 1)].
Several important things must be taken into account: In the
elements of one orbit, [A| 4 ¢gs, ...,Ay, + gs], one needs to
bring them to the same form of decreasing elements. Note
that this is not trivial as A; + ¢s is defined as mod Ny and that
it could involve sign changes for fermions. Also, for some
n’s the linear combination of the orbit’s partitions might not
exist, as some states make up single orbits. We see this in
the example below. For other orbits, the number of elements
might be smaller than N, in which case again not all k,
momenta can be present. By building the states |k,,k,) one
can clearly see which momenta are missing. After momentum
resolving, we can easily count the number of states in each

PHYSICAL REVIEW B 85, 075128 (2012)

ky .k, sector. Note that while this procedure is constructive
(we do not have a theoretical expression for the number of
quasiholes per sector, but only a way to construct them), it is
an analytic map from a series of admissible partitions in one
dimension to a two-dimensional relative momentum BZ.

A complete understanding of how the counting of quasi-
holes per sector works comes from working out an example.
We try to resolve the counting of quasihole states ofav = 1/3
Laughlin state of two electrons N, = 2 on a torus of Ny = 12.
The quasihole states are the zero modes of the Laughlin
quasiholes. Per our analysis above, the spectrum of any
translationally invariant Hamiltonian has a (note N, /Ny = 1/6
is the filling of the system; the degeneracy comes from it, but
we are looking at the quasiholes of the v = 1/3 Laughlin
state, and the counting will reflect that) sixfold degeneracy.
We aim to show that the counting of zero modes satisfies this
center-of-mass degeneracy. Note that the value of N,/ N fixes
the degeneracy while the specified FQH state whose quasiholes
we try to find v = 1/3 fixes the Pauli principle responsible
for the counting. To start, we write a// the (1,3)-admissible
partitions in Ny = 12 orbitals of N, =2 particles. There
are 42 such configurations and they are given in Table I.
Since N,/Ny = 1/6, by our theory, the spectrum should be
sixfold center-of-mass degenerate. The nondegenerate states
should be resolved by k, and k, relative translation momenta,
which each take GCD(N,,Ng) =2 values 0,2m/L, and
0,27 /L,. Per our procedure, we first sort the state into ones
with values Z,N:” | Ai(mod Ny). Table II presents the partitions
sorted in such way (they can obviously also be read from the
fifth column of Table I).

Notice that the ), mod N =0 sector (which is the
equivalent of the k, = 0 sector, as (—1)?Y®™=D = 1 has three
elements while the ), mod N = 1 sector (the ky = 27/L,
sector) has four elements. Notice how the counting of each
of the k, = 0,7/L, sectors is g = 6-fold degenerate, as the
theoretical symmetry analysis mentions. We now would like
to implement the x translational symmetry to find the counting
of Laughlin quasiholes per momentum sector. The same result
is obtained no matter which of the sixfold degenerate sectors
we pick.

We first look at k,, = 0 sector with the states mapped by the
partitions [8,4],[9,3],[10,2]. To form the orbits we must look
at all elements [A; + gs,A2 + gs] = [A; + 6s,A; 4+ 6s]. The
orbit of [8,4] contains [14,10] = [2,10] (and obviously the
orbit of [10,2] contains [16,8] = [4,8]). Hence, the two states
[8,4],[10,2] can be used to build momentum eigenstates:

In.ky = 0) = [8,4] + ¢ ¥ [14,10] = [8,4] + ¢’ ¥ [2,10]

= [8,4] — ¢""[10,2], (49)

where we have used N = 2 and [2,10] = —[10,2] because the

particles are fermions. The action of the relative translation
operator gives

Ti(pL.#)[0,k,) = [14,10] — [16,8] = [2,10] — [4,8]
= 10.ky), (50)
and hence this state has momentum k, = 0. Similarly, the

state |1,k,) has momentum k, = 27 /L. Of the original three
states at momentum k, = 0, we now have to analyze [9,3].

075128-10



EMERGENT MANY-BODY TRANSLATIONAL SYMMETRIES ...

PHYSICAL REVIEW B 85, 075128 (2012)

TABLE I. Admissible (1,3) configurations (not more than one particle in three consecutive orbitals) for N, = 2 particles in N, = 12
orbitals. The total number of such configurations (42) equals the number of zero modes of the Haldane pseudopotential Hamiltonian whose
highest density ground state is the Laughlin state. We have N = 2 and hence two k, possible momenta, 0,7 /L.

No\b 0 1 2 3 4 5 6 7 8 9 10 11 [yl YA YAmodN, YA modN
1 1 o o 1 O O O O O O 0 O [3.0] 3 3 1
2 1 o 0 O 1 O 0 0O 0 0 0 0 [4,0] 4 4 0
3 1 o O O O I 0 O O 0 0 0 [5.0] 5 5 1
4 1 o o o0 O O 1 0O O O O0 0 [6,0] 6 6 0
5 1 o 0 0 0O O 0O 1 0 0 0 0 [7.0] 7 7 1
6 1 o 0O O O O 0 O 1 0 0 0 [8.0] 8 8 0
7 1 o o o0 O O O O O 1 0 0 [9.0] 9 9 1
8 o 1 0 O 1 0 0O 0 0 0 0 0 [4.1] 5 5 1
9 o 0o 1 o0 o0 1 0 0 0 0 0 0 [5.2] 7 7 1
10 0o 0o o 1 O O I 0 O 0 0 0 [6.3] 9 9 1
11 o 0 0 O 1 0 0O 1 0 0 0 0 [7.4] 11 11 1
12 0o 0 o O O 1 0 0 1 0 0 0 8.5] 13 1 1
13 0o 0o 0o 0O O O 1 0 O 1 0 0 [9.6] 15 3 1
14 o 0 0 0O 0 O 0 1 0 o0 1 0 [10.7] 17 5 1
15 0o 0 0 0 O O 0 O 1 0 0 1 [11,8] 19 7 1
16 o 1 0 0 O 1 0 0 0 0 0 0 [5.1] 6 6 0
17 o 0 1 0 0 O I ©0 0 0 0 0 [6.2] 8 8 0
18 o 0 o 1 O O O I 0 0 0 0 [7.3] 10 10 0
19 0o 0o 0o 0O 1 0 0 O 1 0 0 0 [8.4] 12 0 0
20 o 0 0 0 0O 1 0 0 0 1 0 0 9.5] 14 2 0
21 0o 0 0o 0 O O I 0 0 0 I 0  [10,6] 16 4 0
22 0O 0 0 0 0O O O 1 0 0 O 1 [11,7] 18 6 0
23 o 1 0 0 0 O I 0 0 0 0 0 6.1] 7 7 1
24 0o 0o 1 0 o0 O O I O 0 0 0 [7.2] 9 9 1
25 0o 0o o 1 O O O O 1 0 0 0 8.3] 11 11 1
26 o 0 0 O 1 0 0 0 0 1 0 0 [9.4] 13 1 1
27 0o 0 0o 0 0 1 0 0 0 0 I 0  [10,5] 15 3 1
28 0o 0 0o 0 O O I 0 0 0 O 1 [11,6] 17 5 1
29 o 1 0 0 0 O O 1 0 0 0 0 [7.1] 8 8 0
30 o 0o I 0 o0 O O O 1 0 0 0 8.2] 10 10 0
31 0o 0o o 1 O O O O O 1 0 0 [9.3] 12 0 0
32 o 0 0o O 1 0 0 0 0 0 1 0  [10.4] 14 2 0
33 0o 0 0o 0 O 1 0 0 0 0 O 1 [11,5] 16 4 0
34 0o 1 0 0O O O O O 1 0 0 0 8.1] 9 9 1
35 o 0 1 0 0 O 0O 0 0 1 0 0 [9.2] 11 11 1
36 0o 0 0o 1 0 0 0 0 0 0 1 0  [10,3] 13 1 1
37 0o 0 0 0 1 0 0 0 0 0 O 1 [11,4] 15 3 1
38 o 1 0 0 0O O 0O O 0 1 0 0 [9.1] 10 10 0
39 0o 0o I 0 0 0 0 0 0 0 1 0  [10,2] 12 0 0
40 0o 0 0o 1 0 0O 0O 0 0 0 O 1 [11,3] 14 2 0
41 o 1 0 0 0 O 0 0 0 o0 1 0 [10,1] 11 11 1
42 0o 0o I 0 0 O 0O O 0 0 O 1 [11,2] 13 1 1

As it is a single state, it forms an orbit by itself. This is
indeed true, as [9 + 6,3 + 6] = [15,9] = [3,9] = —[9,3]. Due
to the fermionic sign, this is state at momentum k, = 27 /L.
We have now determined that we have 1 zero mode state
at momentum k,,k, =0,0 and 2 at momentum k. k, =
27 /Ly,2m/L,. Note that, of course, our choice of which states
to pick for the k, = 0 momentum is irrelevant, giving the
same counting. If instead we had picked the set of k, =0
states [9,5],[10,4],[11,3], then [9,5] —[11,3] would be the
state at k, = 0, while [9,5] + [11,3] and [10,4] would be the
state at momentum k, = 2m/L,. This completes the symmetry
analysis of the zero modes of 2 particles in Ny = 12 of the

Haldane pseudopotential Hamiltonian for the Laughlin state
atk, =0.

We now look at k, = 2 /L sector with the states denoted
by the partitions [8,5],[9,4],[10,3],[11,2]. The orbit of [8,5] is
[2,11] = —[11,2], while the orbitof [9,4]is [3,10] = —[10,3].
Hence, the state [8,5] — [11,2] has momentum k, = O, while
[8,5] 4+ [11,2] has k, = 2m/L,. Identically, [9,4] —[10,3]
and [9,4] + [10,3] have momenta k, = 0,7 /L,. Hence, there
are two states for k, = 0 and two states for k, = 27w /L,. The
same counting would be obtained if we picked any of the other
states at k, = 27 /L,. We have now given a combinatoric
prescription for counting the states per momentum sector
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TABLE II. Partitions [A;,A,] sorted by identical Zi A; modNy.

> A; mod N, [A1,A2] > X mod N
0 [8,41;[9,3];[10,2] 0
1 [8,51;[9,4];[10,3];[11,2] 1
2 [9,5];[10,4];[11,3] 0
3 [3,0];[9,6];[10,5];[11,4] 1
4 [4,0];[10,6];[11,5] 0
5 [5,01;[4,1];[10,7];[11,6] 1
6 [6,0];[5,1];[11,7] 0
7 [7,00;[5,2];[11,8];[6,1] 1
8 [8,01;[6,2];[7,1] 0
9 [6,3];[7,2];[8,1];[9,0] 1
10 [7,31;18,2];[9,1] 0
11 [7,4];18,3];19,2];[10,1] 1

of the relative translation operators. For two particles in
12 orbitals the quasiholes of the Laughlin state have the
following quantum numbers: 2 states in each of the k. k,
equalto 0,27 /L,,2n/L,,0,and 27 /L,,27 /L, momenta, and
1 state in the 0,0 momentum. There is sixfold center of mass
degeneracy which multiplies these 7 states to obtain the total
of 42 quasihole states.

As a last simple example, let us look at resolving the
quantum numbers of the bosonic ground states of the Haldane
pseudopotential for the MR interaction for N, = 4 particles
in Ny = 4 fluxes. As N./Ny =1 there is no center-of-mass
degeneracy and the BZ of the relative translation operators is
a 4 x 4 momenta. We first write down all the (k,r) = (2,2)
partitions (whose counting corresponds to the bosonic MR
state) of four particles in four orbitals. They are, in occupation
number 2020, 0202, 1111, totaling three, the correct non-
Abelian degeneracy of the MR state, and they correspond to
the partitions A = [2,2,0,0],[3,3,1,1],[3,2,1,0], respectively.
We first sort the states by Z?:l A;(mod 4), which gives 0,0,2.
The Z?zl A;(mod 4) = 2 state is [3,2,1,0] and has e & Lv/4 =
e/?72/4 . (—1), the — sign coming from pg(N, — 1) being
odd. Hence, k, = 0. We now find its k,: Ti(pLx)?)B,Z,l,O] =
[4,3,2,1] =1[0,3,2,1] =[3,2,1,0] by virtue of the bosonic
nature of the state. Hence, e /N = —1 or k, = 4n/L,.
There is one state at k,,k, = 4m/L,,0. The two other states
[2,2,0,0],[3,3,1,1] belong to the ky, = 4m /L, sector and to
the same orbit. We hence form the states

[0,ky) = [2,2,0,0] + [3,3,1,1],

|1.ky) = [2.2,0,0] + ¢'7[3,3,1,1] = [2,2,0,0] +i[3.3,1.1],
(51

12,k,) = [2,2,0,01 — [3,3,1,1],

13,k,) = [2,2,0,0] + ¢/ 7 [3,3,1,1] = [2,2,0,0] — i[3,3,1,1].

It is clear that two states [2,2,0,0], [3,3,1,1] cannot be made
into the four independent momentum states above. Indeed, this
is because |1,k,),|3,k,) are not momentum eigenstates; for
example, 7;(pL,%)| 1,ky) =i|3,ky). The only two momentum
eigenstates are |0,k,) at momentum k, = 47 /L, and |2,k,) at
momentum k, = 2m(4mod N)/L, = 0. We now found that
our combinatoric counting principle predicts that the zero
modes of the Haldane pseudopotential for which the MR
wave function is the ground state are resolved by the relative

PHYSICAL REVIEW B 85, 075128 (2012)

translation operators into momenta k,,k, equal to (47 /L,,0),
(0,47 /L), and 4m/l,,4m/Ly). An exact diagonalization of
the Hamiltonian confirms this.

It is immediately obvious that the current example can
be easily generalized to all the (k,r) states. Our procedure
allows for a combinatoric approach to resolving the number of
quasiholes per momentum sector just by counting partitions. It
goes beyond the usual counting on the one-dimensional-torus
momentum which can only give the total number of quasiholes
per one-dimensional momentum. More examples and data for
Abelian and non-Abelian states are presented in the section
which uncovers the mapping of FQH to FCI.

IV. EMERGENT MANY-BODY SYMMETRIES IN THE
FRACTIONAL CHERN INSULATOR

In this section we show the appearance of many-body
translational symmetry operators in the FCI. We first rederive
the result, obtained in Ref. 15 and rederived in Ref. 33, that the
long-wavelength algebra of the projected density operators in
a Chern insulator has a GMP form when the Berry curvature
variation is not large. We show that the noncommutativity of
the projected density matrices is required by the nonzero Chern
number in the nontrivial Chern insulator. We then show that
the problem of a Hamiltonian with such a projected density
algebra can be mapped into a FQH problem of a translationally
invariant Hamiltonian superimposed on a background lattice
of N, x N,(=Ny) sites. We then show that this problem
admits relative translational operators and momenta which
are a folding of the ones obtained in the FQH case in the
continuum.

A. One-body projected density algebra of an insulator

In this section, we rederive the result obtained in Ref. 15. We
work with translationally invariant one-body Hamiltonians,

H= " clhi_japcip. (52)

i,j,oB

where «, 8 contain orbital and spin indices. We call « an orbital
index. We now quickly introduce some conventions. Our

. . . . 1 —ikj
Fourier transform sign Son:/entlon Is o = 757 > e " eig,
where by kj we mean k - j and N; is the number of sites on
a lattice with aspect ratio N, x N,. The Bloch Hamiltonian
matrix is hgp(k) = \/;NT >, e *h, . The Bloch Hamilto-
nian can be separated into normal mode operators y;' at
momentum k of the band n H =), , E,(k)y;" v, where
the normal modes can be written as a matrix rotation of the
original electron operators y;' = > s u*sck p. The elements
of the matrix are quﬂ, which form the eigenstates of the Bloch
Har.niltoni'an Zﬂ ha,g(k)uz’ﬂ = E,(k)uj ,. We then define the
projector into the band n at momentum k by

Poc = 1. 10) (Ol yf". (53)

Fractional topological insulators are usually constructed and
observed in models with fractionally filled bands whose
bandwidth is very small, such that interactions and not the
kinetic energy dominate the physics. The ideal example of

075128-12



EMERGENT MANY-BODY TRANSLATIONAL SYMMETRIES ...

such an insulator is the flat band one-body deformation of any
Hamiltonian insulator 4 (k):

Hpp=— Y Pui+ D, Puix (54

ni,Eyk<p n2,Eny k>

From now on, we consider the physics of the (fractionally)
occupied bands and look only at projectors into the occupied
bands. We define the density operator per orbital « at

site j, pj‘ = c}acja, whose Fourier transform reads pj =
«/;NT ey = \/;NT > c;kco,,kw. Notice that we do not
shift the sum to put k + g /2,k — g /2 because, while perfectly
suitable in the continuum, that would change the boundary
conditions on a lattice at which ¢; is quantized in units of
2n/N; (i = x,y).

As we are interested in the low-energy physics in the
fractionally filled bands, we define the projected density
operator fy""> = Pu, k0§ Pn,x,» Which has the following

~np,any 1 nl* ny nt ny
form: g = TN Lk, ak|+q5k2qk1+qyk, 10)(Ol¥, 5, The

full projected density involves a summation over the orbital
o, and over the projection operators P =), . Py x:

nix_ Ny
u(x ku(x k+q yk

¥ nyno,onk

hoyolys,. 65

Taking two densities at momenta g and w, we obtain

1
— nyx Ny no*
[og:ow] = 2 : (“a kYo k+qUp, k+q“,s ktwtq
5 konpnama.a.p

nyx ny iy my 1t my
Mﬂ kuﬂ ktw o k+w ak+w+q)yk |0><0|Vk+q+w

(56)

We particularize to the low-wavelength continuum limitg < 1
(in lattice constant units). On a discrete lattice, low g represents
a small integer combination of 27r/N;. In this limit, a Taylor
expansion gives

Wyprg = Uor + diditty s + 50140015 (57)

where d’s denote discrete momentum derivatives. We expand

the difference in Eq. (56) in the wavelength limit and

use the identities Y, uy' s un’y = Su s Do (Oitty'} Dy, +
nyx ny

Ug't, 8,<umkl = 0and

A-'[2(8‘MZ‘ZI)(M”2 )+ (@050 Jugl,
me (8,9ul,)] =0 (58)

(valid for A;; a symmetric tensor) to find, after tedious algebra
(presented in Appendix A), that in the long-wavelength limit,

nix_ Ny m7

nix. ny Nax my
Uy kU k+qU B k+qUk+wt+q — UpkUB k+wla, okl K+wtg

np

i nym
R E(inj - wi‘]j)Fijl 2 (59)

where F/'™ is the non-Abelian field strength, F;;"™ =
9; A;l] ;AT — i[Ai,Aj]”“’"z, with the Berry poten-
tial A" = —i )", uy"*d;u}y” the non-Abelian field strength.
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Reference 15 hence finds

i 1
[og.pul = —5(qiw; — w,-qj)ﬁs
X Z Fi*;l,WLz n‘T|0><O|Vk+q+w (60)
k,ny,my

The difference with the result of Ref. 15 is only apparent
because we are working in the low-wavelength limit g,w
small and we kept terms to second order in g,w, to the order
in perturbation theory that we are working at; we have that
Dopuskug (k=) ~ Y, ug*(ky)uy (k) = 1, which proves the
equivalence between the formula in Ref. 15 and the above. The
smallest g,,w, are g, = 2w /N, and g, = 27 /w,.

Before we investigate the full implications of this result,
we point out three important results. First, the commutator
of two densities has to be nonzero in a nontrivial Chern
insulator. That is so because the Chern number of the insulator
can be expressed as a trace over the density commutator, as
shown in Appendix B. Second, the commutator of densities at
the smallest available lattice momentum 27 /(N,a),2m /(Nya)
with a the lattice constant is identical to the commutator of
the projected X and Y lattice position operators, as shown in
Appendix C. The trace of this commutator is known to give
the Chern number. Third, as a bonus, the expression of the
Chern number in terms of the commutator of the projected
X,Y coordinates allows for a direct derivation of the Chern
number of the continuum Landau level, which was not possible
with the usual Thouless, Kohmoto, Nightingale, and den Nijs
formula for the Chern number which involve derivatives over
the two momenta. We show this in Appendix D.

B. Girvin-MacDonald-Platzman algebra for insulators
with smooth Berry curvature

We now particularize to two-band models (insulators with
one band below and above the gap) or to many-band insulators
where the non-Abelian components of the field strength can be
neglected. We observe that the commutator in Eq. (60) does not
form an algebra as the right-hand side is not easily expressible
in terms of a density operator. However, the commutator
algebra has an eerie similarity to a GMP algebra at long
wavelength. As pointed out in Ref. 15, if the local Berry
curvature can be replaced by its average,

Jor d*kBuk)  27C
J d% @rjap’

where C is the band Chern number. We then observe that the
field strength can be taken out of the sum in Eq. (60), and, to
zerothordering + w, pg4w = Y V£T|0)(0|V/ﬂq+w +0(q +
w). The commutator algebra then becomes

i(g x w) 2 C
T o jap
which is identical to the GMP algebra at small g. Several
comments are now necessary. First, in a two-band insulator,
it is impossible to have a constant Berry curvature due to the
no-hair theorem,* although this seems possible in insulators
with four or more bands.>* However, we from now on assume
that this is indeed possible, and assume the validity, at low
energies of the GMP algebra for Chern insulators. We then

Fij(k) = €ijm B (k) = €; (61)

[pq’pw] = B Pg+w> (62)
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observe that the density algebra for the Chern insulator is
identical for low momenta to the one for the Landau level QH
problem if

G x) 2o =G % ) 2, (63)
where g,w are the smallest values of the momentum on
the lattice: g =27 /(Nya)X, w =27 /(Nya) while g, =
ZNZZ/A, G = —2]‘_{24/4 are the smallest momenta of the
QH torus. A= (L x Ly)-2=2nI’N, is the area of
the continuum torus BZ, (27'[/(1)2 is the area of the BZ on
the lattice, and we specialized, without loss of generality to
a square lattice. Since the lowest Landau level (LLL) has
Chern number 1 (see Appendix D), we also took C = 1.
We hence have (G x §») - 21> = 27)*?/A =27 /Ny = (§ x
w) - 2(2271”/5)2 = 27 /(N Ny), which leads us to the equivalence
of the GMP algebras for a Chern insulator with Chern number
1 on a lattice with N,, N, sites in the x,y directions and the
algebra of the QH effect on a torus pierced by N, flux quanta

if

Ny =N, - N,. (64)

An important remark should be made here. As pointed out in
Ref. 15, it is important to realize that there is no one-to-one
mapping between the Chern insulator density algebra and the
FQH one. First, the FCI density GMP algebra is valid only at
long wavelengths, and it will be our assumption that as system
sizes reach thermodynamic limit, its application transcends
the long-wavelength limit and it becomes an approximate
symmetry of the system at all wavelengths. This is indeed
justified a posteriori by our extensive numerical checks,
which prove the existence of center-of-mass degeneracies
in the Chern insulator which would be possible only if the
many-body translational operators obeyed GMP algebra for
all wavelengths. Second, the number of density generators in
the FCI and FQH differ (N in the FCI, N, f in the FQH)," but,
as was pointed out in Ref. 15, there are many instances when
the significant physics is governed only by the N operators in
the FCI.

C. Fractional quantum Hall to fractional Chern insulator
mapping

We now found that the constant Berry curvature Chern
insulator density algebra is identical to that of electrons
in a uniform magnetic field with number of fluxes Ny =
Ny - N,. Hence, the translational symmetries of the two
problems should share similarities. To complete the analogy,
since the Chern insulator is defined on a lattice, we need to
introduce a lattice to the FQH problem. We are then led to
consider the translational symmetries of the Hamiltonian in
magnetic field:

Ne

1 2 1 e iG-(r;—Tr;)
H= s Dt g V@ e
j q i<j
N, N, Ny

+Vo Y D 0D G — mlk — nlyP), (65)

i=1 m=1 n=1
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with [1; = —ihV; — eA(r;) = —ihV; + |e|A(r;) the canon-
ical momentum in the presence of a magnetic field. N, is
the number of electrons in the system. We choose not to
gauge fix and have V x A = B.The positions of the particles,
{F;}, reside on a two-dimensional torus of generators Zl,
L». The Hamiltonian is periodic under translations by these
vectors, V(7; — ;) = (F; — Fj + Zlqz) and can be written as a
sum over the allowed reciprocal vectors g. A = |Zl X Z2|
is the area of the sample, and g =mgq, +ng>, m,n € Z
and ¢, = 27”Lg X2, gy = —27”2 x L. We choose to work
on a square lattice, without any loss of generality. If the
Hamiltonian of Eq. (65) was made out of only the first two
terms, the symmetry analysis would have been identical to
the one presented in Sec. III and the number of states of
any model FQH state per momentum sector would have been
obtainable by our constructive procedure of implementing the
relative translational symmetries in both x,y directions on the
(k,r)-generalized Pauli principle states.

The last term of Eq. (65) implements the lattice with
N, sites in the x direction and N, sites in the y. The
lattice constants in the x,y directions are [, = L1/N,, [, =
Ly/N,. It makes electrons energetically favorable (for large
negative V;) to sit on lattice sites, and it makes the
momenta in the x,y direction take the discretized set
of values (¢ - £,g - §) = Qmi/(Nyly).27j/(Nyly)), with i =
0,...,Ny, j=0,...,Ny, which also serve as the momenta
of the many-body states. The problem defined by Eq. (65) is
similar to that of the Chern insulator: It has the same density
algebra in the long-wavelength limit, the same lattice, and
the same translationally invariant Hamiltonian. The two-body
Hamiltonian can be replaced by an n-body Hamiltonian, as
long as it is translationally invariant. A physical assumption is
then the fact that the low-energy spectrum of the FQH and FCI
problems (when the FCI problem has a topologically ordered
ground state) will be similar. More to the point, we take it
as a proof of the topological nature of the FCI state that the
low-energy manifold of states has the identical counting, per
momentum sector, to that of the FQH states at the same filling
in the presence of the latticein Eq. (65). We now find what that
counting is.

The presence of the lattice influences the symmetries
of the problem. The set of continuum translation operators
T;(a) is not valid unless a is a multiple of the lattice
constants /,£,/, 9. Hence, translational symmetry operators are
Ti(myl,%),T;(m,l,y). Although the one-body terms of Eq. (65)
commute with 7;(/,%),T;(l,9), due to the many-body interact-
ing term (which does not commute with those operators), the
Hamiltonian still commutes only with T;(N,I£),T;(N,l, ).
The Hilbert space is described by the two twist parameters:

T(N:LD|Y) = e |), TN LDIY) = e 1y). (66)
As the number of fluxes per unit cell plaquette is Ny /(N N,) =
1, the translational operators of unit cell length com-
mute: [T;(L%),T;(L,9)] = —28;; Ti(L.% + 1,9) sin(l [, /21*) =
0, since I.ly/21* = L,L,/2I*NyN, = 2I?Ny /21> N, N, =
7r. The center-of-mass translation operator 7' (d) = ]_[lN: , Tia)
commutes with the translation operator 7;(I,%) or T;(/,9)
if a=10,% or [,3. Notice that the operator T(ZI/N¢) [or
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T(iz/N¢)], which commuted with Y}(Zz), [or T}(Zl), respec-
tively] in the continuum limit, does not appear here because
Li/Ny = L{/(N:N,) = l,/N, is smaller than the permissible
lattice constant. Hence, the center of mass translation operators
commute between themselves and the exact g-fold degeneracy
apparent in the continuum FQH is reduced to a onefold
degeneracy of any sector (in other words, we do not have exact
degeneracies anymore). However, if by adding the lattice we
still remain in the FQH state, then remnants of the original
degeneracies and spectrum in the continuum should appear
even after adding the lattice. In particular, we know the
counting of the degenerate zero-mode quasihole states (for
FQH series such as RR) in the continuum, where they are zero
modes of pseudopotential Hamiltonians. We now try to find
what the counting is on the lattice momentum.

As we know the counting of the FQH per continuum
momentum of the relative translational operators, we now
try to implement the relative translational symmetries of the
problem. The relative translation operators in the continuum,
Ti(a) = T;[(N, — D)a/N,] ]_[Hgl T;(—a/N.), make sense only
if a/N, is a multiple of /. or [/,, and hence the relative
translation operators by the smallest amount are

Ti(Nelx2) = TN = DL [ Ti(~1d). (67

J#
and similarly for /,. We now ask two questions: Do these
operators commute with Y}(Zl), Y}(Zz) and do they commute
with the Hamiltonian of the problem? The answer to the first
question is an unequivocal yes, as L1, /21> = L, L,/2I*N, =
mNy/Ny, = mN,). The answer to the last question is no,
because T;(N,l,%) commutes with explig - (F; — 7;)] when
J,I # 1, as it translates both coordinates by the same amount
but does not commute with exp[ig - (; — 7)1,

Ti (Nl $)e' 170
— eié(?‘i+(Nz*l)lxﬁ)e*it?'(ﬁ*l,x-’?)eié?(ﬂ*71)'111, (NI, %)

— (TNl i AGTD T (N1 £), (68)

since g - £ = 2mj/Nil:, j =0,1,...,N,, and hence N,l, =
27 N,/Ny; an identical situation obviously occurs for
T,-(Nelyj)). As N.,N,,N, are integers, we now define several
important ratios and common denominators:

GCD(N,,N;) = Noy, GCD(NmNy) = NOyv

Ne = &, Ne = ﬂ (69)

N, qx N, qy
The g.,q, are integers and should not be mistaken for the
components of a g momentum vector. Fortunately, this mistake
is hard to do from the context. There are obvious relations
between the above and N = GCD(N,.,Ny),N./Ny = p/q,
but we will come to this later. It is then clear to see which
relative translation operators commute with the Hamiltonian:

T;(quelxﬁ) = TI(CIX(Ne - 1)1)655)1_[ Tj(_qxlxx’\)’
) i (70)
TiqyNely$) = Tilgy(Ne — DL [ | Ti(=aqy1, $).

J#i
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These operators commute with both translations and the
Hamiltonian. They also commute between themselves and
hence can be diagonalized (remember that in the Chern
insulator, the commutations are only approximate, low-energy
properties, as the GMP algebra is valid only at long wave-
length). We now ask how many eigenvalues of these operators
are independent. We use the same reasoning as in the contin-
uum limit and assume that the many- -body state experiences,
when acted upon by Z =1 exp(i Q 7;), an increase in its
momentum by Q as long as Q is an allowed lattice momentum
exp(i QL) = exp(Q,L,) = 1. The eigenvalues A

Ti(qe Nl + gy Ny DY () = 20y k) - (71)

can be easily obtained by following the continuum proof
closely and satisfy A(k) = D exp[—i(k,q,l, — kyq,l.)]. The
coefficient D can be determined by requiring that the k = 0
state has maximum lattice symmetry, and hence D[y (k =
0)) = Ti(gyNely )Y (k = 0)) = Ti(—qx N L X)|Y (k = 0)) =
T(q,N 1,9 — qc N L)Y (k = 0)). From here we obtain that

= (—=1)Z@NeWe=1) = 1 (notice the difference from the
continuum case, in which D could be both 1,—1). To obtain
the values of different relative momenta, we notice that

[T3(qx NL IV = [Ti(qy Ny 91N = 1, (72)

which implies exp(—ik,g,Noxlc) = exp(—ikyq,Noyl,) = 1.
Expectedly, ky =2mj/N.l, and k, =2nj/N,l, with j =
1,2’ .... Now that we obtained the values of the different mo-
menta, we can ask how many of these eigenvalues are distinct.
The eigenvalues appear as exp(ik,qyly) = exp(i27wjq./Ny) =
exp(i2mj/Noy) and similarly for the y component, so the
number of distinct momenta resolving the relative translation
symmetry is

2 j
kxzﬁv j=07"'1N0x_1;
2x N (73)
15
ky= =0, Noy—1
TN ’
This defines a Ny, x Ngp, BZ. The momenta of
the relative translatlonal operators of the FCI ky =
2mj 2
NTZY,]—O —1k=N’TI’,l—O y — 1, are
in fact foldmgs ofthek, = 2L, j =0,...,N; k), - ZLL{, I =

0,...,N momenta of the FQH. To show this, we first note
that both Ny, Ny, divide N. Indeed, since GCD(N,,N,) =
Nox, GCD(N,,N,) = Noy, and (Ng,N,) = (N:Ny,N,) =
N, we have that GCD(N,N,/Nox,N./Nox) = N/Nox =
GCD(qxN,,p.Ny,), which proves that N/Ny, is an integer
and similarly for N /Ny,. With N./N; = p/q, we have N, =
PN = p.No, and, hence, with N = p,No,/p = p,No,/p we
have that the FCI momentum quantum numbers &, ,k, of the
relative translation operator are a p./p, p,/p folding of the
FQH momentum quantum numbers in the x,y directions, re-
spectively. We have hence taken care of the relative momentum
quantum numbers.

In the FQH in the continuum there is a center-of-mass
degeneracy of ¢g. This center-of-mass degeneracy comes
from the noncommutativity of the continuum center-of-mass
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translation operators TCM(Zm,, /Nj). On the lattice, we also
know that since

Tt(quelx-f) ' TCM(qxlxxA) = Ti(quelx-f)a (74’)

the eigenvalue of Tcm(g.l %) is fixed once k, and 6, are
known [similarly for Tcm(gyly9)]. Since we have already
resolved the motion in the Ny, x Ny, BZ, we have a re-
mainder of ¢, x g, momenta to reach the full lattice BZ of
Ny x Ny. Tem(cX),Tem(l,9) form a maximally commuting
set of center-of-mass operators which can be simultaneously
diagonalized [note that in the FQH TCM(Z,M /Nj) could not
be simultaneously diagonalized] and which commute with
the Hamiltonian, so no exact degeneracies are generically
present. However, if the system is in the same universality
class as the FQH, the low-energy modes will then exhibit a
center-of-mass g, quasidegeneracy in the x direction and ¢,
quasidegeneracy in the k, direction. This degeneracy, as well
as the relative momentum, make up the full BZ of the N, x N,
lattice. Note that in the lattice example, all translation operators
commute with each other (courtesy of unit flux per unit cell),
so, in effect, we could just diagonalize those. However, we
choose to build the relative translational operators because in
the continuum case we already know the counting per the
momentum quantum number attached with these operators
in the FQH. To obtain the counting of the eigenstates per
FCI relative momentum, one needs to fold the FQH relative
momentum BZ. This folding now needs to be supplemented
by the mismatch in the center-of-mass degeneracy. In the
FQH, the center-of-mass degeneracy is g; in the FCI, it is
qxqy. In Appendix E we show that g/(g.q,) is an integer
number. The counting of states in the low-manifold, sorted,
per FCI relative momentum sector is a folding of the FQH
relative momentum BZ times the mismatch in center-of-mass
degeneracy ¢/(q.qy).

In conclusion, the diagonalization of a Chern insulator at
fractional rational filling should exhibit, in the topologically
ordered phase, a low-energy manifold of states with counting
which encodes the topological character of the state. The
low-energy manifold of states is a result of the emergent
translational symmetry of the system that the long-wavelength
GMP algebra implies. Fora N, x N, lattice with N, electrons,
the states in this low manifold will experience an emergent
center-of-mass degeneracy, with the spectrum being g, x g,
quasidegenerate (in the k,, k, direction). If the state developing
in the system is at filling p/q, the low-energy manifold will
contain either the ground states or the quasihole excitations
of this state. Once the center-of-mass degeneracy is resolved,
the spectrum of the FCI per relative momentum sector is a
folding of the spectrum of the FQH relative momentum BZ.
We present clear examples of this procedure in the next section
for the FCI at 1/3 Abelian topological order before presenting
numerical data on the Abelian and non-Abelian FCI states.

D. Two simple examples of the FQH to FCI mapping

We now look at two simple examples of how the analytical
construction in the previous sections can be applied to the
numerical data in both the energy and the entanglement
spectra. The counting per momentum sector can be obtained
from our FQH to FCI mapping. Lets first look at the specific
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FIG. 2. (Color online) Energy spectrumfor N =2,N, =3,N, =
4. The total number of states of the low-energy manifold the dotted
line is 42. Per momentum sector, the counting is three states if k, is
divisible by two and four states otherwise, irrespective of k, (there
are degeneracies in the spectrum, for example, there are five states at
momentum (0,0), the low-energy manifold being 3-fold degenerate
with zero energy

case of such counting for Ny x N, =3 x 4 lattice Chern
insulator model of Ref. 20 diagonalized in the flat-band
limit® with N, = 2 electrons and nearest-neighbor (on-site
being forbidden) Hubbard interaction. This interaction favors
a 1/3 Abelian state, which we know occurs in the FQH
state for short-range repulsive pseudopotentials. As the state
contains only two particles, we expect that the physics is that
of two-electron v = 1/3 Abelian FQH state plus a number
of six quasiholes. The physics also reveals the structure of
the pseudopotential two-body interaction in the FCI. The
spectrum, shown in Fig. 2, confirms this. We observe a clear
gap between a low-energy manifold of states and a high-energy
manifold of spurious states. We focus on the low-energy
manifold. By looking at the numerical data (Fig. 3, which
includes degeneracies), we see that the low-energy manifold
exhibits a counting of states of either three or four states per
momentum sector, depending on whether k, is divisible by 2,
as can be seen in Fig. 3. This clearly shows that the spectrum is
sixfold degenerate, and moreover, that this degeneracy splits in
a k, threefold degeneracy and a k, twofold degeneracy. This
is consistent with our analysis for N,/N, =2/3, N,/N, =
1/2, which fix g, = 3,q, = 2. Since the GCD(N,N,) =1,
while the GCD(Ny,N,) = 1, the relative momentum BZ is
made of k, = 0 and k, = 0,27 /(N,a), where a is the lattice
constant in the y direction. In this BZ, the counting of states
is 3,4, respectively, while the whole counting in the full
BZ of the FCI lattice is a 3 x 2 center-of-mass translation
of this in the x,y directions, respectively (see Fig. 3). In
the FQH effect, N,/N; = 1/6 and hence the center-of-mass
degeneracy of g = 6 (=g.q,) and there is no center-of-mass
degeneracy mismatch between the FQH and the FCI. The FQH
relative momentum BZ that remains after the center-of-mass
degeneracy is removed is a 2 x 2 BZ [GCD(N,,N,) = 2].
The Laughlin 1/3 Abelian FQH counting of quasihole states
analysis was presented in Table I. In that section, we found that
for two particles in 12 orbitals the quasiholes of the Laughlin
state have the following quantum numbers: 2 states in each
of the k,,k, equal to 0,27 /L, 2w /L,,0, and 27 /L, ,27/L,
momenta, and 1 state in the 0,0 momentum. There is sixfold
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Zero Mode Counting Per Relative Momentum Quantum
Number of the FQH Haldane Pseudopotential for the 1/3
Abelian (Laughlin) FQH state

(Momenta are in units of the smallest allowed

momentum)
kx ky Counting
0 0 |
0 | 2
| 0 2
| | 2

Fold the FQH relative momentum
BZ to get to the FCI

\d

kx ky Counting
0 0 1+2=3
0 | 2+2=4

FIG. 3. (Color online) Example of the FQH to FCI mapping for N, = 2, N, = 3,N, = 4 state. The spectrum of the one-body flat-band
Chern Hamiltonian?® with nearest-neighbor interaction is given on the left. The counting of the low-energy manifold of states exhibits clear
center-of-mass degeneracies and the relative momentum BZ of the FCI is a 1 x 2 BZ. The counting per momentum sector in this BZ is a
folding of the counting of zero modes of the Haldane FQH pseudopotential whose highest density state is the Laughlin state. This implies that
the universality class of the FCI state is the same as that of the v = 1/3 state.

center-of-mass degeneracy which multiplies these 7 states
to obtain the total of 42 quasihole states. Our theory then
implies that the counting of the FCI per relative momentum
sector is a p,/p = 2 folding of the FQH relative momentum
BZ. This folding gives a 2 + 1,2 4 2 counting for the k, = 0
and k, = 0,27 /(N,a) momenta, respectively, which perfectly
agrees with the numerical data (see Fig. 3).

For larger number of particles and quasiholes, the cleanest
example of the low-energy manifold of states whose imprint
characterizes the topological order is seen in the (particle)
entanglement spectrum of a FCI ground state. The particle
entanglement spectrum of the ground state reveals the physics
of the excitations of the system in the particular topologically
ordered state of the ground state. It is more robust than
the actual energy spectrum because the latter can exhibit
aliasing effects due to other states at nearby fillings. Since
the Hamiltonian used to obtain the spectrum is not a “model”
Haldane pseudopotential Hamiltonian but a generic Hubbard-
like one, adding too many quasiholes to the system can, in the

energy spectrum, take us to a state at a different filling (with
different quasihole counting). However, the entanglement
spectrum will keep the topological order (filling) of the original
ground state and reveal directly the quasiholes of that state.
For example, if we are looking at the energy spectrum of four
particles in 36 orbitals on the lattice, it is possible that instead
of seeing the spectrum of four electrons in a 1/3 Abelian state
with 24 extra quasiholes, we could, since the interaction is
generic Hubbard, obtain the spectrum of four electrons in a
filling 1/9 Abelian state or four electrons in a filling 1/7 state
with 8 extra quasiholes. However, the particle entanglement
spectrum of the ground state with N = 12 particles in 36
orbitals (filling 1/3) would reveal the physics of the excitations
of an Abelian 1/3 state if we look at the particle entanglement
spectrum (described below) of N4 = 4 particles versus the
rest.

The spectrum of the Chern insulator at 1/3 filling has
a quasidegenerate (threefold, as our analysis would imply)
ground state, at momenta consistent with the folding rule
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Entanglement
Spectrum of the FCI

A

PHYSICAL REVIEW B 85, 075128 (2012)

for 4 Particles Left in a
6 by 6 Lattice

FQH Effect:

Ne/Ns =1/9,

GCD(Ns,Ne) =4

4 X 4 Relative Momentum BZ

FCI:

Ne/Nx =Ne/Ny =2/3,
GCD(Nx,Ne) = GCD(Ny,Ne) =2
2 X 2 Relative Momentum BZ

FIG. 4. (Color online) Example of the FQH to FCI mapping for N,

Ky + N, * Ky
Ky X 0 1 2 3
0 185 182 185 182
1 182 182 182 182
2 185 182 186 182
3 182 182 182 182
0 1
Ky X
0 741 728
1728 728

1

=4, N, = 6, N, = 6. The one-body flat-band Chern Hamiltonian?® with

nearest-neighbor interaction for 12 particlesina 6 x 6 lattice has a threefold quasidegenerate ground state from which we build the entanglement
spectrum shown here. The low-energy manifold (below the dotted line) has 741 states in momentum sectors where N, (mod 2) = N,(mod2) = 0
and 728 elsewhere. The counting of the low-energy manifold of states exhibits clear 3 x 3-fold (in k,,k,) center-of-mass degeneracies and
the relative momentum BZ of the FCI is a 2 x 2 BZ. The counting per momentum sector in this BZ is a folding of the counting of zero
modes of the Haldane FQH pseudopotential whose highest density state is the Laughlin state. For example, the (0,0) relative momentum
sector of the FCI contains 741 states which exactly equals the p./p = p,/p = 2 folding 185 + 185 4 185 4 186 of the FQH Laughlin
quasihole counting. Likewise, the (0, 1) FCI relative momentum sector contains 728 states, which exactly equals the p,/p = p,/p = 2 folding
182 + 182 + 182 + 182 of the FQH Laughlin quasihole counting. This implies that the universality class of the FCI state is the same as that

of the v = 1/3 state.

(we do not expand on this rule for the ground state, as we
will give the much more complicated quasihole example).
The threefold degenerate ground state of the system contains
information about the Abelian fractional 1/3 character of
the excitation spectrum. This comes out of the recently
developed entanglement spectrum'!!'> which for a single
nondegenerated ground state |W) can be defined through the
Schmidt decomposition of |W) in two regions A, B (not
necessarily spatial):

W) = e 52wl @ |wf),

1

(75)

where (\IliAl\Il;‘) = (\IliB|lIJf) = §;,j. The exp(—&;) and |‘~Ill.A)
are the eigenvalues and eigenstates of the reduced density ma-
trix, pa = Trpp, where p = |W) (W] is the total density matrix.
There is no generalization of the Schmidt decomposition (75)
to degenerate ground states but definition of the entanglement
spectrum (ES) through the reduced density matrix still holds.

We want to build a density matrix which commutes with the
total translation operators, a desirable feature if we want to sort
the &; with respect to the momentum quantum numbers. Such
a condition is satisfied'! by the incoherent summation over
the degenerate ground states p = % > W) (¥, ]. Depending
on whether the A and B regions are real, momentum, or
particle space, the ES reveals different aspects of the system’s
excitations. If the regions A, B are regions of particles, it can
be proved'! that the particle ES obtained by tracing over the
positions of a set of B particles gives information about
the number of quasiholes of the system of N4 particles and the
number of orbitals identical to that of the untraced system. In
the case of the usual FQH, the particle ES of a model state (such
as Laughlin, MR, etc.) contains a number of levels identical to
that of the quasiholes, thereby providing a numerical check
of our analytic proof.!! Away from the model states (the
Coulomb ground state, for example) the ES may exhibit
an entanglement gap.'>® It separates a low-energy structure
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with perfect quasihole counting and and a high-entanglement
energy nonuniversal part. However, a clear and significant
gap is not always observed, even for the v = 1/3 Coulomb
state.

Surprisingly, for the FCI, the situation is much better: In a
previous work,® we observed a clear, large entanglement gap
between a manifold of low-entanglement energy levels and a
manifold of high-entanglement energy levels. Moreover, the
counting of the levels below the gap is identical to the counting
of quasiholes of N4 particles in N, N, orbitals. We show this
for a large-size example. Of the threefold quasidegenerate
ground state of 12 particles on the Chern insulator on the
checkerboard lattice with Ny x Ny, =6 x 6, we build the
density matrix and construct the ES for N4 = 4 particles.
The one-body Chern insulator model of Ref. 20 presented
in Eq. (78), with a two-body nearest-neighbor Hubbard U = 1
interaction in the flat-band limit is used to generate the
threefold quasidegenerate ground states. The ES has a gap
(see Fig. 4); the counting of the low-energy manifold of states
below the dotted line is 741 in momentum sectors where
N,(mod2) = Ny(mod2) =0 and 728 elsewhere. The total
number below this line (26 325) exactly matches the number
of (1,3)-admissible configurations of 4 particles in 36 orbitals.
The counting per relative momentum sector is a folding of that
of the zero modes in the FQH state, as the complete analysis
of Fig. 4 shows.

Elt,

PHYSICAL REVIEW B 85, 075128 (2012)

As said in our previous paper,® we find it very revealing that
the FCI ground states obtained here contain much clearer infor-
mation (large, clear entanglement gap) than the ground states
of the Coulomb interaction in the FQH. The ES shows that the
ground states by themselves know of the fractional nature of
the excitations in the FCI. The current clean application of the
ES also shows that this quantity is fundamentally useful toward
revealing the physics of strongly correlated states besides the
usual FQH model wave functions. This is even crucial in this
case since, despite several attempts,>®*’ there is no analytical
expression of the Laughlin state for the FCI to compare with.

V. NUMERICAL PROOF OF EMERGENT SYMMETRIES
IN ABELIAN AND NON-ABELIAN FRACTIONAL
CHERN INSULATORS

In the current section, we expand our numerical analysis of
FCT states to the non-Abelian case and show that the counting
rule obtained in the current analysis is robust. We perform
exhaustive numerical calculations of both the energy and the
entanglement spectra for several interactions at the specific
filling where non-Abelian states are expected. The calculations
serve as both a numerical check of our emergent translational
symmetry principle, as well as the first proof of principle that
non-Abelian states can be stabilized in a fractionally filled
Chern insulator.

FIG. 5. (Color online) (a) One-body model hopping amplitudes in the checkerboard Chern insulator model used in our numerical
calculations. Direction of the arrow means positive hopping amplitude. (b) Dispersion of the model shows that it is an insulator with a
nearly flat valence band. Our diagonalizations are in the flat-band limit where the valence band is made completely flat. (c) Simplest Hubbard
two-body interaction couples nearest-neighbor sites used to obtain the Abelian 1/3 state. (d) Simplest three-body Hubbard interaction used
to obtain the non-Abelian MR Pfaffian state. Equal weight is given to the three configurations. (e) Simplest four-body Hubbard interaction
configurations used to obtain the non-Abelian Z3 RR states. Any of the interactions 1,2,3 can be used, all giving a RR ground state but of

different gaps (the largest gap being obtained with interaction 1).
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FIG. 6. (Color online) The spectrum of the three-body Hubbard interaction at filling v = 1/2 shows two quasidegenerate states at (0,0)
momentum and four states (separated into two quasidegenerate doublets) at (0,2) (in units of the smallest lattice momentum). The procedure

and folding from FQH to FCI are also presented.

For our one-body model, we pick the Chern insulator on
a checkerboard lattice, first introduced in Refs. 9, 10, and
20. This model already exhibits weak dispersion of the bands
(see Fig. 5) like several other models.’¥40 However, because
we work in the flat-band limit, this is not essential to our
calculation. With A, B being the two sites in the unit cell, the
one-body, two-band Hamiltonian reads’

Hy =Y (chpcl @ ea.cen)’. mit) = ditk)o;,
k i
(76)
where the d;(k)’s are
d (k) = 411 cos(¢) cos(k, /2) cos(ky /2),
dy(k) = 4t sin(¢) sin(k, /2) sin(k, /2), a7

d, = 2n[cos(ky) — cos(ky)] + M

In the original model® there is an additional diagonal
term—4t3 cos(k, ) cos(k,)—which shrinks the dispersion of
the bands, thereby making them flatter, but does not matter
for the eigenstates; since we are diagonalizing in the flat-
band limit, we neglect such a term. ¢ is the phase factor
added to the nearest-neighbor hopping, while the parameter
M is a mass term added in order to drive the transition
from a topological Chern insulator (for M = 0) to a trivial
atomic limit insulator when M — Zo00. The model is always

gapped (for #1,#,¢ not vanishing) with the exception of the
pointsky, =0, ky =n, M = -4 andk, =7, ky, =0, M =
4t,, which are gapless and where the phase transitions between
the atomic limits M — Foo and the Chern insulator phase
occur. For |M| < 4|t;] the filled valence band has a Hall
conductance of 1. The single-particle Hamiltonian matrix has
the following symmetries: inversion with identity inversion
matrix hi(—ky,—k,) = hi(ky,ky), as well as (at M =0) a
certain type of particle-hole symmetry coupled with a Cy4
rotation and a mirror operation: o/ (ky,ky)o, = —h;(ky k).
Due to the presence of fractions k/2, the model in Ref. 20 is
not in Bloch form. To render it in Bloch form, we perform
the gauge transformation cyp — cipexpl—i(ky — k,)/2] to
hi(k)  hia(k)

obtain
hak) = (hqzac) —hu(k)> ’

hia(k) = 111+ &) 4 117/ (e™ + ™),
h11(k) = 2t;[cos(k,) — cos(ky)] + M.

(78)

The inversion symmetry of /;(k) translates into a symmetry
of hy(k) given by UT(k)h,(k)U (k) = ha(—k) with U(k) a
diagonal 2 x 2 unitary matrix with 1,e7®=%)/2 on the
diagonal. To eliminate the effect of the band curvature, and to
allow the filled particles to democratically sample the whole
BZ, we always work in the flat-band limit of a topological
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insulator. This corresponds to keeping the single-particle
eigenstates of hy(k) but putting the energy of the occupied
bands to be an arbitrary energy £E(, where Ey > 0. At the
Hamiltonian level, we transform from h,(k) = E_(k)P_(k) +
E(k)P(k) to hiB(k) = —EoP_(k) + EoP.(k), where Py
are the projectors onto the occupied and unoccupied bands. The
energy difference between the valence and conduction bands
can hence be made large without changing the eigenstates of
the system.

We now fractionally fill the flat valence band of this
insulator and add interactions. We diagonalize the interaction
Hamiltonian directly in the filled band, neglecting the conduc-
tion band. This is similar to the LLL projection in the usual
FQH Effect. Several interactions we use are

> nans, (79)
(AB)

where A,B are nearest-neighbor A,B sites. In the current
section we also use other many-body interactions such as
three-body:

H, three-body = E

(AB)).(A,B)

Htwo-body =

nangnpg, +nghana,, (80)

where Bj, B, are the two nearest neighbors of the site A and
A1, A, are the two nearest neighbors of the site B. The first
of the three kinds of four-body interactions used in our exact
diagonalization reads (see Fig. 5):
Hfour—bodyl - nAnpNBNB,,
(A1,B1),(A1,B2),{(A1,A2)),{(B1,B2))

1)

where Bj,B, are the two nearest neighbors of the sites A
and also of the site A,. The other two four-body interactions
used which we denote Hiour-body 2, Hiour-body 3 €an be easily
understood from Fig. 5. All the numerical calculations are
performed with #, = (2 — ﬁ)/2t1, as discussed in Ref. 20.
The total translation operators in the x,y directions commute
with both the single- and many-body Hamiltonian and hence
the eigenstates are indexed by total momentum quantum num-
bers (K,K,) which are the sum of the momentum quantum
numbers of each of the N particles modulo (N, N,). The basis

states are H,N=1 yT i yT B |0) (we work in the LLL and the
K1 TN

yj E’s are the creation operators for a particle of momentum

k in the valence band). When acting on the basis states, the
Cig =U_oiV_j» Where u_ , p is the « = A, B component
of the eigenstate of the occupied band of ha(k) or hi®(k)
(they have identical eigenstates). Diagonalizing directly in
the valence band provides for large numerical efficiency,
allowing us to go to very large system sizes. The inversion
symmetry of the single-particle problem is maintained at the
interacting level, and the interacting spectrum has an exact
(K,,K,) = (—K,,—K,) symmetry which can and has been
used as a checkup. The Hiyobody has been used to obtain the
Abelian, filling 1/3 FCI topological state.

We now use Hipreebody and, borrowing from FQH ex-
perience, we look for the MR Pfaffian at filling v = 1/2.
We diagonalize Hipree-body for up to N = 14 particles on a
N; x Ny, =7 x 4 lattice and present the spectrum in Fig. 6.
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FIG. 7. (Color online) Low-lying spectrum of the three-body
interaction for N, = 12 electrons and N, = N, = 5.

The spectrum is separated into a sixfold quasidegenerate
ground state [at momentum (0,2) we have four states, separated
into two exactly degenerate doublets] at momenta consistent
with our FQH to FCI mapping (in this case we also have to
use the center-of-mass degeneracy mismatch factor, which is
2). A clear and detailed presentation of the resolution of states
in momentum sectors is shown in Fig. 6. Both the number of
ground states and their momenta are consistent with the MR
Pfaffian state, with a large gap separation to the continuum of
states. We now add quasiholes to the system, by performing
the diagonalization of the three-body Hamiltonian for N, = 12
electrons on a N, x Ny =5 x 5 lattice. This represents the
addition of one flux quantum to the system. The spectrum
is seen in Fig. 7, and we observe a low-energy manifold of
states (below the dashed line) with 7 states in each momentum
sector separated by a clear energy gap from a high-energy
continuum of states. This is indeed the correct counting for the
non-Abelian quasiholes of the MR state based on our emergent
symmetry principle. We then close the analysis of the MR state
by looking at the particle ES of the N, = 14,N, =7,N, =4
degenerate states when the number of particles not traced out
of the system is N4 = 6. By our theory, this spectrum should
show the counting, per momentum sector, in a low-energy

R L L

16

Bl mmmm———

14
up

13

12 |

11

FIG. 8. (Color online) Entanglement spectrum for the ground
states of the three-body interaction for N, = 14 electrons and N, =
7,N, = 4,and N4 = 6 particles. The number of states per momentum
sector below the dotted line is 8463 in the even k, sectors and 8486
in the odd k, sectors. This is the counting predicted by our FQH to
FCI mapping.
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FIG. 9. (Color online) (Left) Low-lying spectrum of the four-body interaction for N, = 15 electrons and N, = N, = 5. The ground-state
manifold is made of the 10 low-energy states in the (k, = 0,k, = 0) sector. (Right) Entanglement spectrum for the ground states of the four-body
interaction for N, = 15 electrons and N, = N, = 5 and N, = 5 particles. The number of states per momentum sector below the dotted line is
2050, except in the (k, = 0,k, = 0) sector, which has 2055 states. This is the correct counting predicted by our FQH to FCI mapping.

manifold of the quasiholes of the MR state for 6 particles in
28 orbitals. The results are presented in Fig. 8, where we again
see that a low-lying manifold of states is separated by a gap
form a manifold of spurious continuum. The number of states
per momentum sector below the dotted line in Fig. 8 is 8463 in
the even k, sectors and 8486 in the odd k, sectors, the correct
numbers of non-Abelian quasiholes predicted by our FQH to
FCI mapping.

We conclude that we have presented sufficient proof that
the FCI state at half filling with three-body potential is of MR
type in the FCI. We now move to the four-body interaction. The
Zs RR state occurs at filling factor 3/5. We have performed
the calculations up to N = 15. Figure 9 shows the energy
spectrum for N = 15 with a lattice size Ny = N, = 5. We see
a tenfold low-energy manifold at momenta consistent with our
FQH to FCI mapping, clearly separated from the higher-energy
continuum. The particle ES of this ground-state manifold is
giveninFig. 9. While all N4 sectors display a full entanglement
gap, we have chosen the Ny = 5 sector. This case exhibits
an identical counting (2050 states) in all momentum sectors
except in the (k, = 0,k, = 0) sector, where the counting is
2055. Once again, this result is in agreement with our FQH to
FCI mapping.

VI. CONCLUSIONS

In this paper, we have explained the emergent translational
symmetry apparent in the low-energy manifold of states of a
fractionally filled Chern insulator when the insulator exhibits a
topologically ordered state. We have shown that the one-body
GMP algebra obtained at long wavelength in Ref. 15 maps
the problem of a Chern insulator on a N, x N, lattice in the
problem of a FQH state in the LLL with number of fluxes
N; = NN, piercing the torus and with a periodic background
potential superimposed on the many-body potential already
present in the system. We revisited the continuum FQH
problem and presented a detailed derivation of the many-body
relative translational symmetries in the system (after the
center-of-mass motion is taken out) presented in a classic
paper by Haldane.'” We then showed that the BZ of the FCI
is just a folding of the one for the FQH and pointed out the
direct connection between the center-of-mass degeneracies in

the FCI and those in the FQH. This FQH-FCI map allows us
to compute the number of states that arise per momentum
sector of the FCI if the FCI is in the same topological
phase as the FOQH. We showed how to obtain, in the FQH
effect, the counting of quasihole states per two-dimensional
relative momentum sector for a large series of states exhibiting
a generalized Pauli principle.”! These states include the
Laughlin, MR, and RR series, as well as the Jack polynomial
states, the Haffnian,*' and many others, including extensions to
spin-unpolarized states.*>** The counting construction makes
use of only combinatoric methods and involves counting
partitions. We showed how to use the combinatoric counting
rule and the FQH-FCI map to obtain the number of states per
momentum sector in both the energy and the entanglement
spectra of the FCI at filling 1/3. We then proceeded on a
comprehensive numerical analysis of the spectra of Chern
insulators with three- and four-body interactions. We provided
a proof of principle that MR states and RR Z3; non-Abelian
states can be stabilized in Chern insulators and provided a
numerical check of our FQH-FCI mapping.

ACKNOWLEDGMENTS

B. A. B. wishes to thank Z. Papic, F. D. M. Haldane,
T. L. Hughes, S. Sondhi, and S. A. Parameswaran for useful
discussions. B. A. B. was supported by Princeton Startup
Funds, NSF CAREER DMR-095242, ONR-N00014-11-1-
0635, Darpa-N66001-11-1-4110, and NSF-MRSEC DMR-
0819860 at Princeton University. B. A. B. thanks Technion,
Israel, and Ecole Normale Superieure, Paris, for generous
hosting during the stages of this work.

APPENDIX A: DETAILS OF THE
GIRVIN-MACDONALD-PLATZMAN ALGEBRA

In this Appendix, we prove in detail that

ni*x np No* my ni*x Ny Nno* my
U kU ktqU B k+q" B k+wt+q — Up k"B ktwho k+whak+wtq
ny

i nym
A E(inj —wig))F;". (AD)
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The expansion (double index means summation)

Wy pvy = U g + qidiuly ; + 59iq;0i0 1l (A2)
gives

o e (Ul + GOy + 54iq;0;0ul o) g + qidiugy + 54190 0u ) [ug + (qi + w;)o; iU
+ E(‘li +wi)(g; + w,-)a,-ajuﬁ,k] u%‘,‘:( ¢ +wid; uﬁk + 1 w,wja d; uﬁ k)( wr T widiugy + 5 w w;d; Bjugz,:)
x [ul? + (qi + w~)8'ufffk + 3(gi + wi)q; + w;)0;0;ul ]
= ((S,,l n + qitt 3 uy, + %qiqjugl,:a-a-ugzk) (8,12 my + (gi + w; )u"z* mz
+ 3(qi + w; )(qj + wj)u"”a juyy + qiug i gy +qi(q; +w;)(9; u’“*)(a umz) + zq,qjuﬁ b 00Uy
— (8w + winy LB + —w,-wjuﬂka-a,uﬂ i) [Bnams + (@i + wi Juy d;u
+ 2(gi +wig; + wj)uaka djun + witgy By + wilg; + w;)(d; u”z*)(a o) + ywiw;ut ;0 |
= 8nymy + (qi + w; )u"‘*a ug”k + 2(q, + w;)(g; + w])u 10:0; umz +q,u 2 0; u"‘* + q,(q] + w])(a u"‘*)(a u )
+ 50193 015} + qitng L + q;(qr + wiugE (3jug )ugid; ”m + q;qiuy; (0jug ) ug digy
+ Lgiqiulid;0,ully — (g < w.a < B). (A3)
The zeroth-order term in g cancels. We now group the first- and second-order terms. The first-order terms are

ni* g

(qi + wiuy g’ + qi (w3 By} + upduy) — (g < w,a < p)
= (qi + w; )u”‘*a g+ qid; (ugiugy) — (@ < wo < )
= (g + wi)ulgykaiuﬁfk —(@gowa<p)=0 (A4)

(summation over «, 8 was implied). Hence, the first-order term is zero.
The second-order term is (remember double index summation):

2(6]1 + w;)(q; + wj)u'B ka d; ’4,3 w T ai(g; + wj)(a Mﬂ k)(a umz) + %qiqjug'ia,-ajug";
+ (g + wiug{ (3juy ug dug + ajqiug'y (us ) ug gy + 3 g 0idjuy; — (g < wa < B)
= [qi(g; + w;) —wi(g; + wj)](a'u’;',/:)(a‘um) + 3qiq; — wiw U300,y
+q(qi + wouy§ (0juy’ Jupdiulg’ — wilgi 4+ wiug}(3ug, Jug iy,
+4q;qiu ak(alua k)u,;}lzka uﬂk - ij'”ﬁk(a‘“ﬂ k) «0i “”2* + 2(%‘11 w; W), ka dju lek
= (qiw; — wig [ (B ) (3u3) — gl (Bjue)u v’ ]
+ gy — wiw)[ul3 000 s+l £ 0;0,ul3 + 2(d;y'y) (95153 ]
S U O+ O et v [ 0 o+ o )

(AS)
We now observe several simplifications. The last line of the above equation vanishes due to the identity
2 02 D0+ Oy o, = o (0,07) 0 ) = 0. (A6)
The second but last line of Eq. (AS) also cancels because of the identity
Ajjlulg 00y w00 un + 23’y ) (9jug%) | = Aij9id; (uiuy) =0, (A7)
when A;; is any symmetric matrix. We are left with
Z Mnl*unz unz* I/L Mnl*unz un;* umg
a,k™o,k+q" B.k+q™ B, k+w+q Bk B k+w ak+w a,k+w—+q
ny
~ (qiwj — wig)[ (9 u! 00 ug) — ”Zl;(a'”?k)”?;az”ﬁ]
= %(qiw‘j — w,-q.,«)[(aiuﬂ’k)(a,‘uﬁ,k) "‘*(8 u, k)u';2,:8 um2 (i < ])] (A8)
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By denoting the non-Abelian Berry potential

AT =t dul, (A9)
we find that
(Braalg') (D) — wg k(B Jugxdigs — (i <> )
= —iFl, (A10)

where Fl.’;.“"z = E),»A.';""2 — 0, AT —i[A; A
APPENDIX B: RELATION BETWEEN THE DENSITY
ALGEBRAS AND CHERN NUMBER

The projected densities in the commutator algebra in
Eq. (60) are required to not commute if the topological
insulator is to have a nonzero Chern number. Taking the
trace of the commutator in Eq. (60) with the p_,_, =

112* n

# Dk Ut — gtk v 10y (0] ™ 4w We obtain, to second
order in g, w (in the long-wavelength limit),

[0 Pw]P—g—w

i ny,m n m
=—§(q,~wj—w,-qj 3/2 Z F‘ Z(k) 1T|0) (0|V 2’

S kl‘llmz

(BI)

where we have used the fact that u”
zeroth order in ¢, w:

nox __
ak —q— whak _aml,nz to

[p%x’pw\y]’o qxX—w,§

quu; 3/2 > FRm oy 10) 01y (B2)
S k,nymy
We now take the trace of the above to obtain
2 M m,m
i w T ([pqlmpw))]p g X— w‘v) - Z ny’ (k) =
X S km
(B3)

with g, = fv—’j_, qy = ?v—f the lowest value for the momenta one
can obtain on the lattice. Hence, the Chern number can be
expressed as the long-wavelength limit of the commutator of
the projected density operators in the lower sub-band.

APPENDIX C: RELATION BETWEEN THE POSITION
OPERATORS AND THE CHERN NUMBER

An alternative way of presenting this result is by using the
position operator in the X direction:

1 o 1
X = et a) (ol = Cka 10) (O] Crsagas
VN, jz VN, ; o
(C1)

where by Akj we mean Ak - ; The projected density operator
in the lowest band is

1 nix_ n n
PXP = m Zuk:x ukiAanlk 10) (O] yszrAq = Pag-

(C2)
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Hence, the projected density operator for Ag = 27 /N, equals
the projected position operator. There is an alternate expression
for the projected position and density operators. They are
translational operators in k space:

PXP lk,n) = pag lk,n) = u;y, Jui, Ik — Ag.ny)

e A0 |k Ag ) (C3)

For one occupied band, the density or position operators just
translate the band at different momentum, whereas for more
than one occupied band, the translation is accompanied by a
rotation. We now see that

2 N3

P o )zTr([PXP LPYPIX 'Y = —

Z FI"" (k) =

Skm

(o2))

APPENDIX D: CHERN NUMBER OF A LANDAU LEVER

‘We outline how a simple calculation for the Chern number
of LLL. The wave functions for the Landau levels in the
continuum do not have two momenta k,,k,, and hence the
momentum expression for the Chern number cannot be used.
We obtain the Chern number as

72

=—— i T[[PXP,PYPIX"'Y™'], (DI
€=, lim S5 THIPXP.PYP] ROV
where in the LLL we have the expressions
1 A A }
PXP = —=Pe'®* P = P/&CHI2p,
VvV
(D2)

1, ]
PYP = — PP = pe®&9/2p,
Vv

LLL wave functions 1(z) have the property that ITy/(z) = 0
where IT = Il +iI1,, I1,,I1, being the canonical momenta
in the presence of a magnetic field. We then have

_ L2 2
Petatitp Pel’T(Hafﬂfb)el%(KbeKa)P’ (D3)

where we have used z = (il*/h)(I1 — K), K = K, +iK,,
and the fact that IT commutes with K. We now need
to disentangle the exponent containing IT,TT" to obtain
o :(l’la Mib) _ =i b i Na ,abl? /1 Gince ol 214 P — P and

_ t
Pe—iTib — P, we have

ahlz/hZP i (KTh Ka)p.

Pt p = ¢ (D4)

This allows us the computation of the terms involved in the
Chern number:
a+a3 2

T [Pel T MK p pe it Ak p).
(D5)

[PXP,PYP] = —

Moreover, again after projection to the LLL, and after some
algebra, we find

T[[PXP,PYPIX 'Y

1 2 A2+A‘
= —e iz

2 Axdy 2 2
Trle 2 2 e 78K pelwAcKy
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L2 2 ﬁAXAy
X Pe_ITAyKXPeIWA’K‘ — e 2

L2 2
ez%A".KX Pe—z%A‘\‘KX

x Pel Ky pif Ak, (D6)

We now observe that, if we write P = f d*r |¥(r)) (¥ (r)| then

2 2
—i 7 AKy Pel;AXKv

the quantity e is again a projection operator

.12 .
P due to the fact that e =7 2+K> are translation operators. We
L2 2 12 2
find that Tr[e "7 AKs peiTAKs pemiTAKe peiT &K —
We hence obtain
n 1
C=—-—— Ilim
12 A A—O AA,

2 Ak+a}

2 12 Axdy
e 22

_ 12 AxAy
(e W22

— ez 2

)=1.
(D7)

APPENDIX E: CENTER-OF-MASS DEGENERACY
MISMATCH

The center-of-mass degeneracy in the FQH is g =
N;/GCD(N,N,) (with Ng = N, N,), while in the FCI it is
qxqy = [N:/GCD(Ny,N.)I[N,/GCD(N,,N,)]. Their ratio
is

g  GCD(N.,N,) - GCD(Ny,N,)

- (E1)
4xy GCD(N,Ny,N,)
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We can easily prove that this is an integer by applying the
decomposition of a number in primes p;: N, = [[; pi*, Ny =
IL piﬂ’, N.=T], pfi, where «;,8;,6; are all integer powers.
The ratio then becomes

9 ::IIlﬁmMmﬁo+mmwmm7mmmﬁﬂ“&{ (E2)

x4y

We can now analyze the different cases to prove that all powers
of p; are positive in the above expression. Since our analysis is
valid for any i, we drop the index. We have the cases (1) o <
0, B <0, a4+ B >0, in which case min(«,6) + min(8,0) —
min(@ +B,0) =a+B—0>0;2)a < <0, a+p<
6, in which case min(«,0) + min(8,60) — min(ax + 5,0) = 0;
B)a=0,8<0,a+ B =0, in which case min(«,0) +
min(8,0) —min(e + 8,0) =8; 4 >0, <0, a+8 <
@, in which case min(«,0) + min(8,0) — min(x + B,0) =
0—a>0; and (5) «>6,8>20,a+ B =06, in which
case min(w,0) + min(B,0) — min(a + B,0) = 6. We see
that in all cases possible, min(«,6) + min(8,0) — min(x +
B,0) is a positive integer which makes ¢ divisible
by gxqy.
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