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A subtle relation between quantum Hall physics and the phenomenon of pairing is unveiled. By use of second
quantization, we establish a connection between (i) a broad class of rotationally symmetric two-body interactions
within the lowest Landau level and (ii) integrable hyperbolic Richardson-Gaudin-type Hamiltonians that arise in
(px +ip,) superconductivity. Specifically, we show that general Haldane pseudopotentials (and their sums) can
be expressed as a sum of repulsive noncommuting (p. + ip,)-type pairing Hamiltonians. The determination of
the spectrum and individual null spaces of each of these noncommuting Richardson-Gaudin-type Hamiltonians
is nontrivial yet is Bethe ansatz solvable. For the Laughlin sequence, it is observed that this problem is frustration
free and zero-energy ground states lie in the common null space of all of these noncommuting Hamiltonians.
This property allows for the use of a new truncated basis of pairing configurations in which to express Laughlin
states at general filling factors. We prove separability of arbitrary Haldane pseudopotentials, providing explicit
expressions for their second quantized forms, and further show by explicit construction how to exploit the
topological equivalence between different geometries (disk, cylinder, and sphere) sharing the same topological
genus number, in the second quantized formalism, through similarity transformations. As an application of the
second quantized approach, we establish a “squeezing principle” that applies to the zero modes of a general
class of Hamiltonians, which includes but is not limited to Haldane pseudopotentials. We also show how one
may establish (bounds on) “incompressible filling factors” for those Hamiltonians. By invoking properties of
symmetric polynomials, we provide explicit second quantized quasihole generators; the generators that we find
directly relate to bosonic chiral edge modes and further make aspects of dimensional reduction in the quantum

Hall systems precise.
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I. INTRODUCTION

The study of strongly correlated phases of matter is a
supremely challenging task, and yet has let to some of the
most notable triumphs in condensed-matter physics. A major
route to success along these lines has been the identification
of special points within a given phase of interest, where
the Hamiltonian becomes somewhat tractable and leads to
sufficiently simple ground- and excited-state wave functions,
either through exact or approximate treatment, that nonetheless
capture the essential universal features of the phase as a
whole. The fractional quantum Hall (FQH) regime harbors
a wealth of examples of the latter kind. Indeed, in the
presence of a strong magnetic field, powerful principles are
known constraining the construction of successful trial wave
functions'™ as well as model Hamiltonians.* Moreover, for
many (though certainly not all) known trial wave functions
describing various phases (or critical points)® in the FQH
regime, a local model Hamiltonian can be identified for which
the wave function in question is an exact ground state. The
identification of such parent Hamiltonians is usually greatly
aided by special analytic properties of the underlying wave
function. The primary example where this scheme of attack
has been successful is the v = 1/3 Laughlin state, whose
parent Hamiltonian is the V; Haldane pseudopotential.*® For
fermions, the latter can be regarded as the simplest local
two-body interaction within the lowest Landau level (LLL).

Despite these powerful applications, the dependence on an-
alytic wave function properties in the construction of quantum
Hall (QH) parent Hamiltonians also leads to severe inherent
limitations. For one, many QH phases of fundamental interest,
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such as those described by hierarchy*’ or Jain? composite
fermion states, do not have known parent Hamiltonians.
Moreover, as was recently argued by Haldane,® all information
about the topological order of the ground states is encoded in
the guiding-center degrees of freedom only, whereas analytic
properties of the wave function are due to the interplay
of the latter with the particles’ dynamical momenta, which
determine the structure of a given Landau level. This structure
is arguably not essential for the topological quantum order of
the QH fluid. Indeed, as we review below, in a strong uniform
magnetic field one may formulate the Hamiltonian dynamics
of the electrons in a second-quantized “guiding-center-only”
language, which is stripped of the dynamical momenta entirely.
As is well appreciated, QH physics is intimately tied to
dimensional reduction which is similarly manifest in many
other systems exhibiting topological orders.” In the associated
guiding-center-only second quantized Hamiltonian [wherein
the two spatial dimensions of the original QH problem in first
quantization are replaced by a one-dimensional (1D) fermionic
lattice of the angular momentum orbitals] this dimensional
reduction becomes explicit and leads to a class of 1D lattice
models which may be of interest in a more general context
outside Landau-level physics (see Fig. 1). Specifically, this has
been proposed recently for flat band solids with and without
Chern numbers.'*!!

For all the above reasons, it is desirable to understand the
existing parent Hamiltonians of FQH model wave functions
in the context of 1D lattice Hamiltonians,'>"®> and most
importantly the QH projected Hamiltonian in second quantized
form. Due to technical difficulties on which we elaborate below
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FIG. 1. (Color online) Pictorial representation of the effective
dimensional reduction realized when going from the first to the second
quantization representation of the QH Hamiltonian.

(see also Ref. 16), there currently seems to be very limited
understanding of how the (quasi-) solvability of FQH parent
Hamiltonians follows from its defining operator algebra in the
1D lattice or “guiding-center” picture.

In this work, we aim to improve on the above situation. We
expose a connection between the operator algebra defining the
parent Hamiltonian of Laughlin QH states on the one hand
and another paradigmatic state of strongly correlated matter,
the superconductor, on the other. More precisely, we expose
that a generic two-body interaction can be written as a direct
sum of hyperbolic Richardson-Gaudin (RG) Hamiltonians
in the strongly coupled repulsive regime.!” Hyperbolic RG
models represent a general class of exactly solvable pairing
Hamiltonians which includes the p, + ip, superconductor as a
particular instance.'® We use the fact that the latter (generally
noncommuting) RG Hamiltonians are exactly solvable (by
Bethe ansatz'”'®) to characterize the individual nontrivial null
spaces of these RG operators at a given filling v. The common
null space of the latter is the corresponding Laughlin state.
Thus, when expressed as a sum of RG Hamiltonians, the
“frustration-free” character of the system is underscored. A
Hamiltonian is termed frustration free (or “quantum satisfi-
able”) whenever all of its null states are also null states of
each of the individual terms (in our case, RG Hamiltonians)
that form it. That is, the ground states of any individual RG
Hamiltonian are globally consistent with the ground-state null
space of the full Hamiltonian. Frustration-free Hamiltonians
have recently been under intense study at the interface of
condensed matter and quantum information theory.!” We
remark that while most frustration-free Hamiltonians studied
in the literature are sums of similar /ocal Hamiltonians which
merely operate on different sites (e.g., local Hamiltonians
related to one another by lattice translations), those in the
QH problem are richer; the RG Hamiltonians which form
the full QH system that we consider are not strictly finite
ranged. Thus, unlike in simple lattice models, the study of their
eigenstates and eigenvalues is already a rich and nontrivial
problem. We further explicitly note that the aforementioned
strongly repulsive (px + ipy)-type RG Hamiltonians that we
study, which share conventional Laughlin states as their
common ground states, are notably very different from the far
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more exotic Pfaffian-type states for other fillings and viable
insightful links to superconductivity therein.*?* Our hope is
that by understanding the common null space of all hyperbolic
RG Hamiltonians we will be able to shed light on QH fluids
with filling fractions v other than those with Laughlin-type
ground states.

Aside from considerations regarding effective field theories,
the QH problem seems to find its most common representation
in a first quantized language of known (or guessed) ground
states where properties of holomorphic functions can be
elegantly employed. The second quantized formulation, on
the other hand, sheds light on the algebraic structure of a QH
system and does not explicitly rely on prior knowledge of the
form of the ground states. It further allows for the study of
excitations above the ground states. As is well known, only
the genus number sets the system’s degeneracy?! (a feature
which largely first triggered interest in topological orders). We
find it useful to recover this statement within second quantized
formalism, by constructing a similarity transformation that
relates frustration-free eigenstates in disk, cylinder, and sphere
geometries. Our analysis is valid for general frustration-free
Hamiltonians at arbitrary filling fractions and, as noted above,
illustrates that general interactions within the LLL can be
expressed as a sum of RG-type Hamiltonians. We explicitly
provide expressions for the second quantized Haldane pseu-
dopotentials in disparate geometries and find that individual
pseudopotentials have a simple separable structure. Last, the
quasihole operators that we find within second quantization
have a canny similarity to operators in 1D bosonized systems
and further suggest rigorous links to dimensional reductions
and earlier notions regarding chiral edge states.

This work is organized as follows. In Sec. II, we set
up generic two-body QH Hamiltonians in second quantized
language. We start (Sec. II A) by discussing general aspects of
interactions within the LLL. We then turn in Sec. II B to the
lowest order Haldane pseudopotential (the Trugman-Kivelson
model®) and show that this Hamiltonian obtains a simple
separable structure in second quantization. In Sec. IIC, we
provide the second quantized form of all two-body Haldane
pseudopotentials in disparate geometries. Moreover, we show
that all, i.e., arbitrary order, Haldane pseudopotentials are
separable, a key result for what follows. We then illustrate
(Sec. 11 D) that general QH Hamiltonians are described by an
affine Lie algebra without a central extension. Equation (28)
proves to be of immense use in our analysis in later sections
and makes it possible to illustrate how the LLL Hamiltonian
may be written as a sum of individual RG-type Hamiltonians,
which include the strongly coupled limit of the (p, +ip,)
superconductor. In Sec. IIE, we illustrate how similarity
transformations may exactly map QH systems on different
surfaces (e.g., cylinder and sphere) when all of these surfaces
share the same genus numbers.

In Sec. III, building on the decomposition of Eq. (28),
we discover a profound connection between a general
(i) QH system on the right-hand side of Eq. (28) and
(ii) repulsive (p, + ip,)-type RG Hamiltonians [which, as we
show, correspond to fixed values of j on the right-hand side
of Eq. (28)] and use this relation to construct our framework
for investigating the QH problem. The role of pairing within
the RG approach becomes apparent. Specifically, in Sec. III A
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we demonstrate, via an exact mapping, the above connection
to the RG problem as it appears for each individual value of
the angular momentum j and m. In Sec. III B, we analyze
the Hilbert space dimension associated with the RG basis by
building on links to generating functions and a problem of
constrained noninteracting spinless fermions. We then proceed
(Sec. IIC) to provide a new Bethe ansatz solution to the
nontrivial spectral problem associated with the RG Hamilto-
nian Hgj,,, dubbed QH-RG, appearing for fixed values of j
and m. We discover two classes of solutions, one associated
with a highly degenerate zero-energy (null) subspace and
another with a well-defined sign of the eigenvalues. The RG
Hamiltonians generally do not commute with one another. We
then turn to symmetry properties of this new RG problem in
Sec. IIID.

Equipped with an understanding of the RG problem, we
next turn (Sec. I'V) to the full QH problem, which is a sum over
such QH-RG Hamiltonians. In Sec. IV A, we discuss general
properties of the common null space of the individual QH-RG
Hamiltonians and highlight the frustration-free character of the
QH problem when viewed through the prism of decomposition
into noncommuting QH-RG Hamiltonians (each of which has
its own null space). Next (Sec. IV B), we explicitly make use
of second quantization and prove results concerning the form
of QH ground states from that perspective. In particular, for the
zero modes of a general class of Hamiltonians, we rigorously
establish constructs involving “squeezing” and generalized
Pauli principles. In Sec. IV C, we highlight the viable use
of the RG basis in writing down ground states of the QH
system. To make the discussion very tangible, we discuss a
simple explicit example, that of N = 2 particles within the
v = 1/3 Laughlin state. In Sec. IV D, we review rudiments of
the currently widely used Slater decomposition basis. In this
basis, the role of pairing is highlighted and we review how
admissible states in the Slater determinant decomposition are
related to those obtained by “squeezed-state” considerations.

In Sec. V, we return to more general aspects and illustrate
how the power sum generating system of symmetric polynomi-
als enables us to write down exactly the second quantized form
of quasihole creation operators. As with nearly all of the results
that we report in our work, this second quantized form that we
obtain is exact for a general number of particles N and readily
suggests links to bosonized forms associated with chiral edge
states. We conclude, in Sec. VI, with a brief synopsis of our
results. Additional technical details concerning the derivation
of the coefficients appearing in the second quantized form of
the pseudopotential (Sec. II) in disk and sphere geometries are
relegated to Appendix A. In Appendix B we analyze the set of
Slater determinants admissible in the expansion of Laughlin
states, establishing an equivalence between Young tableaux
and squeezing expansions.

II. QUANTUM HALL HAMILTONIANS
IN SECOND QUANTIZATION

FQH fluids are archetypical strongly interacting systems
that exhibit topological quantum order. At general filling
fractions, their analysis has proven to be extremely rich. In
the traditional approach, assumed knowledge of the ground
states motivates the construction of parent Hamiltonians. In
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TABLE I. Filling fraction v for various geometries.

Geometry Disk Cylinder Sphere Torus
N—1 N-—1 N—1 N
v = 1 1 L

this article, we deviate from this path. We explicitly construct
the second quantized form of a general LLL. QH Hamiltonian
in various geometries (disk, sphere, cylinder, and torus) and,
for the frustration-free case that is often of interest, study
properties of the ground states and excitations about them
rather generally. Towards this end, we study the Haldane pseu-
dopotentials of various orders, show that (quite universally)
they obtain a separable multiplicative form, and explicitly
illustrate that genus-number-preserving deformations that do
not alter the system topology can be exactly implemented via
similarity transformations. Perhaps most pertinent to future
sections is the reduction of the generic LLL. Hamiltonian to
the representation provided in Eq. (28) with the algebra defined
by the relations of Eq. (25). This latter result will prove crucial
in our analysis and reduction of the general QH problem to that
as a sum of noncommuting RG (p, + ip,)-type Hamiltonians.

A. One-dimensional Hamiltonians in the orbital basis

A QH system consists of N electrons moving on a
2D surface in the presence of a strong magnetic field B
perpendicular to that surface. Laughlin states, which describe
incompressible quantum fluids, capture essential correlations
for certain filling fractions v [which, for the disk, cylinder, and
sphere, we define as v=(N —1)/(L — 1), while v = N/L
for the torus, where L is the number of occupied orbitals in
the Laughlin state; see Tables I and II].

The QH Hamiltonian is given by Hoy = Hg + Hint, where
Hg 1is the kinetic energy and only depends on the particles’
dynamical momenta, defining the degenerate Landau level
structure. This degeneracy is attributed to the particles’
guiding-center coordinates and at noninteger filling fractions
is only lifted by the interaction, which we take to be of the
two-body form

H_l d2d2/\IJT tre! R ’
int = 2 XdXWI ()W (x)V(x —xHW(x)V(x), (1)

with an interaction energy corresponding to a repulsive

two-body potential V(x —x'). The field operator Wi(x) =

ZreZ qb;‘(x)ci is written in terms of fermionic operators ci,

creating fully polarized electrons in orbitals ¢,(x) = ¢,(2),
with orbital index r, where x = (x,y) and z = x +iy. If B is
strong enough, then to a reasonable approximation we may
project* onto the LLL (or any other Landau level) consisting
of L orbitals. Much of the physics of the QH effect can be un-
derstood by such restricted dynamics. With P|| representing
the orthogonal projector onto the LLL, the kinetic energy gets
quenched and the relevant low-energy physics, in the presence
of rotational/translational symmetries, is described by

Haon = PuoHint P
_ T i
= D 2 Vim it 2

O<j<L—1 k(j),I(j)
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TABLE II. Interactions 7,(j,1) for various geometries. L is the number of orbitals in incompressible QH systems for filling fractions
v = 1/q, with q an odd integer. In the disk geometry, n,(j,1) — 271_%]'_%1{ exp(—'z‘—zl.) in the limit where k < j and not necessarily k> < j.
The inverse radius of the cylinder or torus (in the y direction) is k = 27/L,. Ng 1s the number of flux quanta threading the system. For
geometries without boundaries, the relation between N¢ and L is unambiguous. We set Ny = L for the disk and cylinder.

Geometry L (Laughlin) No ne(j, 1) é,(2)
. o 27 r _1 z 2
Disk aN —q+1 L k27 LG T 21
Cylinder QN —q+1 L 2(8/m) 432 k oK A3y V4 Jic e 3x—rHirky
— 2 —i : r[,i —r
Sphere QN —q+1 L-1 k\/jﬁxz_i)(j’f“’k)(j’fk)/( ) [ Mot L (Noyre=i% sin(9))"[e' 5 cos(§)]Ve
Torus qN L 28/7) 432 Y (k4 sL) e ks Y sez ¢rcﬁlzder

which describes an effective “1D lattice system,” where

2= 2 3

k(j)  O<k<min(j,L—1—j)

and similarly for the sum over /. Here, the orbital indices
associated with this 1D lattice structure refer to different
states of the particle’s guiding center (see Fig. 1).

In the sums defining the Hamiltonian (2) we leave implicit
the constraint that orbital indices j &= k and j =/ are integer.
This implies that these sums go over both triples (j,k,/) with
all entries integer and triples (j,k,l) with all entries half-odd
integer. With j being restricted to the interval [0,L — 1], j
thus takes on the 2L — 3 consecutive values

1 L—-1

3
imin = =,1,=,2, ..., jm=——o1\,...,
Jmin 25 Jm

1 3
) Jmax = .

2
)

The sum over k in Eq. (3) starts at kmin = %(1) if j is half-
odd integer(integer), ends at kmax = min(j,L — 1 — j), and
involves

() =min ([j +3].[L =5 = J]) )

terms, with [k] representing the integer part of k. The “middle”
allowed angular momentum value is jm.

The structure of Eq. (2) preserves total angular momentum
J. The interaction Hamiltonian thus manifestly acts only
on guiding-center variables, while leaving the dynamical
momenta (related to the Landau level index) invariant. The 1D
sumin Eq. (2) is intimately related to the dimensional reduction
that the QH system exhibits. Disparate systems that exhibit
topological orders also display dimensional reductions.”?

A broad class of rotationally invariant Hamiltonians in the
LLL can be written as a sum of Haldane pseudopotentials
({Hy,}) oforderm = 1,2, ...,

Hon =) gnHy,. 6)

m=>0

with general coefficients g,,. In what follows, we first discuss
the lowest order pseudopotential and then detail the algebraic
structure associated with it and all higher order pseudopoten-
tials.

B. Lowest order Haldane pseudopotential
or the Trugman-Kivelson model

It is a complex task to analytically resolve the spectral
properties of Hgn. It is well-known that Laughlin states,
|W,), characterized by an odd integer q (q € {1,3,5,...}),
with v = 1/q being the filling fraction in the thermodynamic
limit, are ground states of the separable lowest order Haldane
pseudopotential or Trugman-Kivelson Hamiltonian,*%

Hy= 35 D Ml chuc) & i 0
O<j<L—1 k(j),l(j)

where the sums satisfy the same constraints as those in
Eq. (2). The summation is performed over k,/ in accord with
the convention of Eq. (3), and the coefficients i) = nik@y(7,1)
depend on the geometry (see Table II).

From the definition of the filling fraction in QH systems
(see Tables I and II),

N—1_ NN-1)_ p
L—1  2Jn q

where Jym = N jm is the total angular momentum of the
Laughlin state |¥,) and p,q are relatively prime integers.

We enforce a hard wall constraint on the disk and the
cylinder that limits the available Landau level orbitals to L con-
secutive orbitals. For the compact sphere (and torus), the LLL
is naturally finite dimensional. With this, the v = 1/3 Laughlin
state [with N electrons (see Table IT)] is the unique zero-energy
ground state of the positive semidefinite Hamiltonian (7) for
the disk, cylinder, and spherical geometries. The completely
filled Landau level v = 1 fluid has a unique (ground) state,
which is a simple Slater determinant, but of positive energy. For
v < 1/3, the Laughlin state is still a zero-energy ground state
of Eq. (7), but additional pseudopotential terms are required
to render this ground state unique.* The most general radially
symmetric interaction potential can be expressed as a sum of
such pseudopotentials.

On the torus, Eq. (7) must be modified to read

[
Hy= 3 X W cpuc) ¢ )
O<j<L O<k,<L/2

Vv =

, ®)

Again, all integer or all half-odd integer values (j,k,l) are
allowed in the sum. Moreover, the operator ¢, is identified with
¢r+1 due to periodic boundary conditions. These boundary
conditions are also respected by the symmetry of the
symbols on the torus, ni+; = nx. Due to center-of-mass
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degeneracy, there are q degenerate v = 1/q Laughlin states on
the torus. For q = 3, these are the unique zero-energy ground
states of Eq. (9).°

C. Separability of general pseudopotentials

For simplicity, in later sections we may often have in
mind the coefficients 7, that define the V| pseudopotential.
Nevertheless, as we now illustrate, @/l higher (m > 1) order
pseudopotentials are of the same factorized form in terms of »
symbols as displayed in Eq. (9).

We begin with the disk geometry, where in a first quantized
language, the pseudopotentials V,, are defined as*

Vi =Y P, (10)
i<j
with P,(ij) a projector acting on the pair of particles (ij)
and projecting onto the subspace associated with relative
angular momentum m. In second quantization, using the basis
of single-particle angular momentum eigenstates, the most
general form V), can have is

Hy,= Y Hy,,

O<j<L-1

o
Yo D My ciacigeicig (D

O<j<L—1k(j),I(j)

where conservation of total angular momentum has been used,
and Hy, , is the operator corresponding to fixed j in the second
line. We note that the results of this section are valid for both
fermions and bosons, where for the latter case, we must replace
Eq. (3) with the more symmetric definition,

>-; X . 12

k(j) 0<k|<min(j,L—1-)

and similarly for ), j)- Letus now consider the action of Hy,
on states with two particles. The operator Hy,, , apparently
projects any pair state with fotal angular momentum 2 j onto a
state with the same total angular momentum, and, as we know
from the definition, relative angular momentum m. For two
particles, however, the total and relative angular momenta fully
specify the state. Therefore, Hy, . is the projection onto the

. j

unique two-particle state specified by the quantum numbers

m, j. It follows from this that M,fl.m as a matrix in k,/ for
fixed j must have rank 1. It is further Hermitian and real (by
PT symmetry). Its most general form is therefore given by
M,fl;m = ne(j,m)n;(j,m) = ngn;, where we leave implicit the
j and m dependence of the  symbols. Within the two-particle
subspace, the operator Hy, ; is thus the orthogonal projection

onto the state

> el el 10). (13)
k(j)
To characterize the spectrum and the eigenstates of Hy,,
within the general N-particle subspace is a main focus of this
paper. The characterization of Hy, as a projection operator
within the two-particle subspace, however, also implies that
the normalization of the state (13) must be unity independent
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of j:

Y =1 dor 2j > m). (14)
k(j)
The restriction is due to the fact that for 2j < m, g =0, as
will presently become apparent. An explicit formula for 7
can be obtained from Eq. (13) and the fact that the normalized
first quantized two-particle wave function of relative angular
momentum m and total angular momentum 2 is

272 2iem A VPN T
’(Zl"‘ZZ) (z1 —z)"e™ 3 a2l

27/ (2] —m)im!

s)

so long as 2j > m. (There exists no such state otherwise.)
Expressing this in second quantization, one obtains

. (_Dmﬂ_k\/ (=BG +0)!

m
22i-12j —m)lm! \J —k

X2 Fi(—j+k,-2j+m,1—j+k+m,—1), (l6a)

where , F is a hypergeometric function. For later purposes, it
is important to note that the last equation is of the structure

_ 2j 2j
me = 27911/2 <m> (j ik) P (k) (16b)

where p,, ;(k) is a polynomial in k of degree m and parity
(—1)". We prove this in Appendix A and also give a recursive
formula for the p,, ;.

‘We note the orthogonality of the states (15) for different j,
m. Working still at fixed j and making the m-dependence of
the n; explicit for now, we have, on top of Eq. (14),

> Gy = Sy (or2j >mom’). (17
k(j)
This observation will directly carry over to the sphere, but not
to the cylinder or torus.

For the sphere, the situation is very similar, except P,,(ij)
must be defined as the projection of particles i and j onto
the two-particle subspace of total angular momentum L? =
£(£ 4+ 1) with £ = Ny —m.* The quantum number j now
corresponds to the z-component of angular momentum, where
2j is the total L, of the pair. Again this uniquely specifies a two-
particle state. The same argument as given above for the disk
then implies the separable form of Hy,, in second quantization.
Moreover, noting that each individual particle in the LLL
transforms under the spin Ng /2 representation of SU(2), the
coefficient n; defining the state (13) for given j and m is simply
a Clebsch-Gordan coefficient, or, written as a 3 j symbol,

M= (=D /ANy —4m +2
No/2 No/2 No —m
X<N¢/2—j+k No/2—j—k 2j —N¢)'
(18a)
Again, we note for later purposes the analog of Eq. (16b) for

the sphere,
No No
= ~m i(k 5
e /(Hk)(j_k)" S0

(18b)
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where the p,, ;(k) are polynomials different from the p,, ;(k),
but with the same general properties noted for the latter.
The equivalence of Egs. (18a) and (18b) is explained in
Appendix A, where a recursive definition of the polynomials
Dm, j(k) is also given.

For the cylinder, we work in a Landau gauge where the
vector potential is independent of y, and we impose periodic
boundary conditions in y with period L,.** Two-particle wave

functions are then of the form ¥/(z1,22) = f(z1,22)e 2&1+),
where f(z1,z2) is holomorphic and periodic in y; i.e.,
f(z1,22) = f(z1 +iLy,z0) = f(z1,22 +iL,). The pseudopo-
tential V), as defined for the disk does not respect this boundary
condition. One must therefore work with “periodized” versions
of these pseudopotentials. For this we may view the full
pseudopotential as a sum over particle pairs of the Landau
level projected version of an ultrashort-ranged pair poten-
tial V,(z1 —22), e.g., Vi(z1 —z22) = PuLV?8(z1 — z2) P
(Ref. 6), and regard the cylinder version of this potential
as V21 — 22) = 3, V(z1 — 22 + i€L,). Here Py is the
projection onto the LLL. Moreover, we note that V,, 1 (z1,22),
where ¢ satisfies the periodic boundary conditions defined
above, is still periodic under simultaneous shifts of z; and z;
by iL,, since V,, acts only on the relative coordinate. We may

thus write V,ﬁylw(zl ,22) = PV (21,22), where P f(z1,22) =

ZL; f(z1 +ilLy,22).

From these considerations, it follows that V,ﬁyl projects onto
the subspace of wave functions of the form

VY (z1,22)
= Z (R +5il )(Z L))" e L gt ma
(19)

where R = (z1 + 22)/2, z = 21 — 22, a(R) is a holomorphic
function satisfying the periodicity a(R +iL,) = a(R), and the
£ = 0 term is just V,,¥(z1,22). The first exponential is picked
up by first going to the symmetric gauge, there evaluating
the effect of V,,, and then transforming back to Landau
gauge. It is worth noting that, unlike V,, ¥ (z1,22), Vngylllf(m ,22)
does not, in general, have an mth-order zero as z; — z,. On
the other hand, what matters is that any ¥ (z;,z) satisfying
V¥ (z1,22) = 0 also satisfies Vygyll//(m ,22) = 0, since the first
condition is equivalent to a(R) = 0. Moreover, the converse
is also true, as one may verify by a Wick rotation in both
Z1, 2o of the holomorphic part of Eq. (19) and subsequent
Poisson resummation. From this it is not difficult to show
via induction in m that states satisfying chylw(zl,ZZ) =0
for all 0 < k < m, with k being odd (for bosons) or even
(fermions), must have at least an (m + 2)th-order zero as
7| — 22, just as it is in the other geometries. Equation (11)
still applies with Hy o in place of Hy,. The indices on ladder
operators now refer to the momentum about the cylinder axis
of the orbitals they create/annihilate, in units of ¥ = 27/L,.

It follows from this that H yo MOW projects onto states
of the form (19) with a(R) = exp[/c](zl + z)]. Since this
defines a 1D subspace, the arguments given above for the
disk and sphere still apply, and M,fl;m = ni(j,m)n;(j,m). Note
that straightforward “periodization” of the pseudopotential
preserves the normalization (14) only in the thermodynamic
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limit. However, on the cylinder the »; are truly independent of
Jj due to translational invariance.

For completeness, we finally give a formula for the 7 in
the cylinder geometry. We begin by writing Haldane’s formula
for the operator P,,(ij) in disk geometry:*

1 2
Pl = ;// dgxdqy Lulg*le” S H90, (20

Here, L,, is the mth Laguerre polynomial, and F; = (%, ;) =
ISLLL(xi,yi)f’LLL is the projected position or guiding center of
the ith particle. According to the above discussion, we can use
this expression for the cylinder after the replacement [ dg, —
> a0 where g, is quantized in multiples of x =27 /L,. X
is quantized in the same manner, which follows from the
commutation relation [¥,y] = i, together with the fact thalt
 acquires angular character, § = § + L,. The operator c;
creates an eigenstate of ¥ with eigenvalue «r. Restricting
ourselves to two particles for the moment, the operator
expligx (X1 — X,)] is diagonal in the basis cI, c,T.2 |0), whereas the
operator explig,(¥1 — ¥,)] shifts the X eigenvalue of particle 1
(particle 2) by —g, (by g,). These observations lead to the iden-
tification of the operator Y, e*'4 T~ with the second quan-
tized operator ), Y, e 'dxdreltk(n ’Z)C,ﬁqv ili%c (Cryo
where the first exponential comes from an application of
the Baker-Hausdorff-Campbell identity in rearranging the
exponential of noncommuting operators as a product of two
exponentials. In Eq. (20), and comparing with Eq. (11), this
yields the identification of My, = n.(j,m)n,(j,m) = n.n,
with

2 o
Natly = —/ dq Lulg” + (x — y)*]
T J-oo
x e—%(qz+(x—y)2)+iq(X+y), eA))

where we have restricted ourselves to the case x = 1. The
general case is obtained by letting x — xx and similarly for
y. One can write a compact expression for Eq. (21) in terms
of Hermite polynomials of even order,

e~ @) m .
Ty = 22m=372 [ ! Z(_ )< )
X Hop_p[x + Y] sz [x —»I, (22)

by using the series expansion

Lm[q2 + (x - )’)2]

m

—1)”
DY (n;)Hzm—zl[q] Halx =yl (23)

22m m
=0

and performing integration over g. The above expression (22)
readily simplifies once we transform to an X,Y = (x £ y)
coordinate frame and express the Hermite polynomials in
Eq. (22) via standard creation operators a;’y acting on
(ah)?1" or,
equivalently, [4& I]’" with a scahng as( dy — Xx), acting on
a Gaussian in x multiplied by a Gaussian in y. In the aftermath,
the right-hand side of Eq. (22) factorizes into decoupled

Gaussians in X, Y whence this reduces to [(aif)2 —
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TABLE III. The polynomial parts of the coefficients 7, defining
the mth Haldane pseudotential in second quantization as in Eq. (7)
for a cylinder with ¥ = 1. For general cylinders, 1, can be obtained
from the given expressions via substitution x — xx and overall
multiplication by /k.

e X (/8)"* exp[x?]

1
2x

VI2Z(@4x* = 1)

V273 x(4x* = 3)

VT2 (1634 — 2452 4 3)
V1730 x(16x* — 40x2 + 15)
JI7T20 (64x5 — 240x* + 180x2 — 15)
V171260 x(64x% — 336x* 4 420x% — 105)

N Uk WO —O |3

functions in x and y, as the left-hand side implies, with
e

y = ———F—= Hu[vV2x], 24
=T i [V2x] 24
which are given in Table IIl for m =0,...,7. Note that
Eq. (24) simplifies the expression recently given in Ref. 25,
where higher body pseudopotentials on the cylinder were also
treated.

For the torus geometry, similar arguments could be made
for the separated form of the pseudopotentials. Instead, we
refer to the relation between the second quantized forms of
these potentials for the cylinder and torus geometries given in
Sec. ITE.

D. Quantum Hall algebra

We are interested in identifying the algebra of interactions
relevant for the QH problem. Define the operators

+ 2s—1 T 2s5—1
Tjsm - Z :77 Cj+kcj k> jsm 2 :77 j—kcj+k’

k(j) k(j)
J J 25)

1
Tigm =5 D (s + 1) = 1),
k(j)

where s € Z, and the number operator is defined as n; =

j €j1xCj+x and, as throughout, the sum is performed over k
following the convention of Eq. (3). These operators close
an infinite-dimensional affine Lie algebra without a central
extension,

2T

J(s+s'—1)m>

+
+ TJ(H—Y)m

[ jsm? ]A m]

[T Tioin] =

jssm> " js'sm

(26)

With these, the lowest order Haldane pseudopotential of
Eq. (9) becomes

> THTh. 27)

O<j<L-1

which explicitly displays its positive semidefinite character
[g1 > 0 in Eq. (6)]. For this special case, it is then known
that the Hamiltonian has zero-energy ground states at filling
fraction v < 1/3, as we pointed out above and is analyzed in
more detail in later sections.
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Far more generally, a generic LLL QH Hamiltonian of the
form of Eq. (6) can be written as

Han —ng Z

O<j<L—-1

T T3 (28)

jlim= jlm®

Now here is an important point whose meaning becomes clear
in future sections: Within each sector of fixed m and j, the
argument in the sum of Eq. (28) is of the form of an exactly
solvable RG pairing Hamiltonian [Eq. (54)].

E. Topological aspects of the Quantum Hall problem: An exact
equivalence of the disk, cylinder, and spherical geometries

In the following, we are interested in the task of char-
acterizing zero-energy states or “zero modes.” To make the
discussion lucid we concentrate on the zero modes of the Hy,
pseudopotential Hamiltonian. As we discuss in Sec. IV A, the
latter are constrained by the condition

TilW) =0 (29)

for all j, where T/, is defined in terms of the parameters
nx given in Table II for various geometries. Despite the
different appearance of these coefficients, the tasks of finding
the zero-energy eigenstates (zero modes) of V) for the disk,
cylinder, and sphere are exactly equivalent, for which we now
provide appropriate transformations in second quantization.
It is intuitive that such transformations exist, as it is well
appreciated that universal features of topologically ordered
states are insensitive to geometric details, and only depend on
the genus number (number of handles) of the system.?! Such
universal features do not generically include the counting of
zero modes (at filling factors below the incompressible one).
However, for “fixed-point” Hamiltonians such as the parent
Hamiltonians of the Laughlin states, this is the case. At the
first quantized level, this is a manifestation of the polynomial
structure wave functions display for the disk/cylinder/sphere
geometries, which has been used extensively in the derivation
of counting formulas for zero modes, both for the V;
pseudopotential as well as other parent Hamiltonians.?%’

Note that the disk, cylinder, and sphere all have vanishing
genus number (while the genus number of the torus is 1).
Below we show how the equivalence between zero modes for
these different geometries is recovered in second quantization.
As evident from Table II, the generic structure of LLL orbitals
in these geometries is

¢, =N, & x (r — independent function), (30)

where & =z, €%, u/v for the disk, cylinder, and sphere,
respectively, is a holomorphic factor, with u = e~ B sin(%),
v=¢l? cos(%)), and N, is a geometry-dependent normaliza-
tion factor. General LLL wave functions are thus polynomials
in £. Note that for a cylinder with inverse radius « — 0, we
have AV, = 1. Consider now the similarity transformation that
acts via

¢, = Sc, 87" = Ne,, (31

where N, corresponds to any given geometry. We can
think of this transformation as changing the normaliza-
tion conventions of polynomials for the « =0 cylinder
to that of any other geometry. Specifically, we may take
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FIG. 2. (Color online) Topological equivalence between geome-
tries sharing the same genus number.

S =S =exp[ik’), rzcjc,.] for a cylinder at finite «,
S=2S4= exp[% > ln(2’r!)cjc,] for the disk, and § = Sg =
exp[—3 Y, In( No )eic,] for the sphere. Let us denote by ¢7,
1, tz the operators defined in Eq. (25) with n; = k!
(t; =1t},,_y, with ¢ = +.7). Equation (29) with T};,, =1}
then corresponds to the x = 0 cylinder. It is further easy to
verify that the operators 7', for a general cylinder, a disk, or
a sphere are then obtained via

Tiy = £St757%; (32)

see Fig. 2, where f; is a positive factor that depends on
the geometry and j, and S depends on the geometry as
shown above. Therefore, if [ W) satisfies 7| W) = 0, then S| W)
satisfies Eq. (29); i.e., T, 1aSIv) = 0. It is thus sufficient, in
principle, to work in the k = 0 cylinder geometry and study
the zero modes of the operators ¢ . Note that we could always
obtain the coefficients f; from the condition (14) if desired.
We caution that for higher m, the one-to-one correspon-
dence between pseudopotentials in different geometries ceases
to hold in the strict sense of Eq. (32). The reason for this is that
states related by the transformations defined above generally
correspond to the same polynomials in the first quantized
description for the respective geometries. Form > 1, however,
the rank 1 projectors Hy, , of Eq. (11) will, in general,
project onto states having a different polynomial structure
for the different geometries. On the other hand, we still have
the following statement: For fixed j, the transformed states
t;Lm |0) for 0 < m < M (and m even/odd for bosons/fermlons
here and below) span the same subspace as the states T ]1 10
defined in Eq. (13). Here, the T jlm and the transformation
S refer to the same geometry. The reason for this is that
in any geometry, the n;’s are proportional to an mth-order
polynomial in k& with parity (—1)" [see Egs. (16b), (18b),
and (22)], and the n; defining t;fm are just equal to k™.
All other k-dependent factors are independent of m and are
taken care of by the transformation S. Within the two-particle
subspace, the common null space of the operators Hy, , =
TJJ[ m L j1ms 0 < m < M, is just the space orthogonal to all the
states Tﬁm|0), and similarly the common null space of the
iS5, ST 0 <m < M, is
the space orthogonal to all the states St;:m|0), 0o<m<M
Thus, in any geometry, the operators Hy, ., for0<m<M,
always have the same common null space as the operators

“transformed” operators (S7;,, S
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(St 1)TSt S~!. This statement immediately carries over
from the two- partlcle subspace to the full Fock space, since
the operators in question are two-body operators. This is of
some importance in Sec. V.

Note that the above equivalence of null spaces holds for
fixed particle number and number of Landau level orbitals.
Working with a finite number of orbitals requires “hard orbital
cutoffs” in the cylinder and disk geometries, but is the usual
situation for the sphere. There is thus no contradiction with the
common knowledge that these three geometries have different
numbers of edge modes. Edge modes are present, in particular,
for the usual infinite or half-infinite orbital lattice associated
to the cylinder or disk geometry, respectively. Conversely,
however, edge modes can be present in the spherical geometry
as well, if, say, we populate only the northern half with a FQH
state having an edge at the equator.

We finally observe that if n,fyl corresponds to the pseudopo-
tential V,, on the cylinder, then for the torus it can always be
obtained by further periodizing the cylinder. This can be done
directly in second quantization:

o= Z n/fil—la‘ (33)
¢

Here and in Table II, we restrict ourselves to tori with the
purely imaginary modular parameter t =i L, /L, =2mi/k*L,
where we introduced L, = « L.

III. STRONGLY COUPLED STATES OF MATTER

In this section, we relate the QH Hamiltonian of Sec. II
to the hyperbolic RG-type models encountered, for instance,
in the study of (p, + ipy) superconductors. In particular, in
Sec. III A we demonstrate that within each sector of fixed m
and j, the Hamiltonian of Eq. (28) represents a new exactly
solvable model, which we call QH-RG, which belongs pre-
cisely to the hyperbolic RG class. We then examine (Sec. I[II B)
the Hilbert space dimension associated with the QH-RG
problem. In each such sector of fixed j and m, the spectral
problem can be determined via Bethe ansatz as we explicitly
demonstrate in Sec. IIIC. We conclude our analysis of the
QH-RG Hamiltonian in this section by highlighting the
symmetry properties of the RG equations (Sec. III D). The full
problem formed by the sum of all (generally noncommuting)
QH-RG Hamiltonians will be investigated in Sec. I'V.

A. An exactly solvable model

The X X Z Gaudin algebra'” is an affine Lie algebra gener-
ated by operators S?(x),S¥ (x) with commutation relations

[S%(x),S* ()] = £[X(x,y)S*(x) — Z(x,»)ST(W)],
[S*T(x),S™ (V)] = 2X(x,y)[S*(x) — S)],

in terms of antisymmetric functions X(x,y) and Z(x,y)
satisfying the following condition for all x, y, and z

[Z(x,y) — Z(x,2)]X(y,2) — X(x,y)X(x,2) =0.  (35)

A representation of the X X Z Gaudin algebra in terms of a
number C(j) [see Eq. (5)] of su(2) spins, {S k,Sﬁ} labeled by
the (in principle arbitrary) quantum numbers J € [Jjmin»Jmax]

(34)
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and k € [kmin,kmax] 1S given by
1
§j() = —5 = X Z(nm0Sj.
k(j)

STx) =) X(x,n)S5

k(j)

(36)

with n; being arbitrary parameters [eventually we equate
these general parameters to be the very same constants
nk(j,m) that appeared in our decomposition of the Haldane
pseudopotentials]. In this representation one can define a set of
C(j)linearly independent constants of motion, which commute
among themselves,

R =S — D XGrm)(S)iS;; + SiS)
1(j) 1k

—2 Y Zmen)S5Sy 37)
1) 1#k

Linear combinations of these operators allow for the construc-
tion of an exactly solvable RG Hamiltonian,

Haj =Y eSi,— Y (& —eDXn)SjSy
k(j) k(1))

— > (& — ) Z(m)S5 S5 (38)
k(7))

The eventual m and j dependence of Hg; stems from that
of the generators in Eq. (36). This generic RG Hamil-
tonian commutes with the squared spin operators S?k =

Si(SH— D+ S;.;(Sj_k, and with the total spin operator S; =

2 Sik: _
A consequence of the Jacobi identity, Eq. (35), is that

X(x,y)* — Z(x,y)* =T, (39)

where I' is a constant independent of x and y. In this work
we focus on the properties of the hyperbolic RG model, which
correspond to I' = —g? /4 < 0.Itis interesting to mention that
the p, + ip, integrable pairing model belongs to this class.'®
Any set of functions X (x,y) and Z(x,y) that fulfills Eqs. (35)
and (39) can be mapped onto the following parametrization'”
5 12 2

_ Xy gx~+vy
Xx,y)=—-8—"—, Z(x,y)=—=—-. 40
(x,y) e (x.y) 2Ty (40
Using this parametrization, setting €, = A;n7, and subtract-
ing a diagonal term —g > k() n,%S%k, one obtains an interesting

form for the Hamiltonian of Eq. (38),

Hoj=n[1+8(S5—1)] D miS5+28 Y mmShSy,
k(j k(j),l(j
) ML) @l

where for a fixed j, j £ k,j £ [ are all non-negative integers
inthe interval [0, L — 1] as before. The parameters A ;, g (which
can be positive or negative) and n; are arbitrary in principle.
A possible fermionic representation of the su(2) spin
algebra, similar to the p,+ip, superconductor'®  is
given by
+ _ T - _
Sik = CinkCir Sik = CjkCjsx 2)
S5 =50 +njx—1).
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O — O o— D e
itk j—k j+k j-k j+k j-k
ij’ = 0 ij = +1 ij = -1

N =2M + N, + Ni,

Unpaired=No = >_ [Vj
k(5)

Paired Inactive levels

FIG. 3. (Color online) Possible electronic configurations for
active level k = [j + k,j — k] and corresponding values of their
seniority vj;. Dark circles correspond to an occupied orbital in [{v;;}),
while white ones correspond to unoccupied ones. Ellipses correspond
to pairs in active levels (i.e., in S;.r). Notice that configurations with
v = %1 Pauli block the corresponding level k in S;. Thus, active

levels form either pairs or are unpaired.

As mentioned above, the value of j is arbitrary in the
interval [%,L — %] [see Eq. (4)]. However, once the value of
J is chosen, it classifies completely the basis states into an
active space of C(j) active levels k=[j + k,j —k] and a
set of inactive levels {iy,is, ...,iz—2¢(j)} which includes the
remaining L — 2C(j) levels left out of the active set. This
classification allows us to define an su(2) vacuum state |v(j)),
which is annihilated by the lowering operators S, [v(j)) =0
as

() = {vje}h) @ vin). (43)

The seniorities v are defined as follows: v;; = 0 if the level
k is empty or doubly occupied (not in the vacuum [{v;})),
and vj; = %1 if there is a single electron with momentum
Jj £ k (see Fig. 3). The two different nonzero values for the
seniorities v are associated with a spin—% degree of freedom.
The state |vjy) defines a configuration of Nj, electrons
distributed among the L — 2C(j) inactive levels
i) = ¢l el - e 10). (44)
Therefore, the vacuum is an eigenstate of the associated
operator S ;k

S5 v()) = 3wl = D)) = =sv()).  (45)

Additional symmetries become manifest in the fermionic
language. In particular, the su(2) algebra,

T = Cl}-i—kcjfk’ Tjk = C;—kcmcv 46)
T = (e —njp),

generates the gauge symmetry of Hg; responsible for Pauli
blocking,'” with seniority v(j) representing a good quantum
number. This gauge symmetry is no longer a symmetry of
pseudopotential Hamiltonians Hy, formed by the sum of the

individual Hamiltonians Hg; for each value of j. Similarly, the
total angular momentum operator defined as (» is an integer)

~

-1

J=Y rn, (47)

‘
Il
S

is also a symmetry of the Hamiltonian Hg;. It is easy to check
that [J ,Sjik] =+£2j Sﬁ, implying that the angular momentum
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of each pair is 2j and that the maximum possible angular
momentum of each electron in the pair is also 2 j. Moreover,
the state j does not participate in pairing, and it can be empty or
occupied by a single electron, defining a seniority v;o = 0,1,
respectively.

Assume that the total number of electrons, a good quantum
number, is N = 2M + N,j), where M is the number of pairs
with angular momentum 2, and N,(jy = Np + Nijn is the total
number of unpaired electrons with

No =Y lvjl =Y (1 = 2s5;0). (48)
k(j) k(j)

Note that the total number of electrons has three contributions:
(i) the 2M electrons that participate in the pair mechanism,
and the unpaired electrons N, ), which in turn are split into
(ii) Np electrons blocking active levels (see the two vj; = %1
cases shown in Fig. 3) and (iii) N, electrons distributed among
inactive levels. Then a seniority configuration of N, ;) unpaired
electrons,

[j+k1,j+k2,... .,iNin], 49)

is an eigenstate of Hg; with M pairs, |®,})), satisfies

JJ kN, .

i 1 .
S Pmv)) = E[ZM + Ny — CODNP mojy)

<M - Zsjk> [P arvj)s (50

k()

and has a total angular momentum f|<I>M,,(j)) = J|®u(j)>
J =2Mj + Ju), 51)

where the contribution from unpaired electrons is given by

Nin
Iy = DIkl + v k) + i, with  Jio = )iy (52)
k(j) Jj=1

Thus, one can classify the eigenstates of Hg; according to

their total angular momentum J and S%.

The analysis above allows us to label eigenstates according
to a filling fraction v (related to S ;7) and the angular momentum
J. The filling fraction in the RG problem is, by analogy to a
QH system on a disk [Eq. (8)], defined as

v = N-1 _r <1, (53)
L—1 q
with p and g relative prime numbers. For fixed v, the latter
relation constraints allowed values of N to be separated by
integer multiples of p since L is given by the integer L =
%(N -+ 1

The model Hamiltonian of Eq. (41) is exactly solvable,
meaning that its full spectrum can be determined with algebraic
complexity. In the present paper, because of its relevance to
QH physics, we are interested in a particular singular limit
of that model. We consider the case where g = —2/[2M +
Nyjy —C(j) — 2], leading to a term in the strongly coupled
Hamiltonian of Eq. (28),%

18,28

Hejm =8 Z nkmCLij_ij,,CjH
k()G

=8 Tj—"i;m Tj_l;m ’ 64
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with ¢ = A ;g. In each sector of fixed pair angular momentum
2j and for each pseudopotential index m, the LLL QH
Hamiltonian is identical to the QH-RG Hamiltonian of
Eq. (54). We will return to the investigation of the full QH prob-
lem formed by sums of individual QH-RG Hamiltonians [see
Eq. (28) in Sec. II D]. For the time being, we remark that the
individual QH-RG Hamiltonians corresponding to different
values of j generally do not commute with one another;
there are only four QH-RG Hamiltonians Hg; which are
special in that they are diagonal; these correspond to j =
%, 1, jmax — % Jmax With jmax denoting the maximal possible
value of j [see Eq. (4)].

It is notable that, contrary to more standard pairing
problems, especially those in which pairing may arise in
mean-field treatments, when a Haldane pseudopotential is
used, the Hamiltonian of Eq. (28) is repulsive, i.e., g > 0.
Nonetheless, as we elaborate on below, in the decomposition
into exactly solvable QH-RG Hamiltonians, we find that for
each repulsive term associated with a given j (and m) in
Eq. (28), pairing is induced in the sense that pair fluctuations
dominate correlations among electrons.

B. Hilbert space analysis

Given N spinless fermions and L orbitals, the dimension
of the Hilbert state space H;(N) is

dim H(N) L L (55)
im = = —
L N) T NL—N)!
The set of allowed total angular momenta J is given by
N(N—-1) N(N—-1) N(N —-1)
N) = , 1,
JL(N) { > 7 + 7
N+1
+2,...,N|:L—( ! )}} (56)
such that
dimH, (N)= Y dimH.(N,J), (57)

JeJL(N)

where H (N, J)is the Hilbert subspace with fixed total angular
momentum J.

Given a fixed number of electrons N and orbitals L and
angular momentum J, one can determine the dimension of
the Hilbert space H (N,J) as follows: The dimension of
Hr(N,J) is equal to the total number, Ny,,), of distinct par-
titions {m;} = {m,m,, ..., my}, Z,N=1 m; = J, of the integer
J, and can be determined with the help of the following
generating function

Mmax Mmax Mmax—+1 o
zZ) = [[a+a) =3 Y PWN.DHx', (58)
r=0 J=0 N=0

where mmax = L — 1 is the largest integer that may ap-
pear in the partition {m;}, and Mmax = Mmax(Mmax + 1)/2 =
(L — 1)L /2. The dimension of H;(N,J) is

dimH, (N,J) = Nim,y = PN, J). (59)

The number of partitions associated with the filling fraction
of v=1 [see Eq. (8)] constitutes a limiting nonvanishing
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value, P(N,N(N — 1)/2) = 1. [This single possible partition
corresponds to the arithmetic series, Z,],VZ_OI r=N(N-1)/2]
We note that Eq. (58) corresponds to the grand canonical
partition function of a system of free spinless fermions
with equally spaced single-particle energy levels similar to a
harmonic oscillator system and trivially constrained by a cutoff
Mmmax- That is, in Eq. (58), z may be regarded as the fugacity
(e with 1 the chemical potential) of these particles and x
as the Boltzmann factor associated with the equally spaced
levels (x = e#¢ with a linear energy dispersion &, = re,
and inverse temperature ). Such equally spaced levels are
formally similar to those of the original Landau level problem
of noninteracting spinless fermions in a magnetic field (yet
now sans a degeneracy of the single-particle states). In our
case, unlike that of standard noninteracting fermion problems,
the equally spaced levels may only be occupied up to a
threshold value, i.e., up to r = mmax. This cutoff constraint
is trivial and does not affect the Fermi function occupancy
of levels which we shortly discuss below (formally, such a
cutoff may also be implemented by setting the energies of
all nonallowed levels to be positive and infinite for which the
corresponding Fermi function trivially vanishes as it must).
In the canonical ensemble one has to place N fermions,

Mmax

N=>n, (60)
r=0

over (2j + 1) = mmax + 1 levels such that the total “energy,”

Mmax

7= ¢&n. 61)
r=0

is fixed, with occupancies n, = 0, 1. The total number of states
is given by

P(N,J) = €5, (62)

where the entropy S is defined by the corresponding entropy
of the Fermi-Dirac gas with a linear energy dispersion and in
units such that kg = 1.

It is clear that the number of partitions increases exponen-
tially for large system sizes. A quantitative approximation for
this increase can be obtained in the grand canonical ensemble
in the relevant thermodynamic limit. Let us start defining the
average number of particles,

Mmax

_ 0lnZ
N = = ny, with
2 §0< )

0

) (63)
(n,) = (ng) = m,

representing the mean occupation number, and average
“energy’”

_ dnzZ X
J=- a‘; =3¢ (n), (64)
r=0

The equally spaced levels ¢, = re imply a constant density
of states (of size unity) in approximating the discrete sums
in Egs. (63) and (64) by integrals from which it is seen
that average number of particles N and average “energy” are

PHYSICAL REVIEW B 88, 165303 (2013)

moments of the Fermi function (n.),

Nmf de (n,), J‘~/ de & (n).  (65)
0 0

Further corrections to the integral approximations above to
the original sums over discrete states may be obtained via the
Euler-Maclaurin formula.

In Eq. (65), n and B are Lagrange multipliers that fix the
averages in Eqs. (60) and (61). The integrals of Eqs. (65) are
readily evaluated,

_ 1 1+ e Fr
N ~ mmax + ,E In <—1 i eﬂ(ﬂlmaxﬂ))’
- 1
I 2_;32[132mr2nax — 2Bmmax In(1 + #m"10) - (66)

-2 Liz(_eﬁ(mmax—u)) 42 Li2(—e_ﬂ“)],

where Lix(z) =Y o2, 2—2 is the polylogarithmic function of
order two. Specializing to an incompressible Laughlin fluid,
if we set N =N and mmax = %(N — 1), we find, in this
thermodynamic limit [whence we approximate (N — 1) ~ N)],
that, from the first of Egs. (66),
1 —efN
Bu A
Pt —————— 67)
J-DBN _

Formally, for the particular case of % =2, Eq. (67) further

simplifies to u = N. Given also J, the combination of
Eq. (67) and the second of Eqs. (66) provides both 8 and .
The entropy of the free Fermi system is the sum of the
entropies associated with that of the decoupled levels ¢ [for
which the probabilities of the two possible states (i.e., of having
the state of energy & being occupied or empty) are (n,) and
(1 — (ng)), respectively] and is thus given (in the continuum
integral approximation to the original discrete ¢ sums) by

S=-Trolnp
~ - f " deling) In(ne) + (1 — () In(1 — ()], (68)
0

where p is the density matrix. Armed with the entropy of
Eq. (68), we may next invoke Eq. (62) to compute the number
of states (i.e., Hilbert space dimension). It is readily seen that
the entropy is extensive in mmax and thus the system size N.
Unfortunately, an illuminating closed-form expression is not
attainable.

C. Eigenspectrum

The model Hamiltonian Hg; of Eq. (54) is exactly solvable,
meaning that one can write down its full eigenspectrum with
algebraic complexity. The (un-normalized) eigenvectors of
Hg; are the states

M

[Puviiy) = [ [ STEDMG)), (69)

a=1
with
+ _ Nk
SfE) =)

k(j) 'k «

oot
CitkCi s (70)
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and where the seniority eigenstates |v(j)) satisfy the relation
Hgj|v(j)) = 0. Note that the structure of these equations is the
same for different pseudopotential indices m and only depends
on the general factorized form of the Hamiltonian. To avoid
cumbersome notation, as we have done in previous sections,
we often omit the pseudopotential rank index m.

The eigenvalue equation can then be written as

M
Haj|Puuj)) = |:HGj, l_[ S;r(Ea)i| () = Emvi) [ Pmvii)

a=1
(71)
with the commutator
M
[HG i I Sj(Ea)}
a=1
2 M
un Ep
=-2 St —SZ e ——
gZ ka E, jk+ Z Eﬁ_Ea
) B(Fa)=1
(72)
and
M
st,=1 [] Si&)| 1 (73)
y(Fa)=1

There are two distinct types of solutions.

(1) Itis clear from the commutator [Eq. (72)] that zeroing
the quantity in parentheses there are solutions with eigenvalue
(see Fig. 4),

Emvij) =0, (74)

corresponding to the case where all the spectral parameters E,,

(also known as pairons) are finite (complex-valued, in general).

The RG (Bethe) equations satisfied by those pairons are of the
form

M
) D DL
bt L k(j)
€ [1,M], which can be rewritten as (when E, # 0)

M

. 1 .
kGy Tk T Fe g TP T Fe o

with Q; =M — 13" sjxk =M —1+[No — C(j)I/2. If
there is one vanishing pairon, E, = 0, then the following

—0, Ya, (75)

. i 1/2 ,7
Repulsive case (9>0): I 5 /2

= BEEEE
dimHr(N,J) = dimH (N - 2,J- 2j) (independent of 1)
0 i# zeros: Large degeneracy (Null space)
L
Attractive case (g<0) : j

Strongly-coupled Superconductor

L /(unvique ground state)

FIG. 4. (Color online) Eigenvalue spectrum of the repulsive and
attractive QH-RG model, which is the strong-coupling limit of the
hyperbolic (p, + ip,) RG model.
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condition needs to be satisfied:

Zsjk=M—1. (77)
k(j)
(i1) There is another class of solutions that corresponds to
having one pairon Ej; — 00, where

1

j1
with the remaining pairons (« € [1,M — 1]) being finite-
valued and satisfying the RG equations,

1+ Z Y sjt 55— =0. (79)

paret B8~ Ea 95 n—E

For this class of solutions the corresponding eigenvalues of
Hgj are positive (negative) (see Fig. 4),

M-1
Emv) = 28 (Z Sikme— Y E) : (80)
k(j) a=1
which simply results from the fact that Hg; is a positive
(negative) semidefinite operator when g > 0 (g < 0).

Care has to be taken with the different seniority subspaces
entering in Egs. (75) and (80) through the eigenvalues s ;. of the
SJZ- « operator, Eq. (45). The total number of unpaired electrons
N,(jy should have a total angular momentum J,j) = jNp +
Jin, and they should not couple in pairs to angular momentum
2j. Therefore, the seniority configuration of N}, electrons
[j+ki,j+ ko, ...,j+ ky,] must fulfill the condition

No
> ki=0. (81)
i=1

We note here that for any seniority configuration
[j+ki,...,j+ko,j+kn,] satisfying the condition (81)
there is another seniority configuration [j — ki,j — ko, ...,
Jj —kn,] blocking the same pair states k = [j +k,j — k],
satisfying (81), and with same set of parameters s ;. These
two solutions have the same energy [Eq. (80)]. Hence, any
eigenvalue with one infinite pairon, M — 1 finite pairons, and
nonzero seniority is at least doubly degenerate.

One can analytically determine the largest contribution to
the first term in Eq. (80) for the nonzero eigenvalues,

> i (82)
k(j)
corresponding to s;; = 1/2, for all values of k. For the disk
geometry, for instance, it is given by

J o
an 222 Z kz(j—i{k) (83)

k(j) =1/2

The sum can be easily shown to be given by
J .
2 ,
=12 N +
implying that the largest contribution is

Yom=1 (85)

k(j)
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TABLE IV. Dimension of the Hilbert space, Ny}, and number of
zero-energy eigenstates, Ny, €y = (Cj(d)) — (Aflj(i)l ), for % =3 and

2jm = Mmax-

N Mmax Jm Ny N, Zg
2 3 3 2 1 1
4 9 18 18 13

6 15 45 338 252 28
8 21 84 8512 6375 165
10 27 135 246 448 184 717 1001

a trivial constant value independent of L and N. This
normalization makes explicit earlier considerations which led
to Eq. (14).

Inspection of Eq. (75) or Eq. (79) tells us that the set of
spectral parameters {E,} is identical to the set {E}}, meaning
that the pairons are either real-valued or, if a pairon, e.g., E|,
is complex then there exists another pairon solution that is its
complex conjugate, i.e., E7. Notice that the RG equations, and
consequently the spectral parameters, do not depend on the
coupling strength g.

Therefore, all non-zero-energy eigenstates are associated
with spectral parameters which are all finite-valued except one,
identified with Ej;, which becomes infinite. Because of the
latter, the total number of positive (negative) energy eigenstates
is given by the number of partitions P(N — 2,J — 2j), which
implies that the total number of zero-energy eigenstates is
N, =P(N,J)—P(N —2,J —2j). Table IV displays some
characteristic values of various dimensions for systems up to
N = 10 electrons.

The nature of the ground state of Hg; depends on the sign
of g. In the repulsive (g > 0) case, the ground state is, in
general, highly degenerate and its energy is zero regardless of
the system size. On the contrary, in the attractive (g < 0) case
the ground-state energy is negative and nondegenerate and
grows in magnitude with system size according to Eq. (80)
(see Fig. 4).

D. Symmetry properties of the RG equations

In this section we are interested in analyzing the conse-
quences of having vanishing spectral parameters, i.e., a set of
pairons with E, = 0. This analysis unveils a symmetry relation
of the RG equations that connects eigenstates with different
filling fractions v.

Consider an M pair state of the form (M = M — Ny),

1Parui) = [STONY D z0)) = ()" [ Pin))s  (86)

where we assume that Ny pairons vanish, and |®y,;)) is
an eigenstate of Hg;. What are the conditions necessary for
[P .(j)) to be an eigenstate of Hg;? To address this question
one needs to evaluate the commutator,

[Haj . (T;5)"] = —gNo(T;0)" ™' T} (2T, + No — 1), (87)

with T, = S7. Since |®y,(;) is also an eigenstate of S7,
the vanishing of this commutator would indicate that the
states |®@z,;)) and [Py(;)) are degenerate, i.e., share the
same eigenvalue although they correspond to different filling
fractions.
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It follows that if the number of vanishing spectral parame-
ters satisfies

No=2 M—Zsjk —1=1+20;, (88)
k(j)

then the states [®y,(;)) and |®7,;)) are degenerate. More-
over, no pairons E, converge to zero for Z(Zk( 7Sk — M) +
1 > 0. Note that the filling fractions corresponding to these
two states are

M NN —1) it NN = 1)
2J 2J

with N = N —2Npand J = J — 2Nyj.

This symmetry relation, which is independent of the sign
of the coupling g, has interesting and important consequences.
[For a related discussion in the context of the (px +ip,)
superconductor, see Ref. 18.] Consider the two special cases.

(1) Symmetric case. In this limiting case M = M (i.e., there
are no zero-valued pairons, Ny = 0),

1+C()— Np 1
M = > = Q0= 5 (90)

For attractive interactions (g < 0), this limiting case is as-
sociated with a nontrivial quantum critical point signaling a
topological zero-temperature phase transition in the thermo-
dynamic limit.'3

(2) Asymmetric case. No = M — 1 (all but one zero-valued
pairons)

, (89)

. M-2

M:C(])—Nb:szT. (C2Y)]
To get an understanding of the meaning of these particular
relations, consider the case of seniority zero eigenstates,
ie., Ny =0, N=2M, leading to v = 2M — 1)/2jm).
Then, the symmetric case corresponds to v¥ =vM =
C(jm)/(2jm)(— 1/2), while the asymmetric case corresponds
tov™ = [2C(jm) — 11/Q2jm)(— 1),and v¥ = 1/(2jm)(— 0).
The values displayed in parentheses correspond to the large j

limit, with j’s such that C(j) = [j + 3].

IV. GROUND STATES OF THE FULL
PSEUDOPOTENTIAL PROBLEM

In this section, we survey some known results pertaining to
the zero-energy ground states of Haldane pseudopotentials and
rigorously generalize some of these results using our second
quantized formulation. In the earlier sections we analyzed the
problem for fixed m and j RG-type Hamiltonians Hg;.,. We
now turn to the full problem formed by the sum of these
Hamiltonians over all m and j [Eq. (28)] and make use of
Eq. (54) to write a generic rotationally symmetric Hamiltonian
in the LLL as a sum of QH-RG Hamiltonians,

How=)" 3 Hojm (92)

m O<j<L—1

As we have shown in this work, for the usual pseudopotential
expansion, each term in the above sum is indeed of the
RG form. In the following, we will, however, also have
opportunity to consider generalizations where the Hgj,, are
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RG terms with n;’s not necessarily corresponding to a Haldane
pseudopotential.

For concreteness, in what follows, we first focus on the
lowest (m = 1) pseudopotential. The structure of many of the
following considerations is identical for all m. Generally, we
will be interested in the case where the sum over m in Eq. (92)
is finite. The number of zero-energy states of Eq. (92) depends
on how many terms with different m and j are included. We
elaborate on this in Sec. IV A. We then illustrate (Sec. IV B)
how notions of “inward squeezing” can be generalized to
states that are defined through a Hamiltonian, rather than
an analytic clustering property. In Sec. IVC, we explain
how the basis associated with the QH-RG Hamiltonians can
be used as a new basis to expand Laughlin states. Facts
concerning the conventional Slater determinant decomposition
of Laughlin states are reviewed and expanded on in Sec. IV D.
We explicitly note a cutoff value (in particle number) beyond
which some “admissible” Slater determinant states have a
vanishing amplitude for the v = 1/3 Laughlin state, un-
derscore the relevance of maximally paired configurations
(central to our RG approach), and further explicitly relate
the squeezed-state formulation, on which we present some
rigorous results in Sec. IV B, to “admissible” (in a Young
tableau sense’?) Slater determinant states.

A. Null space and frustration-free properties of Hy,

From previous sections we conclude that the QH Hamil-
tonian can be written as a direct sum of hyperbolic QH-RG
Hamiltonians,

Hy, = Y Hgj. (93)
O<j<L—-1
with, in general,
[Hej,Hal #0  (j # ) (94)

In this equation, we have fixed the pseudopotential index m =
1 and simply denote Hgj,,—1 = Hgj. The gauge symmetry
of Eq. (46) displayed by each Hg; is no longer a symmetry
of the QH Hamiltonian Hy,; thus, seniority is not conserved.
Nonetheless, since Laughlin states are exact ground states,
as we discussed in detail above, the Hamiltonian is still
quasiexactly solvable, at least for v =1/3 (and v < 1/3).
By this we mean that the ground state(s) can be determined
exactly, and is (are) related to the integrable structure that we
exposed above, but no such characterization is known for the
finite-energy excited states.

We are interested in understanding the properties of the null
space Ker(Hy,). In the following sections, we wish to establish
a series of exact analytic properties that emerge from our
second quantization analysis. Let us start with the following
known result, which we paraphrase as follows:*® Given L, N,
the Hamiltonian Hy, displays zero-energy ground states [W/),
ie., Hy, |\va ) =0, whenever L > 3N — 2, or equivalently,
0y = 5 < % The zero-energy state is unique when v = %
it is in the sector J = Jn,, and is the Laughlin state |\l/f’“).
Armed with this result, one can state a remarkable propertiz of
the null space Ker(Hy,): Hy, is a frustration-free Hamiltonian
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forO0<v <K % This means that Ker(Hy,) is the common null
space of all the null spaces Ker(Hg;).

The proof goes as follows. The states | W) are zero-energy
ground states of Hy,, which is a direct sum of positive

semidefinite operators Hg;. Therefore,
HGj|"I"VJ) =0, forall j, jmin < J < Jjmax; 95)

i.e., [W/) are zero-energy ground states of each RG Hamil-
tonian Hg,. Moreover, 0 = (V/|Hg;|¥]) = g2||Tj_1|\Illf)||2
implies Tj’l|\I/vJ) = 0 for all j, and filling fraction v < 1/3.
The_results above generalize to Hamiltonians of the
form Hon = ) _o<,<m & Hy,, Where the g, are positive for

(—1)" = (—1)M and otherwise 0. Then, the zero modes of this
Hamiltonian are simultaneously annihilated by each operator
Hy, . defined in Sec. IIC. This condition is satisfiable for
v < 1/(M+2), and right at filling factor v = 1/(M 4 2) is
satisfied uniquely by the Laughlin state |¥/m).*

‘We emphasize that presently, to the best of our knowledge,
this frustration-free property cannot be derived from algebraic
properties of the operators Hg; alone. Instead, the proof relies
crucially on establishing the existence of Ker(Hy,) using first
quantized language. It is worth noting that in going back
to first quantized language, the problem is embedded in a
larger Hilbert space that also contains degrees of freedom
associated with dynamical momenta. It is only through an
intricate interplay between guiding-center degrees of freedom
and dynamical momenta that the known analytical properties
of Laughlin wave functions result.® This could hardly have
been guessed from the second quantized Hamiltonian Eq. (9)
alone, which describes only the guiding-center variables. It
is only for the right choice of orbitals ¢,(z), defined by
the kinetic energy Hamiltonian Hgx and not by the second
quantized pseudopotential Eq. (9), that the zero-energy ground
state of the problem can be characterized by simple analytic
properties.

Note that the QH Hamiltonian differs in a crucial way
from more standard frustration-free Hamiltonian studied in
the literature.'” In those cases the null space of the underlying
local operators can be trivially characterized. It is then only the
existence of a common null space, Ker(H ), which is nontrivial.
In the QH case, each QH-RG Hamiltonian Hg; is not strictly
local but decays exponentially and, in addition, displays a
different number of pair operators for different values of j.
The null space of each Hg; can be exactly determined, but
this is already a nontrivial problem since it requires a Bethe
ansatz instead of a semisimple Lie-algebraic solution.

There are four QH-RG Hamiltonians Hg; that are special
since they are diagonal operators in the Fock basis, i.e.,
they commute among themselves, and correspond to j =
%,1, Jmax — %, Jjmax [see Eq. (4)]. Consider an expansion of
a zero-energy ground states of Hy,, |¥/), in a normalized
Slater determinant (Fock) basis (n, = 0,1),

{l{nh)} = {lno.n1, ...

1 L—1
= {ﬁ ﬂ(ci)"r|0>} : (96)
S r=0

with Zf;ol n, = N, and Zf;ol rn, = J. Then, the following
result follows: All zero-energy states have zero coefficients

My on 7nL—1>}
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for the basis states with (ng = 1,n; = 1), (ng = 1,n, = 1),
(I’lL_3 = l,nL_1 = 1), and (I’lL_2 = 1,nL_1 = 1), in a Slater
determinant expansion. We note that this result is in agreement
with the principle of inward squeezing.?'-*?

The proof of this assertion is straightforward: Assume that
|\IJUJ ) has Slater determinant basis elements with, e.g., (ng =1,
n; =1). Then, HGJ-:%WVJ) #0, since Hgj_1 = gn3 nino,

which contradicts the frustration-free condition of szl. We
can apply the same argument for the other three cases where
the QH-RG Hamiltonians correspond to j = 1, jmax — % Jmax-

It turns out that the last argument can be considerably
generalized and applied to a large class of Hamiltonians, as
we show in the following section.

B. Characterization of the “incompressible filling factor”
and inward squeezing through the second quantized
pseudopotentials

Due to the (in general) noncommutativity of the operators
Hgj, the characterization of frustration-free ground states of
the full Hamiltonian ﬁQH is a task that goes beyond the
analysis of Sec. III, where the eigenstates of the individual
operators Hg; have been systematically studied. For Haldane
pseudopotentials, the problem has been well studied in first
quantization where, e.g., for Hy,, the solutions are just
the v = 1/3 Laughlin state and its quasihole excitations at
v < 1/3.4% There are no zero-energy, hence frustration-free,
ground states at v > 1/3. Our goal here is to understand such
properties as much as possible in terms of the second quantized
operators Hy, . discussed at length in previous sections. From
their second quantlzed form, it might not seem obvious that
these operators have any common zero-energy states at all
for some appropriate range of m and j, and for given v and
arbitrary system size. Here we primarily want to understand
within second quantized language why, for instance, for
the V| pseudopotential, the “incompressible” filling factor
v = 1/3 is special. By “special,” we allude to the fact that
there can be no common zero-energy state for the operators
Hg ;=1 at filling factor >1/3. The analogous question can
be asked for the parent Hamiltonian of the v = 1/q Laughlin
state. We emphasize, however, that our results in this section
will establish rigorous bounds for the (non)existence of zero
modes for a large class of Hamiltonians. The second-quantized
Haldane pseudopotentials are merely special cases that satisfy
these bounds. The same is true for the solvable Hamiltonians
of Ref. 15.

Moreover, the questions asked here will naturally lead us
to rigorously prove a squeezing principle**3'3? for the zero
modes of a general class of model Hamiltonians. We begin
with some general notions related to squeezing. The reader
unfamiliar with this concept will find a more detailed review
in Sec. IVD. We expand a given state |¢) into occupancy
eigenstates,

= Cl{n}). 97)

where |{n}) denotes an occupation number -eigenstate
|ng, ... .,np—1) as in Eq. (96). We call a state |{n}) with
my # 0 Y expandable if there is a state |[{n'}) with Cy,y # 0
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such that |{n}) and |{n’}) are related as follows:

Hn'}) = |nov....njk+1,..omj =1, ..,
njz—l,...,nj2+k+l,...,nL_1>, 98)
where j; < j, and k > 0. That is,
(nYlel _pel iepc; lin) # 0. (99)

We call a state |{n}) with Cy,; # 0 non-y-expandable or just
nonexpandable if [{n}) is not ¢ expandable. Further, we say
that |{n}) satisfies the generalized r-Pauli principle if there is
no more than one particle in any r-consecutive orbitals.

Next we define the general class of operators to which our
results will apply. We focus on fermions for simplicity, but
it should be clear that analogous results can be obtained for
bosons.

Consider the operators Ty, = > ;) e(j,m)Cj—kCjti as
in Eq. (25), where 1 < m < M and we have restored the
dependence on j and m on the right-hand side, subject to
the constraint that m and M are both odd. We say that the
family of operators 7}, has “the 1ndependence property” if

for any j and for £ = min[(M + 1)/2,[j + ] [L—>5— 1],
the m distinct £-tuples [n(j,m), ... ,ng(j,m)] have a linear
span of dimension ¢ if j is integer, and similarly the m £-tuples
(7120, m), ... ,ne— 1/2(j m)] if j is half odd-integer.

It is easy to see that, in particular, the T';,.,, of the Haldane-
pseudopotentials Hy, have the mdependence property for any
M, simply by appealing to the polynomial structure of the
corresponding coefficients 1 (j,m) identified in Sec. II C.

Our results are expressed by the following theorem and
simple corollaries.

Theorem. Let the operators T, o = 1,3,... ,M satisfy
the independence property, and let |¢) be annihilated by
all T/ m= 1,3,... M, j=1/2,...,L —3/2. Then any
nonexpandable basis state |{n}) in the expansion of |y)
satisfies the M + 2-Pauli principle.

Proof. For simplicity, we first consider the case M=1.
Note that the independence property then reduces to
m@,m=1#0 [n1(j,m=1)7#0] for j integer (half odd-
integer). i

We prove the statement by contradiction. Suppose |{n})
is nonexpandable and does not satisfy the 3-Pauli principle.
Then {n} contains a string 11 or a string 101. Consider

the former case. Then we have |{n}) = C IC 1|{n}) for

some j, where |{7i}) has two particles less than |{n}) and

nji% = 0. Further, fork > 3, all states c;+kcj._k|{n}) have zero

coefficient in |v), or else |{n}) would be iy expandable. We
thus have ({ﬁ}lT]fl;lhlf) = n%(j,l)C{n} # 0. This contradicts

T;1,11¥) = 0. Ruling out strings 101 works just the same.

To generalize to the case of arbitrary odd M, we have
to rule out strings of the form 10°1, with 0° representing
a string of s zeros, where s =0, ... ,M. For given j form
the new linear combination of operators T}, = D o Am Tiim
Zk(j) fikCj—kCj+k, which still satisfies ]~”j_1|1,0) = 0. Consider
integer j and odd s. The independence property is then exactly
what guarantees that we can always choose the a,, such that
fix =0fork =1,...,(s — 1)/2and #j(s41)» = 1. Similarly for
half-odd-integer j and even s, where we can choose 7j; = 0
fork =1/2,...,(s — 1)/2 and fiis+1),2 = 1. The operators T
thus have a “hollow core,” and allow one to contradict the
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assumption that a nonexpandable |{n}) has the pattern 10°1
just as we did in the case M = 1 above. This concludes the
proof of the theorem. |

For a general state |¢), we now define its filling factor
in an L-independent manner as v = (N — 1)/nmax(¥), where
nmax(¥) is the highest orbital index in |¢) that has nonzero
probability of being occupied in |i). Our main result is then
the following.

Corollary 1. Let the operators T}y, m=13... .M be
defined as in the theorem above. Then a state |y) annihilated
by all 7}, has a filling factor v < 1/(M + 2).

Proof. Because of the finite dimensionality of the Hilbert
space, we can always find a non-i{-expandable basis state
[{n}). The latter satisfies the M + 2-Pauli principle. The
densest basis state satisfying this generalized Pauli principle is
clearly 10M+110M+11 ... OM+11, which has filling factor equal
to 1/(M + 2). This necessitates that |) has a filling factor less
than or equal to that value. |

The following corollary establishes a notion of squeezing
for any zero mode of any Hamiltonian H = ", - T\, T}1.,,
with operators satisfying the assumptions of the Theorem. This
includes Hamiltonians beyond the realm of pseudopotentials,
such as those considered in Ref. 15. By “squeezing,” we mean
the operations facilitated by the operators ¢ 71+kCjo—kCjC o
J1 < ja,and k > 0, i.e., in essence the inverse of the operation
defining an expandable state above. A state |{n}) can be
“squeezed” from a basis state |{n'}) if it can be obtained from
|{n’}) by repeated application of squeezing operations.

Corollary 2. Let T},,,,m = 1,3, ... ,Mand |) be defined
as in the theorem. Then any basis state [{n}) having nonzero
coefficient in the expansion (97) can be squeezed from a basis
state |{n’}) (not necessarily always the same) that satisfies the
M + 2-Pauli principle; and that also has nonzero coefficient.

Proof. A finite number of applications of operators of the

form c']tl_kc}ﬁkclzch, ji < jo, and k > 0, on |{n}) must lead
to a nonexpandable basis state |{n’}) (with nonzero coefficient,
by definition), due to finite dimensionality of the Hilbert space.
Then |{n'}) must satisfy the M + 2-Pauli principle by the
theorem, and |{n}) can be squeezed from |{n'}). |

We note that the observation made in Sec. IV A, concerning
zero amplitude for all states of the form |11...), [101...) in
zero modes of V| is a special case of this corollary. It is clear
that such states could not be squeezed from states satisfying
the 3-Pauli principle. The corollary more generally implies
the fact that many more Slater determinants have vanishing
amplitudes in any zero-mode state, namely all those that cannot
be squeezed from a state satisfying the M + 2-Pauli principle.
Note also that if there exists a zero mode |i) at filling factor
1/(M + 2), then the state | 10M+110M*1 ...} must have nonzero
coefficient in the expansion of |¢), and all basis states |{n})
appearing in the expansion of |1{) must be squeezable from
[10M+110M+1 ...} This follows since the latter is the unique
basis state satisfying the M + 2 -Pauli principle at filling factor
v > 1/(M + 2), together with Corollary 2. It also follows that
there can be at most one zero mode at filling factor 1/(M + 2).
For, if there were two, a linear combination could be formed in
which the coefficient of the state |[I0M+110M+! ...} vanishes.
According to the preceding statement, this is only possible
if the linear combination vanishes entirely. We thus have the
following.
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Corollary 3. Let Tl M= 1,3,...,M, be defined as
in the theorem. If there exists a state |1ﬁ) at filling factor
1/(M+2) that is annihilated by all T > M= 1,3,...,M,
j=1/2,. — 3/2, then |y) is the unique state with this
property. Furthermore, the basis states |{n}) appearing in the
expansion of |) include the state |[10M*+!110M+!...) and
every such |{n}) can be squeezed from [10M+11OM+1. ..},

For Laughlin states, the latter was observed in Ref. 24. We
note once more that the squeezing principle has been extremely
useful in defining a large class of trial wave functions®'~>* and
that the associated “dominance patterns,” or “root partitions,”
from which these states are squeezed also dominate the thin
torus limit'>'*?* and are furthermore intimately related to
“patterns of zeros.”** These patterns contain much useful
information, e.g., concerning quasiparticle statistics.> Many
of the states defined through squeezing have, however, not
yet been identified as ground states of a parent Hamiltonian.
Our approach is thus complementary, where we established
a squeezing principle for zero mode states for a class of
Hamiltonians of the general form Egs. (54) and (92), with, in
principle, arbitrary coefficients 7. In particular, this is more
general than the usual pseudopotential construction, which is
constrained by rotational and translational symmetry.* Some
instances of such more general Hamiltonians have already
surfaced in the recent literature and have been shown to
exhibit zero modes,'> which conform to all the results of this
section.

We emphasize that there is a difference between
the well-documented connection between first quantized
pseudopotential-type Hamiltonians and “clustering proper-
ties” of their analytic ground-state wave functions,’!3%3436.37
and the approach presented here. It is well understood how
these clustering properties, i.e., certain analytic properties
of first quantized wave functions, are related to squeezing
principles describing their second quantized form.3!>3* Here,
however, we are not interested in such clustering properties,
which describe certain types of first quantized wave functions.
Indeed, the results given here are not limited to cases where
first quantized forms of zero modes display such clustering
properties. This is demonstrated, e.g., by the explicit examples
given in Ref. 15, where zero modes are constructed that satisfy
a squeezing principle in accordance with the results of this
section, while their first quantized forms do not display analytic
clustering properties. We note that it is straightforward to
modify our results on a case-by-case basis for situations in
which the independence property is violated in some form
and to generalize our results to particles with spin or internal
degrees of freedom. Likewise, the results and principles
discussed here can be generalized to n-body operators, such as
the parent Hamiltonians for states in the Read-Rezayi series.¢

C. Richardson-Gaudin decomposition of zero-energy states

Knowledge of the null space of any operator Hg;,
Ker(Hg,), helps us find a RG basis to expand |W7); the basis is
the set of zero-energy eigenstates of Hg; with fixed J. We next
consider expansion of any arbitrary zero-energy state in terms
of this RG basis. The state with Jj, = N(N — 1)/2 (v = 1),

W) = f ]_[r —o Cr |0 is clearly a unique eigenstate of Hy,
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TABLE V. Quantities involved in the description of incompress-
ible Laughlin states (see text).

v Mmax = 2 jm C() Jm

L aN — 1)

min([j + 31.[L — § — j]) L

with positive eigenvalue, and maximal pairing, meaning that
the seniority is zero (see Table V).

The general second-quantized form of a Laughlin state with
filling fraction v = 1/q is

N2
Z Z Za%l)v(j) q’%(,‘))» (100)
M=0 v(j) t=1

where without loss of generality we assume the total number
of electrons N to be even, j,=q(N —1)/2 =(L —1)/2,
and every state in the sum |<I>§\?v( j)) is of the form of
Eq. (69) with total angular momentum Jy, = j,mN and thus
the same filling fraction. The v(j) sum is over unpaired states
of a given seniority N,y = N — 2M. The extra index ¢ labels

a particular solution of the RG equations, Eq. (76), which
for a fixed M has a total of £, = (Cﬁj)) ( U )1) solutions

(see Table IV). The coefficients 0‘512;(;) can be determined by
solving the set of equations '

(@5, Hanl W) = 0. (101)

The RG expansion is similar in spirit, but different from the
expansion in terms of squeezed Slater determinants,**? and
can be applied also in general situations where one wishes to
test for the existence of zero modes in the absence of a known
root partition.

To make our discussion lucid, we now turn to a simple
explicit illustrative example, that of N = 2 particles with q =
3. The QH Hamiltonian, in this case, is given by

HVI =8 Z

1,323

+ —
T,T,,

(102)

m\ﬂ

with L = 4 orbitals, and Jy, = 3. The Hilbert space is spanned
by P(2,4) =2 eigenstates. The ground state corresponds
to the Laughlin state [M = 1,\1(%) = {0,0}] given (in an
un-normalized form) by the eigenvector

3
cheloy + ———clcl 0y,

- E; n; — Ei

[91) =+

(103)

[SIN S}

[SIEN o)

with £ = 0 eigenvalue, and where E| satisfies the RG equation

1 1 +2_0
T T T

(104)

whose unique (£; = 1) solution is E; = ] r;3 /(n1 + s 2)>0.

= g(nl + 773) =g
[see Eq. (85) more generally], there is an elgenvector

Associated with the positive energy, £

T3 10) = nlczc oy + nycl telhioy, (105)
2

orthogonal to |\IJ%) and corresponding to E; — oo. This

particular example constitutes an equivalent of the unbound
Cooper pair problem for v = 1/3. We would like to point
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out that the above two eigenvectors are also zero seniority
eigenstates of the RG Hamiltonian Hgj,, with jm = 3/2.

D. Slater Decomposition of Laughlin states
and the role of pairing

Our generalized RG approach emphasizes the role of
pairing. Thus far, we focused attention on the use of the Gaudin
algebra, which directly captures the underlying algebraic
structure of the problem, and worked as much as possible in a
second quantized language. This section is an exception where
we deliberately make contact with the more traditional first
quantized language. It is illuminating to examine tendencies
towards pairing within a far more standard conduit: the Slater
decomposition of the Laughlin states.30-32-38

We have shown above that finding the zero modes of pseu-
dopotentials can be viewed as a frustrated pairing problem,
where the Hamiltonian is the sum of (mostly) noncommuting
pairing terms, each of which couples to pairs at different
total angular momenta. Still, as we elaborate below, pairing
with angular momentum 2 j,, = L — 1 plays a special role, in
the sense that both before and after normalization the states
of highest amplitude in this decomposition are fully paired
(or zero seniority) with respect to that value.

In its Slater decomposition, a v = 1/q Laughlin state for
N spin-polarized electrons, omitting Gaussian prefactors, may
be expressed in a first quantized language asz“o’38

v(zh =[] (z,—z,)q—ZCm l_[z

1<i,j<N

(106)

where {m;} = {m,mo, ... ,mN},Zi:l m; = Jm, and the coef-
ficients in the expansion, C{’)’n > are integers. The total number
of Slater determinants needed in the expansion of W ,({z;})
is smaller than Ny,,. Direct relations exist between the
Slater matrix decomposition of the Laughlin states and Young
tableaux and further related aspects such as the geometry
of high dimensional polytopes. It is noteworthy that not all
of the partitions actually appear in the expansion (106). In
particular, only?*3%-32 those Slater determinants appear that
can be obtained from the “root partition” by inward squeezing.
We have explained and generalized some of these notions from
a Hamiltonian point of view in Sec. IVB in the context of
second quantization.

For self-completeness, we now briefly review these terms
and associated rudiments. The Slater determinant basis decom-
position is identical to that carried out in other works using
squeezed states represented by 1D strings of ones and zeros to
denote viable states.>'*> Any set of integers {m; } in Eq (106)
corresponding to a particular product term ]_[l ;2" can be
written as a binary string of ones and zeros where the ones in
the string appear at the locations {m;}. To make this clear, con-
sider the decomposition of simple two-particle Laughlin states,

33 2 2
7z 7z
3 1 2 2
1 2 22
50,5 4 4 3.3
(z1—22) = -5 +10(7, 31,
1 o 22 7 2
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Any Slater determinant which appears in such Laughlin-state
decompositions can be expressed as a binary string following a
well-known schematic which we now review. As an example,
consider the determinants associated with the v = 1/5 state.
The Slater determinant

TS

1 1

)

i.e., the determinant of z, , raised to the zero and fifth powers,
can be denoted by the string [1000010000- - -). That is, in
this schematic, there are ones at the zeroth and fifth entries
of the string (assuming that the leftmost entry of the string
corresponds to the “zeroth” entry). Similarly,

5 $ 2

2 2| |7 3
can be symbolically denoted as [0100100---) and
[001100---). The states |01001000---),|001100---) can

be obtained by inward squeezing of the “root partition”
[1000010000 - - - ) of the v = 1/5 state. By inward squeez-
ing, we allude to the displacement of the pair of ones in
[1000010000 - - - ) such that their total angular momentum (the
sum of the powers of z;) is preserved. Now, here is the impor-
tant point about inward squeezing. All admissible Slater de-
terminant states in the decomposition of the Laughlin state are
either a root state (such as |[1000010000 - - - )) or states that can
be derived by inward squeezing operations from that state. The
root states adhere to a generalized Pauli principle: The ones in
the binary string must be separated by, at least, (q — 1) zeros.
Thus, the densest root state corresponds to a string such as
[100100- - -) for v = 1/3 or to [1000010000 - - - ) forv = 1/5,
etc. These configurations have intimate connections to states
appearing in the thin torus limit.'*»'%?* Any state that cannot
be derived from the root state (i.e., a nonadmissible state) has
a vanishing amplitude in the decomposition of Eq. (106).

In examining the Slater decomposition we found that for
general filling fractions v, there may exist a threshold value
for the number of particles Ny(v) such that when N > Ny(v)
there are admissible states that have a vanishing amplitude.
For instance, when v = 1/3, there exist

N> No(v=1/3)=38 (107)

particle Slater determinant states which, although being “ad-
missible,” from the standpoint of inward squeezing, have a van-
ishing amplitude in the decomposition of the Laughlin states.
The Slater determinants with nonzero coefficients are, in gen-
eral, a true subset of the one obtained by inward squeezing.**
“Admissible partitions”** were earlier conjectured to all have
corresponding nonvanishing Slater determinant amplitudes;
we now see that this conjecture is incorrect. We remark
that although defined seemingly differently through Young
tableaux considerations, the admissible partitions of Ref. 30
are, in fact, identical to those defined via inward squeezing.24
We provide the simple proof in Appendix B.

References 38 and 30 provided explicit forms for the
coefficients C{’:]n’_} (see, e.g., Egs. (4.11) and (4.22) or
Eq. (4.40) of Ref. 30). These may be obtained in a variety
of inter-related ways, all of which lead to the earlier noted
result concerning the dominance of the fully paired states
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(in line with the main thesis of our work). We comment on
one recursion relation which enables a computation of the
amplitudes C {l:lni}. Such a relation may be achieved by noting
that W, ({z;}) = vazil(zi - ZN)q\pv({Zj}jyz_ll) and expressing
the N and (N — 1) particle wave functions on both sides
of this relation via the Slater determinant decomposition of
Eq. (106). This leads to a recurrence relation between coeffi-
cients with different numbers of particles (m; = m; —1; > 0),

ctimr e (9) ()

w N M-

where Z?’;l li = Jm — Mmax, and C} = 1.

When the coefficients C{I:'M are computed it is found that
pairing tendencies prevail. We discuss these explicitly for
both (i) the un-normalized Slater determinants and (ii) the
decomposition of the Laughlin state into normalized Slater
determinants.

(i) Un-normalized Slater determinant wave functions. The
largest coefficient C {1:;  is associated with the integer partition

{ @+ DIV -1
m=-———-—
2

) ciy'. (108)

,m2=m1—1,m3=m|—2,...,

my=my — (N — 1)} = {mbuncn}, (109)
which for N = 2M represents a state that belongs to the fully
paired subspace (i.e., that of vanishing seniority)

my+my =my+my_|

(110)
Such states were termed “maximally bunched”*® or “most
compact™ states in earlier works. The norms of the coeffi-

cients associated with this partition are, for general m,*® given
by

=mz+myo=--=2jm.

_ [(g+ DN/2]!
T {l@+ DN/2IVNY

Several additional properties of C{%i} are noteworthy. These
include a symmetry,

C{]:l"r} = C{]ynmax*m:}’
where mmax = q(N — 1) = L — 1, as well as the value of the
coefficients for equally distributed “most extended" states
(forming densest root states discussed above) with natural
“Tao-Thouless”-type renditions,!3!416:2439

N
Mmax,Mmax—d,Mmax—20, - (113)

(i) Normalized Slater determinant states. Of greatest
pertinence are not the bare coefficients C {Xn} of Eq. (106) but
rather the coefficients that appear with normalized electronic
wave functions. It is thus appropriate to study the asymptotic

(in N) behavior of the coefficients

Cly =Vmlml iy (1

Following this normalization, the states of the highest weight
are those associated with nearly uniformly spaced root states
(and their Tao-Thouless renditions)'>!4163% followed by an
inward squeezing of the states of highest and lowest angular
momenta. That is,

CvN
Mmax—1,9(N—2),q(N-3),...,q,1

| {Iyﬂbunch} |

(111)

(112)

o=1

(115)
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is the largest among all coefficients in the expansion of
the Laughlin wave function in terms of normalized wave
functions.’® This (as well as the lower amplitude, uniformly
spaced) state has a weight that increases exponentially relative
to that of the maximally bunched state.’>*® In accord with
the main theme of our work, it is important to note that this
largest amplitude state, i.e., the state |mmax — 1,Q(N — 2),
q(N —3),...,q,1), is a state of zero seniority, i.e., a fully
paired state.

V. SECOND-QUANTIZED FORM OF
QUASIHOLE GENERATORS

A remarkable feature of QH Hamiltonians is the fact
that, in addition to an incompressible frustration-free ground
state, they posses many other zero-energy (and hence likewise
frustration-free) states describing quasihole excitations. The
incompressible state is characterized as having the smallest
(angular) momentum, for given particle number N, among
the zero modes of the Hamiltonian. The number of quasihole
states grows exponentially in the difference between L and
N /v, and counting formulas have been derived for various
Hamiltonians and geometries.?*?”4%*! While these properties
are traditionally discussed in first quantized language, our goal
here is to understand as many of these properties as possible
in terms of the algebraic structure emanating from the second
quantized versions of these Hamiltonians, beginning with the
operators defined in Eq. (29).

In this section, we take as given the existence of the incom-
pressible Laughlin states |W,) at filling factor v=1/q=1/
(M+2) and (angular) momentum Jym = N(N — 1)/(2v),
which are frustration-free ground states of their respective
parent Hamiltonians as discussed in Sec. IV A forv = 1/3. We
show how further zero modes associated with quasihole states
are then generated in second quantization. That is, focusing at
first on v = 1/3, we show how the property (29) for |W/m), to
wit,

T/ e |¥") =0, (116)

leads to the existence of other states satisfying the same
condition at smaller filling fraction.

Our strategy builds on the knowledge that, in first quanti-
zation, general quasihole states are generated by multiplying
the Laughlin state with an arbitrary symmetric polynomial.*
It is thus natural to seek second quantized operators whose
action represents the multiplication of the wave function by a
member of a generating system of the symmetric polynomials.
The generating system that is usually given preference in the
literature in related contexts is that of elementary symmetric
polynomials

st= >z g t=12,...N.

i1 <ip<---<it

(117)

These, however, are not ideal for the task at hand, as multi-
plication with such polynomials is, in general, not described
by a one-body operator. Instead, we work with power-sum
symmetric polynomials of the form

N
pa=Y 2, d=12,....N, (118)
i=1
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that are likewise a generating system of all symmetric
polynomials in N variables. Since the right-hand side of
Eq. (118) is the sum of terms, each of which depends only
on one variable, the multiplication by p, corresponds to a
one-body operator O,. It will be sufficient to express these
operators using the normalization conventions of the x = 0
cylinder. For other geometries, the proper expressions for the
Oy can be obtained from the ones given below by means of
the similarity transformations defined in Sec. Il E. We have

O, = ZCIerCr d > 0).

r=0

(119)

In lieu of a (simple) proof that this operator facilitates
multiplication of a state with the polynomial p,;, we prove
directly from the algebra of the operators 7, (appropriate for

the k = O cylinder) that for any state satisfying 7., ) = O for
all j, O4|¢) will be a new state having the same property. To
this end, we note the commutator

[tj_;laod] = 21‘]‘__01/2;1’ (120)

where the right-hand side annihilates |¢) by assumption, and
therefore 7, indeed also annihilates Oylvr).

In Eq. (120), we have used the convention 1y = Oforj <0
and have refrained from introducing an upper cutoff L on
orbital indices, thus working with a half-infinite cylinder. It is
clear that if nmax () is the largest occupied orbital in |1/) [e.g.,
nmax(q"vjm) = (N —1)/v for |\IjUJm>], and nmax(¥) +d < L,
then the action of O, on |{) is completely independent of
the presence or absence of such a cutoff, as is the zero mode
property of O,|¢). Moreover, under the same circumstances
the state O,|¢) cannot vanish. This is best seen by noting
that the nmax(O4l¥)) = nmax(¥) + d, and the basis states
that are responsible for this property have coefficients in the
expansion of Oy|vr) that cannot vanish [as they are identical
to corresponding non-zero coefficients in the expansion of
[v)]. We note that nmax(1) can be naturally read off from the
thin cylinder limit'*!42* or dominance pattern®'-* of the state.
We believe that, by generalizing the result of Corollary 3 of
Sec. IV B by systematic use of the operators O,, one could
recover the one-to-one correspondence between dominance
patterns and zero modes. In this way the familiar counting of
linearly independent zero modes®® for Laughlin states could
be reproduced in principle without reference to polynomials
or assumptions about adiabatic continuity in the thin cylinder
limit (see Ref. 41 for an application of the latter method to the
derivation of counting formulas). However, we do not pursue
this route here further.

It is not difficult to generalize the above considerations to
the zero modes of general pseudopotential Hamiltonians,

I/_]\QHZ Z gmHV,,,’

o<m<M

(121)

where again m and M are restricted to be even/odd for
bosons/fermions (which we leave understood from now on),
and the coefficients g,, are positive. It is well known that the
unique incompressible (smallest nnax) zero mode of Eq. (121)
is the Laughlin state |W/m), with v = 1/(M + 2) (Ref. 4). It
follows from the discussion at the end of Sec. IIE that for
the ¥ = 0 cylinder, the zero modes of Eq. (121) can be also
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characterized by the constraints
l¥) =0V,
with 1

= Zk(j)'kmcj_kc itk as befqre, and similgrly
for other geometries after the appropriate transformation
(Sec. ITE). Then we can show just as before that the action of
O, on |Y) generates further zero modes. This follows from

the simple observation that [7},,, O] = D o<m<m bty s
with b, = 2(,, )d/2y"="" for m = m’ mod 2 and b,, =0
otherwise, which generalizes Eq. (120).

We finally remark on the formal equivalence between the
operators (119) and the operators that are associated with
boson creation operators in the standard dictionary of the
bosonization of a chiral branch of 1D fermions.*> In the
present case, the “vacuum,” |lIJUJ"‘), is different, but in the limit
of large N one expects to recover the commutation relation
[O_4,04]1 = d 8, 4 within the zero-mode subspace, familiar
from the fermion density modes in bosonization. (A phe-
nomenological argument for this in a similar setting was given
in Ref. 24.) Atd < N, the states created by the operators (119)
out of the Laughlin state are thus edge modes in the chiral
boson edge theory of the Laughlin state.*> We emphasize,
however, that the results of this section are not limited to large
N or excitations close to the edge (i.e., d < N).

0<m<M, (122)

VI. CONCLUSIONS

Our focus has been on establishing a systematic second
quantized framework for QH parent Hamiltonians which,
it is our hope, will lead to a better understanding of the
algebraic inner workings of these Hamiltonians and allow the
construction of new exactly solvable models that may be useful
in the context of QH physics as well as other systems. The
ultimate goal is to deeply understand the nature of the intrinsic
topological quantum order defining QH fluids. Our “bottom-
up” approach is diametrically opposite to the traditional route
of working back from the ground states of the QH system
to parent Hamiltonians, where the ground states are obtained
either from analytic/clustering requirements'=!-32343% or from
the construction of appropriate conformal field theories.> The
latter has been extremely successful, in particular, in the
construction of non-Abelian topological phases and has helped
fueling a flurry of activity in topological quantum computing.**
Although our study has largely focused on Abelian Laughlin
states and two-body interactions, the ideas that we introduce
may be extended to more general exotic states under current
investigation and to more complicated n-body interactions.

We conclude with a brief synopsis of our second quantized
approach and some of our key results. Central findings reported
in this work include the following.

(1) We established a relation between (i) a broad class
of rotationally symmetric two-body interactions within the
LLL and (ii) integrable hyperbolic RG-type Hamiltonians
that arise in (p, + ipy) superconductivity. Specifically, we
illustrated that Haldane pseudopotentials (and their sums) can
be expressed as a sum of repulsive, in general noncommuting,
(px + ipy)-type pairing Hamiltonians. That is, the QH system
can be viewed as such a composite, or soup, of strongly coupled
pairing systems.

PHYSICAL REVIEW B 88, 165303 (2013)

(2) We derived and exactly solved the RG-type Hamilto-
nian relevant for QH physics, which we call QH-RG, and
determined the complete eigenspectrum and, in particular, its
null space by Bethe ansatz.

(3) Building on the frustration-free character of the QH
Hamiltonian, we discussed the ground state of the full QH
problem and the use of the new RG basis which highlights
pairing.

(4) We studied the size of the Hilbert space associated with
the RG basis and related this problem to that of trivially
constrained noninteracting fermions.

(5) We proved separability of arbitrary-order Haldane pseu-
dopotentials and provided explicit expressions for their second
quantized forms in all standard geometries.

(6) By explicit construction, we showed how to exploit the
topological equivalence between different geometries (disk,
cylinder, and sphere) sharing the same topological genus
number in the second quantized formalism through similarity
transformations.

(7) We established a “squeezing principle,” in second
quantized language, that applies to the zero modes of a general
class of Hamiltonians, which includes but is not limited to
Haldane pseudopotentials. We also showed how one may
establish (bounds on) incompressible filling factors for those
Hamiltonians, thus illuminating why certain filling factors are
special for certain classes of Hamiltonians.

(8) Building on the properties of “bosonic” symmetric
polynomials, our second quantized formulation enables an
explicit form for quasihole generators. The generators that we
find inherently relate to bosonic chiral boundary edge modes
and further make aspects of dimensional reduction in the QH
systems precise.

(9) We established equivalence between the Young tableaux
approach to determining the nonvanishing amplitudes in a
Slater determinant decomposition of Laughlin states and the
squeezed-state approach. We also noted that there exists a
minimal number of particles beyond which there still remain
vanishing amplitudes even after applying these rules. Finally,
we highlighted the presence of pairing in those standard Slater
determinant decompositions of Laughlin states.
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APPENDIX A: DERIVATION OF THE POLYNOMIAL
STRUCTURE OF THE #,(j,m) OF V,, FOR DISK AND
SPHERE GEOMETRIES

A two-particle state for given relative angular momentum
m and total angular momentum 2j is given by Eq. (15), the
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polynomial part of which we reproduce here as

- i—k_j+k
N+ ™" —2)" =NY_ Cupzl ™, (AD)
k
. . . _ 272
where the normalization constant is N = SN CTETITIR In

the monomial expansion on the right-hand side of Eq. (A1),

the term z{_szk + (1 < 2) corresponds to the state

Nixel_yel 10}, where N = 227412 /(7= RN + )L
As usual, the special case k = 0 for bosons is taken care of
properly by writing k sums as in Eq. (13) in the form (12) and
need not be considered separately. We see that, for given j, n;
is the coefficient of zJ *zJ** in Eq. (A1), multiplied by Aj:

Nk = ijk/\/j\/‘jk

I 2j—m m
_ L (_1\n+i—k 1\
= NNj(=1)"* ;( 1)( . )(j_k_».

The sum can be formally written in terms of a hypergeometric
function, which gives

e = NNj(=1)"H* (j " k)

XoFi(—j+k,—-2j+m,1—j+k+m,—1), (A3)

which is Eq. (16a).
We now want to derive the useful alternative expression
(16b). To this end, we need to show that

Cjk = 2 (k)
mjk — ] +k Pmj s

with p,,; (k) an mth-order polynomial in k of parity (—1)™. This
in Eq. (A2) gives Eq. (16b). We prove Eq. (A4) via induction
in 2j. For 2j < m, we set Cyjx =0, so there is nothing to
prove. We hence start with 2j = m. In this case, Eq. (Al)
immediately implies

m m
Cpmy = —1)2*k,
i <”7’+k>( )

Note that k£ assumes the independent values 0 < k < m/2 with

k integer/half-odd-integer for m even/odd. Of these there are

m/2 4+ 1 for m even and (m + 1)/2 for m odd. This exactly

equals the number of free parameters in the polynomial p,,; (k).

We can thus choose pm%(k) such that pm%(k) = (=12 for

the indicated k values, and this proves Eq. (A4) for 2j = m.
Specifically, for m even, we define

(A4)

3

(AS5)

am= J] *&-r (A62)
0<r<m/2
r#l
and
am=k [] & - (A6b)

1/2<r<m/2
r#l

for m odd and 0 </ < m/2, again with 2/, 2r restricted to
have the same parity as m.
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Then
ez =" > (=DM gu)/gu®) (A7)
0<I<m/2
leZ =g

satisfies the desired properties. In particular, it is of degree
m and no less, since it must have m zeros in the interval
(—m/2,m/2) for continuity reasons.

We now assume that Eq. (A4) holds for some value of 2.
Multiplying Eq. (A1) by (z; + z2), it is elementary to show
that

Cm%k:CmJ%Jrij%. (A8)
Using Eq. (A4), this gives
2j+1
sz/THk = i+ % Tk Py 2it (k), (A9)

where we have the recursive relation

1 1 1
pm%(k) = §|:ij (k - E) +ij(k+ §>i|
n k r 1 k+1
1| P\ o) T P\ET )

(A10)

It is manifest from the above expression that if p,,;(k) is a
polynomial in k£ of degree m and parity (—1)", then so is
P2zt (k). Specifically, the coefficient of k™ in p,, | (k) picks
up a factor (2j + 1 —m)/(2j + 1) relative to that in p,,;(k),
which is always nonzero for 2j > m.

For the sphere, we may proceed in a highly analogous
manner, working instead with the recursion relations of the
3j symbols. In this way, we find a recursion relation for the
polynomials p,, ;j(k) defined in Eq. (18b) that differs from
Eq. (A10) only by an overall j-dependent factor:

2j +1
V@No —m —2j)2j +1—m)

y {%[m(k - %) +ﬁ'"f'(k+ %ﬂ
el 1) (e 3)))

(Al1)

ﬁiﬂ#(k) =

Moreover, the “initial values” also differ from Eq. (A7) by
some extra factors,

=X Y CD e am)
pmg - ( 2Ne —m qmi qmi(l),
<Il<m No — % +k
12;:‘—‘(;/‘2’” T

(A12)

r 2No—2m+12No —m2No 2No
where N = \/ZW No —m ) No )/( m )-

Note that the polynomials p,,;(k) and p,;(k) defined here
are each subject to the orthogonality relation (17).
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APPENDIX B: EQUIVALENCE BETWEEN ADMISSIBLE
YOUNG TABLEAUX AND SQUEEZING EXPANSIONS

In the following, we establish a simple equivalence between
notions of “admissible Slater determinants” that have appeared
in the literature. In Ref. 30, it was shown that only Slater
determinants corresponding to “admissible Young tableaux”
may have nonzero coefficient in the expansion of the Laughlin
state |\Illjm), while the same is known?* for the set of Slater

determir:ants obtained by inward squeezing from the root state
[1000---010---010---), which has 1’s at positions m; = Qk,
and O’s everywhere else. Here we remark that both sets are
identical (and, in general, as we pointed out in Sec. IV D,
contain the Slater determinants with nonzero coefficient as a
true subset).

In this Appendix, we specialize to fermions (q odd) and
denote Slater determinants by the set of integers 0 < my <

- < my—; denoting the positions of the 1°s in the occupation
number string. Then, the mj corresponding to admissible
Young tableaux are of the form*

my = gk + Ay,

where n; are non-negative integers that are subject to the
constraints

Ne < 31 + M) +8, Ng=ny =0, (B2)

Ap = Ngyp — N, (B1)
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and q = 2s + 1. It is easy to see that the first of conditions
(B2) just ensures the ordering my; > my.
On the other hand, inward squeezed occupation number pat-

terns can be characterized by the following two conditions:?!

ka=2qk= g(N—l)szm (B3)
k k

and
(B4)

N—-1
> (@ -m)=0 for £=1,... N—1.
k=N—¢

One may see that this definition agrees with the more intuitive
definition of inward squeezing in terms of momentum-
conserving two-particle processes as described in Sec. IV D.
Condition (B3) implies that the state described by m; has
the same (angular momentum) as the root state and certainly
follows from Egs. (B1) and (B2), since ), Ay =ny —ng=0.
Condition (B4) then assures that m; can be generated by
squeezing processes that are “inward.” In terms of Egs. (B1)
and (B2), we have Y0 v _,(qk — my) = ny_¢ > 0, and thus
it follows that every Slater determinant corresponding to an
admissible Young tableau also belongs to the squeezed set. By
reversing the logic, one easily sees that the converse is also
true.
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