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Preface

The immediate advance we communicate with this monograph is the discovery of
an exact model for a critical spin chain with arbitrary spin S, which includes
the Haldane—Shastry model as the special case S = % For S > 1, we propose that the
spinon excitations obey a one-dimensional version of non-Abelian statistics, where
the topological degeneracies are encoded in the fractional momentum spacings for
the spinons. The model and its properties, however, are not the only, and possibly not
even the most important thing one can learn from the analysis we present.

The benefit of science may be that it honors the human spirit, gives pleasure to
those who immerse themselves in it, and pragmatically, contributes to the
improvement of the human condition in the long term. The purpose of the indi-
vidual scientific work can hence be either a direct contribution to this improve-
ment, or more often an indirect contribution by making an advance which inspires
further advances in a field. When we teach Physics, be it in lectures, books,
monographs, or research papers, we usually teach what we understand, but rarely
spend much effort on teaching how this understanding was obtained. The
first volume of the famed course of theoretical physics by L. D. Landau and
E. M. Lifshitz [1], for example, begins by stating the principle of least action, but
does nothing to motivate how it was discovered historically or how one could be
led to discover it from the study of mechanical systems. This reflects that we teach
our students how to apply certain principles, but not how to discover or extract
such principles from a given body of observations. The reason for this is not that
we are truely content to teach students of physics as if they were students of
engineering, but that the creative process in physics is usually erratic and messy, if
not plainly embarrassing to those actively involved, and hence extremely difficult
to recapture. As with most of what happens in reality, the actual paths of discovery
are usually highly unlikely. Since we enjoy the comfort of perceiving actions and
events as more likely and sensible, our minds subconsciously filter our memory to
this effect.

One of the first topics I immersed myself in after completing my graduate
coursework was Laughlin’s theory of the fractionally quantized Hall effect [2].
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viii Preface

I have never completely moved away from it, as this work testifies, and take
enormous delight whenever I recognize quantum Hall physics in other domains of
physics. More important than the theory itself, however, was to me to understand
and learn from the way R. B. Laughlin actually discovered the wave function.
He numerically diagonalized a system of three electrons in a magnetic field in an
open plane, and observed that the total canonical angular momentum around the
origin jumped by a factor of three (from 37 to 9%) when he implemented a Cou-
lomb interaction between the electrons. At the same time, no lesser scientists than
D. Yoshioka, B. I. Halperin, and P. A. Lee [3] had, in an heroic effort, diagonalized
up to six electrons with periodic boundary conditions, and concluded that their
data were “supportive of the idea that the ground state is not crystalline, but a
translationally invariant “liquid.”” Their analysis was much more distinguished
and scholarly, but unfortunately, did not yield the wave function.

The message I learned from this episode is that it is often beneficial to leave the
path of scholarly analysis, and play with the simplest system of which one may
hope that it might give away natures thoughts. For the Laughlin series of quantized
Hall states, this system consisted of three electrons. I spend most of my scientific
life adapting this approach to itinerant antiferromagnets in two dimensions, where
I needed to go to twelve lattice sites until I could grasp what nature had in mind.
But I am digressing. To complete the story about the discovery of the quantum
Hall effect, Laughlin gave a public lecture in Amsterdam within a year of having
received the Nobel price. He did not mention how he discovered the state, and at
first couldn’t recall it when I asked him in public after the lecture. As he was
answering other questions, he recalled the answer to mine and weaved it into the
answer of another question. During the evening in a cafe, a very famous Russian
colleague whom I regard with the utmost respect commented the story of the
discovery with the words “But this is stupid!”.

Maybe it is. If it is so, however, the independent discoveries of the spin % model
by F. D. M. Haldane [4] and B. S. Shastry [5] may fall into the same category.
Unfortunately, I do not know much about these discoveries. Haldane told me that
he first observed striking degeneracies when he looked at the model for N = 6
sites numerically, motivated by the fact that the 1//* exchange is the discrete
Fourier transform of e(k) = k(k — 2n) in one dimension. Shastry told me that he
discovered it “by doing calculations”, which is not overly instructive to future
generations. If my discovery of the general model I document in this monograph
will be perceived in the spirit of my friends comment, I will at least have made no
attempt to evade the charge.

In short, what I document on these pages is not just an exact model, but a
precise and reproducible account of how I discovered this model. This reflects my
belief that the path of discovery can be as instructive to future generations as the
model itself. Of course, the analysis I document does not fully reflect the actual
path of discovery, but what would have been the path if my thinking had followed
a straight line. It took me about four weeks to obtain all the results and about four
months to write this monograph. The reason for this discrepancy is not that my
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writing proceeds slowly, but that I had left out many intermediate steps when I did
the calculation. The actual path of discovery must have been highly unlikely.
In any event, it is comforting to me that, now that I have written a scholarly and
coherent account of it, there is little need to recall what actually might have
happened.

I am deeply grateful to Ronny Thomale for countless discussions and his
critical reading of the manuscript, to Burkhard Scharfenberger, Dirk Schuricht, and
Stephan Rachel for collaborations on various aspects of quantum spin chains, to
Rose Schrempp and the members of the Institute for Theory of Condensed Matter
at KIT for providing me with a pleasant and highly stimulating atmosphere, and
especially to Peter Wolfle for his continued encouragement and support.

I further wish to thank Ms. Ute Heuser from Springer for her highly profes-
sional handling of the publication process.

Karlsruhe, April 2011 Martin Greiter
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Chapter 1
Introduction and Summary

Fractional quantization, and in particular fractional statistics [1, 2], in two-
dimensional quantum liquids is witnessing a renaissance of interest in present times.
The field started more than a quarter of a century ago with the discovery of the frac-
tional quantum Hall effect, which was explained by Laughlin [3] in terms of an incom-
pressible quantum liquid supporting fractionally charged (vortex or) quasiparticle
excitations. When formulating a hierarchy of quantized Hall states [4—7] to explain
the observation of quantized Hall states at other filling fractions fractions, Halperin
[5, 6] noted that these excitations obey fractional statistics, and are hence concep-
tually similar to the charge-flux tube composites introduced by Wilczek two years
earlier [8]. Physically, the fractional statistics manifests itself through fractional quan-
tization of the kinematical relative angular momenta of the anyons.

The interest was renewed a few years later, when Anderson [9] proposed that
hole-doped Mott insulators, and in particular the 7~/ model [10, 11] universally
believed to describe the CuO planes in high 7, superconductors [12, 13], can be
described in terms of a spin liquid (i.e., a state with strong, local antiferromagnetic
correlations but without long range order), which would likewise support fractionally
quantized excitations. In this proposal, the excitations are spinons and holons, which
carry spin % and no charge or no spin and charge +e, respectively. The fractional
quantum number of the spinon is the spin, which is half integer while the Hilbert
space (for the undoped system) is built up of spin flips, which carry spin one. One
of the earliest proposals for a spin liquid supporting deconfined spinon and holon
excitations is the (Abelian) chiral spin liquid [14—17]. Following up on an idea
by D.H. Lee, Kalmeyer and Laughlin [14, 15] proposed that a quantized Hall wave
function for bosons could be used to describe the amplitudes for spin-flips on a lattice.
The chiral spin liquid state did not turn out to be relevant to CuO superconductivity,
but remains one of very few examples of two-dimensional spin liquids with fractional
statistics. Other established examples of two-dimensional spin liquids include the
resonating valence bond (RVB) phases of the Rokhsar—Kivelson model [18] on the
triangular lattice identified by Moessner and Sondhi [19], of the Kitaev model [20],
and of the Hubbard model on the honeycomb lattice [21].

M. Greiter, Mapping of Parent Hamiltonians, Springer Tracts in Modern Physics 244, 1
DOI: 10.1007/978-3-642-24384-4_1, © Springer-Verlag Berlin Heidelberg 2011
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While usually associated with two-dimensional systems, fractional statistics is
also possible in one dimension. The paradigm for one-dimensional anyons are the
spinon excitations in the Haldane—Shastry model [22, 23], a spin chain model with
S = % and long-ranged Heisenberg interactions. The ground state can be generated
by Gutzwiller projection of half-filled bands of free fermions, and is equivalent to
a chiral spin liquid in one dimension. The unique feature of the model is that the
spinons are free in the sense that they only interact through their fractional statistics
[24, 25]. The half-fermi statistics was originally discovered and formulated through
a fractional exclusion or generalized Pauli principle [26], according to which the
creation of two spinons reduces the number of single particle states available for
further spinons by one. It manifests itself physically through fractional shifts in the
spacings between the kinematical momenta of the individual spinons [27-29].

The present renaissance of interest in fractional statistics is due to possible appli-
cations of states supporting excitations with non-Abelian statistics [30] to the rapidly
evolving field of quantum computation and cryptography [31, 32]. The paradigm for
this universality class, is the Pfaffian state introduced by Moore and Read [33] in
1991. The state was proposed to be realized at the experimentally observed fraction
V= % [34]G.e.,atv = % in the second Landau level) by Wen, Wilczek, and ourselves
[35, 36], a proposal which recently received experimental support through the direct
measurement of the quasiparticle charge [37, 38]. The Moore—Read state possesses
p +1ip-wave pairing correlations. The flux quantum of the vortices is one half of the
Dirac quantum, which implies a quasiparticle charge of e/4. Like the vortices in a
p-wave superfluid, these quasiparticles possess Majorana-fermion states [39] at zero
energy (i.e., one fermion state per pair of vortices, which can be occupied or unoccu-
pied). A Pfaffian state with 2L spatially separated quasiparticle excitations is hence
2L fold degenerate [40], in accordance with the dimension of the internal space
spanned by the zero energy states. While adiabatic interchanges of quasiparticles
yield only overall phases in Abelian quantized Hall states, braiding of half-vortices
of the Pfaffian state will in general yield non-trivial changes in the occupations of the
zero energy states [41, 42], which render the interchanges non-commutative or non-
Abelian. In particular, the internal state vector is insensitive to local perturbations—it
can only be manipulated through non-local operations like braiding of the vortices or
measurements involving two or more vortices simultaneously. For a sufficiently large
number of vortices, on the other hand, any unitary transformation in this space can
be approximated to arbitrary accuracy through successive braiding operations [43].
These properties together render non-Abelions preeminently suited for applications
as protected qubits in quantum computation [30, 32, 44-46]. Non-Abelian anyons
are further established in certain other quantum Hall states described by Jack poly-
nomials [47-49] including Read—Rezayi states [50], in the non-Abelian phase of the
Kitaev model [20], in the Yao—Kivelson model [51], and in the non-Abelian chiral
spin liquid proposed by Thomale and ourselves [52]. In this liquid, the amplitudes
for renormalized spin-flips on a lattice with spins S = 1 are described by a bosonic
Pfaffian state.

The connection between the Haldane—Shastry ground state, the chiral spin liquid,
and a bosonic Laughlin state at Landau level filling fraction v = % suggests that one
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may consider the non-Abelian chiral spin liquid in one dimension as a ground state
for a spin chain with S = 1. This state is related to a bosonic Moore—Read state at
filling fraction v = 1. In this monograph, we will introduce and elaborate on this
one-dimensional spin liquid state, construct a parent Hamiltonian, and generalize the
model to arbitrary spin S. We further propose that the spinon excitations of the states
for § > 1 will obey a novel form of “non-Abelian” statistics, where the internal,
protected Hilbert space associated with the statistics is spanned by topological shifts
in the spacings of the single spinon momenta when spinons are present.

Most of the book will be devoted to the construction of the model Hamiltonian for
spin S. In Chap. 2, we introduce three exact models, and the ground state for the S = 1
spin chain for which we wish to construct a parent Hamiltonian. The exact models
consist of Hamiltonians, their ground states, and the elementary excitations, which
are in some cases exact and in others approximate eigenstates of the Hamiltonian.
In Sect.2.1, we review the Laughlin v = % state for quantized Hall liquids,

M M
Yoz, 220 ovza) = [ [ i — 2" [] e 4", (1.1)

i<j i=1

where the z;’s are the coordinates of M electrons in the complex plane, and m is
odd for fermions and even for bosons. For m = 2, its parent Hamiltonian is given
by the kinetic term giving rise to Landau level quantization supplemented by a
8-function potential, which excludes the component with relative angular momentum
zero between pairs of bosons. The ground state wave function for a bosonic m = 2
Laughlin state is similar to the ground state of the Haldane—Shastry model we review
in Sect.2.2,

M M
W(]){S(ZI,ZL...,ZM)ZH(Zi_Zj)ZHZiv (1.2)

i<i i=1

where the z;’s are now coordinates of spin flips for a spin chain with N sites on
a unit circle embedded in the complex plane, and M = % The Haldane—Shastry
Hamiltonian,

2 N
HYS — (2_7[) Z _ SaSp (1.3)
N =l —ngl?

2 . . . .
where 7, =e!N® are the coordinates of the N sites on the unit circle, how-

ever, bears no resemblance to the §-function Hamiltonian for the Laughlin states.
We will elaborate in Sect. 3.1 that these models are both physically and mathemat-
ically sufficiently different to consider them unrelated. Even the ground state wave
functions, when adapted as far as any possible by formulating the bosonic Laughlin
state on the sphere and by inserting a quasihole at the south pole, differ due to differ-
ent Hilbert space normalizations. From a scholarly point of view, there just appears
to be no connection.
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From a pragmatic point of view, however, we may view both Hamiltonians as
devices to obtain the coefficients of the polynomial

N
H(Zi - Zj)2

i<i

for particle numbers such that the Hamiltonians can be diagonalized numerically.
In fact, Haldane [4] introduced the parent Hamiltonian for the Laughlin state in
order to obtain the coefficients of all the configurations of the state vector for N = 6,
which he could then compare numerically to the exact ground state for Coulomb
interactions. This raises the question whether the recipes used by both Hamiltonians
for obtaining these coefficients are really different. If one wishes to attribute the
results we presented to a discovery, this discovery is that they are not.

When we “derive” the Haldane—Shastry model from the bosonic m = 2 Laughlin
state and its §-function parent Hamiltonian in Chap. 3, we really first extract this recipe
from the quantum Hall Hamiltonian, and then use it to construct a parent Hamiltonian
for the quantum spin chain, which has to be Hermitian, local, and invariant under
translations, parity, time reversal, and SU(2) spin rotations. Written in the language
of the spin system, the recipe is the condition that the Haldane—Shastry ground state
is annihilated by the operator

N
|
QP => ——5.8;,  QPly®)=0 Va. (1.4)
Aol Na — 1B
p#a

The Haldane—Shastry model has been known for more than two decades, but while
Haldane and Shastry independently discovered it, we derive it. Unlike the discoveries,
this derivation lends itself to a generalization to higher spins. The construction of
exact models of critical spin chains following the line of reasoning we use in our
derivation of the Haldane—Shastry model is the subject of this monograph.

In Sect. 2.3, we review the properties of the Moore—Read state [33, 35, 36],

1 N N 1,2
lﬂo(zhzz,...,zN):Pf(' )H(zi—z,)”’]_[ewlzt', (1.5)

TG i=1

at Landau level filling fraction v = %, where m is even for fermions and odd for
bosons, with emphasis on the non-Abelian statistics of the half-vortex quasiparticle
excitations. For m =1, the Pfaffian state is the exact ground state of the kinetic
Hamiltonian supplemented by the three-body interaction term [36]

N

V= Z 8P (zi — 2)8P(zi — ). (1.6)
i,j <k
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The bosonic m = 1 ground state is similar to the ground state wave function of the
critical § = 1 spin liquid state we introduce in Sect. 2.4,

1pS:l( _ 1 - .. - .
$='G1, 20, ..., 2n) = Pf [l —zn]]z- (1.7)
i=1

W=z2j/)
which describes the amplitudes of renormalized spin flips

z
St= %S‘j, (1.8)
on sites 7y = ¢ ¥ on a unit circle embedded in the complex plane. These spin
flips act on a vacuum where all the N spins are in the S* = —1 state. In Sect.2.4.5,
we propose that the momentum spacings between the individual spinon excitations
of this liquid alternate between being odd multiples of % and being either even or
odd multiples of 5. (Since the spacings for bosons or fermions are multiples of ey
an odd multiply of % corresponds to half-fermion, and an even multiple to boson
or fermion statistics.) When we have a choice between even and odd, this choice
represents a topological quantum number. The momentum spacings hence span an
internal or topological Hilbert space of dimension 2/ when 2L spinons are present,
as appropriate for Ising anyons. These spacings constitute the analog of the Majorana
fermion states in the cores of the half-vortex excitations of the Moore—Read state.

In Chap.4, we derive a parent Hamiltonian for the S = 1 spin liquid state (1.5)
from the three-body parent Hamiltonian (1.6) of the Moore—Read state. The steps
are similar to those taken for the Haldane—Shastry model, but technically more
involved. The defining condition for the state, i.e., the recipe used by the quantum Hall
Hamiltonian to specify the coefficients of the polynomial

1 N
Pf( )H(Zi -z)),

=2/

is in the language of the S = 1 spin model given by

N
S=1 __
%=,

p=1"7

B

— ($:)7S5, 'Yy~ =0 Ve (1.9)

As an aside, we also find that the state is annihilated by the operator

N — o= q— N —\2 ¢—
S-S, S (S$)°S
B X S S s =0 Ve,
= (e — 1) (e — 1y) — (e — 1p)
B.y=1 B=1
Byy#ua B#a
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which we do not consider further. A Hermitian and translationally invariant annihi-
lation operator for the S = 1 spin liquid state (1.5) is given by

N
1 S=1T~S=1
H0=§§lsza Q=1 (1.11)
a=

Since the state is a spin singlet, i.e., invariant under SU(2) spin rotations, all the
different tensor components of (1.11) must annihilate it individually. In Sect.4.5,
we obtain the desired parent Hamiltonian for the S = 1 spin liquid state (1.7),

22 i S Sg 1 ﬁ: (SaSp)(SaSy) + (SaSy)(SaSp)

gs=1 _ 2T _SeSp 1
N? e — 77/3|2 20 (N — ﬁﬁ)(na - 77;/)

a#pB o.py

aFEpy
(1.12)
by projecting out the component of Hy which is invariant under parity, time reversal,
and SU(2) spin rotations. The energy of the ground state (1.7) is given by

272 N(N? +5)

S=1 __
Eom = N2 15

(1.13)
Finally, we use the same methods to obtain vector annihilation operators for the
S = 1 spin liquid state in Sect.4.6.

In Chap. 5, we generalize the model to arbitrary spin S. We do, however, no longer
start with a quantum Hall state and its parent Hamiltonian, but generalize the spin
liquid states and the defining conditions for § = % and § = 1, i.e., the conditions
(1.4) and (1.9), directly to higher spins. To generalize the state vector, we first recall
from Sect.2.4.4 that the S = 1 spin liquid can be obtained by taking two (identical)
Gutzwiller or Haldane—Shastry ground states and projecting onto the tripletor S = 1
configuration at each site [53]. This projection can be accomplished conveniently if
we write the Haldane—Shastry ground state (2.2.3) in terms of Schwinger bosons,

[vo")= > WS o L al by b 10)
{21, zms Wi, Wy}
= ¥;°la’, b'110), (1.14)

where M = % and the wy’s are those coordinates on the unit circle which are not
occupied by any of the z;’s. The § = 1 spin liquid state (1.7) can then be written

2
s =) = (wES[a".67]) 100, (1.15)

To generalize the ground state to arbitrary spin S, we just take 2.5 (identical) copies
Haldane—Shastry ground state, and project at each site onto the completely symmetric
representation with total spin S. In terms of Schwinger bosons,
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28
) = (wi[a".5'T) " 10). (1.16)

This state is related to bosonic Read—Rezayi states [50] in the quantum Hall system.
In Sect.5.2, we verify that the state is annihilated by the operator

1

S —\28 ¢— NI

Qs => e CD I Q|v5)=0 Va. (1.17)
p=1 e TP

Pt

In Sect.5.3, we follow the same steps as for the S =1 state to construct a parent
Hamiltonian for the spin S state (1.16), and obtain

N
us =% > _SaSp

N2 | = Ine — gl
- 1 i (SaSp)(SaSy) + (SaSy)(SuSp)
208+ DES+3) - 5, (e — 1) (N — 1My)
aFp.y
(1.18)
The energy eigenvalue is given by
272 S(S+1)> N(N? +5

ES = L SCA DTNV +5) (1.19)

NZ 25+3 12

This is the main result we present. In Sect. 5.4, we construct the vector annihilation
operators

1 Ne + N |. 1
DS =~ Z %ﬂﬁ[l(&x x Sg)+ (S +1Sp — S—_HSa(Sasﬂ):|v

2 Na
B 1.20
B#a ( )
D|y§)=0 Ya,
and
Ag _ Z S(x(S(xSﬁ) + (SaS/S)Sa2+ 2(S + I)Sﬁ
5 (e — gl
B#a
+
Z (Ne — nﬂ)(na —1y)
B, V#a
) |:_ (SaSﬂ)Sa(SaSy) + (Sasy)Sa(SaSB)
S+1

+2(S +2)8S0(SpSy) — Sp(Sa'Sy) — (Sa55)Sy:|,
ASlYs) =0 Va. (1.21)
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In Sect.5.5, we evaluate the parity and time reversal invariant scalar operators

S pS'DS and >S4l (1.22)
o

o

and find that both of them reproduce the model (1.18). The factorization of H® is
terms of DgT and D3 shows that |1ﬁ6g ) is not just an eigenstate of (1.18), but also
a ground state. Numerical work [54] indicates that |¢0S ) is the only ground state of
|1p05 ) In Sect.5.6, we show that the model (1.18) reduces to the Haldane—Shastry

model if we take S = 3.

We conclude with a brief discussion of several unresolved issues as well as possible
generalizations of the model in Chap. 6. These include the quest for integrability, the
correctness and universality of our assignments for the SU(2) level £ = 2§ anyon-
type momentum spacings of the spinon excitations and the feasibility of applications
as protected cubits in quantum computation. We outline how to generalize the model
to symmetric representations of SU(n), where the non-abelian statistics of the spinons
appears to have no correspondence in a quantum Hall system.
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Chapter 2
Three Models and a Ground State

2.1 The Laughlin State and Its Parent Hamiltonian

Laughlin’s theory [1-6] for a series of fractionally quantized Hall states is first and
foremost the key to an explanation for the experimentally observed, fractionally
quantized plateaus in the Hall resistivity of a spin-polarized, two-dimensional elec-
tron gas realized in semiconductor inversion layers [5, 7-10]. For our purposes here,
however, we will view it primarily as an exact model, that is, a ground state which
supports fractionally quantized excitations, and a model Hamiltonian for which this
ground state is exact.

We will first review the theory in a planar geometry with open boundary condi-
tions, and then turn to the spherical geometry, which will turn out to be the relevant
geometry for the mapping of quantized Hall system onto a spin chain. We begin with
areview of Landau level quantization in the plane.

2.1.1 Landau Level Quantization in the Planar Geometry

To describe the dynamics of charged particles (e.g. spin-polarized electrons) in a
two-dimensional plane subject to a perpendicular magnetic field B = —Be_, it is
convenient to introduce complex particles coordinates z = x + iy and 7 = x — iy
[11, 12]. The associated derivative operators are

ad 1[0 .0 d 1[0 i)
_ = = — —1—), —_— = = —+1— . (2]])
dz 2 \ox ay 0z 2 \0x ay
Note that hermitian conjugation yields a — sign,
AY = 9 2.1.2)
az) 8z o
M. Greiter, Mapping of Parent Hamiltonians, Springer Tracts in Modern Physics 244, 11

DOI: 10.1007/978-3-642-24384-4_2, © Springer-Verlag Berlin Heidelberg 2011
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We further define the complex momentum
+1i 2ih 9 D i 2ih 9 (2.1.3)
= 1py = —21h—, = px —1py = —21h—. 1.
P = px T 1py Py P = Px Py 9z

The single particle Hamilton operator is obtained by minimally coupling the gauge
field to the canonical momentum,

H= ( JreA)2 (2.1.4)
o \PT ) o

where M is the mass of the particle and ¢ > 0. In the symmetric gauge A = 1 Br xe,,
and with the definition of the magnetic length

he
= | — 2.1.
l B’ (2.1.5)

o] i L 2+ ho\?
= 537 = - —=x
o | \Px T op? Py=op
L[ i\ Lo in

= — — — 3 - —

am | \P T et P apt

we write

1 i ih
Tam |P T e P Tt
h2
= S @ a'} (2.1.6)

where it and I denote the real and imaginary part, respectively. In the last line, we
have introduced the ladder operators [12—14] !

Y PR Y P 2.1.7)
a = — —_— — , d = — LT vy ) Ll
NAN P N AU

which obey

[a.a"] = 1. (2.1.8)

1 We have not been able to find out who introduced the ladder operators for Landau levels in

the plane. The energy eigenfunctions were known since Landau [11]. MacDonald [13] used the
ladder operators in 1984, but neither gave nor took credit. Girvin and Jach [14] were aware of two
independent ladders a year earlier, but neither spelled out the formalism, nor pointed to references.
It appears that the community had been aware of them, but not aware of who introduced them.
The clearest and most complete presentation we know of is due to Arovas [12].



2.1 The Laughlin State and Its Parent Hamiltonian 13

With the cyclotron frequency w. = eB/Mc and (2.1.8) we finally obtain

1
H = ho, (aTa + 5). (2.1.9)

The kinetic energy of charged particles in a perpendicular magnetic field is hence
quantized like a harmonic oscillator. The energy levels are called Landau levels.
It is convenient to write the ladder operators describing the cyclotron variables as

1 ad 1
— V2 exp( -z —z), 2.1.10

a=+v2 exp( 412“) 8' p(+4122z) ( )
—V2l ex 9 ex ] (2.1.11)

P\ t232 —2z 2z P\~ 22 —2z 1.

and introduce a second set of ladder operators for the guiding center variables,

b = ++/2lex 1) +i‘ (2.1.12)

= P\ —z2% 3z P\ t7;2%¢) 1.
—V2lex 9 e ! (2.1.13)

p 412 —2z P\~ 12 —2z 1.

They likewise obey

[b.b7] =1, (2.1.14)

and commute with the cyclotron ladder operators:
[a.p] =[a,b"] =0 (2.1.15)
A calculation similar to the one presented above for H yields
L=rxp=h(b'b—ada)e, (2.1.16)

for the canonical angular momentum around the origin. [The kinematical angular
momentum is given by the aa term in (2.1.16).]

Since the angular momentum (2.1.16) commutes with the Hamiltonian (2.1.9),
we can use it to classify the vastly degenerate states within each Landau level. Specif-
ically, we introduce the basis states

|n,m)=\/_} aH "™, 0), (2.1.17)

where the vacuum state is by definition annihilated by both destruction operators,

al0, 0) = 5|0, 0) = 0. (2.1.18)
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Solving (2.1.18) yields the real space representation

_ . _ 1 )
00(2) = (e, ) = (r10.0) = —=— exp( ll ) (2.1.19)

(In the following, we omit z from the argument of wave functions as a choice of
notation.) The basis states (2.1.17) are trivially eigenstates of both H and L,

Hin,m) = hwc(n + %)
L,|n,m) = h(m — n)|n, m) (2.1.20)

The particle coordinate and momentum are given in terms of the ladder operators by

z=V2(a+b"), p=-—(a—1b") (2.1.21)

This implies that we can write a complete, orthonormal set of basis states in the
lowest Landau level (n = 0) as

bm(z) = (r|0, m)

1

= m(b*)maso(z, 2)

- ;(a +b")"exp —i|z|2
V2r2m) 412
1 " 1,
Vo ) ¢ exp (_EIZI )

These states is describe narrow rings centered around the origin, with the radius
determined by

(2.1.22)

!
=0,

r=rpy

2 Jom?

which yields r,, = «/2ml. Since there are also m states inside the ring, the areal
degeneracy is

number of states _oom 1 (2.1.23)
area S omr2 2wl o

The magnetic flux required for each state,

2
2B = M _ g,
e
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is hence given by the Dirac flux quantum. This implies that in each Landau level,
there are as many single particle states in a given area as there are Dirac quanta of
magnetic flux going through it. In the following, we set / = 1, and no longer keep
track of wave function normalizations.

The N particle wave function for a filled lowest Landau level (LLL) on a circular
disk is obtained by antisymmetrizing the basis states (2.1.22),

N

— _ L2
Voo = Al T e
i=1

N N I s
=[]@ —zp]]e =" (2.1.24)
i=1

i<j

The most general form for the single particle wave function in the lowest Landau
level is

V() = f(z)e ikP, (2.1.25)

where f(z) is an analytic function of z. Since ¥ (z) is annihilated by the destruction
operator a, the energy is trivially %ha)c. The most general N particle state in the LLL
is given by

N
Y(z1, ..., zn) = f(z1, ..., ZN)Hefklz"‘z, (2.1.26)
i=1

where f(z1,...,zn) is analytic in all the z’s, and symmetric or antisymmetric for
bosons or fermions, respectively. If we impose periodic boundary conditions [15],
we find that ¥ (z1, 22, ..., zn), when viewed as a function of z; while z», ..., zy
are parameters, has exactly as many zeros as there states in the LLL, i.e. as there are
Dirac flux quanta going through the unit cell or principal region. If ¥ (z1, ..., zxn)
describes fermions and is hence antisymmetric, there will be at least one zero seen
by z1 at each of the other particle positions. The most general wave function is hence

N N
Yt zn) = PGr oz [ [ —zp [T 19T (2.1.27)
i=1

i<j

where P is a symmetric polynomial in the z;’s. In the case of a completely filled
Landau level, there are only as many zeros as there are particles, which implies
that all except one of the zeros in z; will be located at the other particle positions
22, ..., 2n. This yields (2.1.24) as the unique state for open boundary conditions.
For periodic boundary conditions, there is one additional zero as there cannot be a
zero seen by z1 at z1. The location of this zero, which Haldane and Rezayi [15] refer
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to as the center-of-mass zero, encodes the information about the boundary phases a
test particle acquires as it is taken around one of the meridians of the torus.

To elevate the most general LLL state (2.1.26) into the (n + 1)-th Landau level,
we only have to apply (a’)" to all the particles in the LLL,

(@) "w @i ...zw)

=

Yn(Z1, ..., 2ZN) =

N

. Y
e—;|z,|zl—[(2a_z_1i) @), (2.128)

1 i=1

Il
.,:IZ

The energy per particle in this state is fiw (n + %)

2.1.2 The Laughlin State

The experimental observation which Laughlin’s theory [1] explains is a plateau in
the Hall resistivity of a two-dimensional electron gas at a Landau level filling fraction
v = 1/3. The filling fraction denotes the number of particles divided by the number
of number of states in each Landau level in the thermodynamic limit, and is defined
through

1 ONo
-= —, (2.1.29)
v dN

where Ng is the number of Dirac flux quanta through the sample and N is the number
of particles. For a wave function at v = 1/3, we consequently have three times as
many zeros seen by z; as there are particles, and the polynomial P(z1, 22, ..., ZN)
in (2.1.27) has two zeros per particle. The experimental findings, as well as early
numerical work by Yoshioka, Halperin, and Lee [16], are consistent with, if not
indicative of, a quantum liquid state at a preferred filling fraction v = 1/3. Since the
kinetic energy is degenerate in each Landau level, such a liquid has to be stabilized
by the repulsive Coulomb interactions between the electrons. This implies that the
wave function should be highly effective in suppressing configurations in which
particles approach each other, as there is a significant potential energy cost associated
with it. We may hence ask ourselves whether there is any particular way of efficiently
distributing the zeros of P(z1, z2, ..., zn) in this regard.

Laughlin’s wave function amounts to attaching the additional zeros onto the par-
ticles, such that each particle coordinate z», . . ., zy becomes a triple zero of z; when
¥(z1,22, ..., 2n) 1s viewed as a function of z; with parameter z5, . .., zy. For filling
fraction v = 1/m, where m is an odd integer if the particles are fermions and an even
integer if they are bosons, he proposed the ground state wave function
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N N
UG oon) = [JG = e [[e 34" (2.1.30)

i<j i=1

There are hence no zeros wasted—all of them contribute in keeping the particles
away from each other effectively, as ¥, vanishes as the mth power of the distance
when two particles approach each other. This is the uniquely defining property of
Laughlin’s state, and also the property which enabled Haldane [3] to identify a
parent Hamiltonian, which singles out the state as its unique and exact ground state.
We discuss the Hamiltonian in Sect. 2.1.6 below. The wave function (2.1.30) describes
an incompressible quantum liquid, as the construction is only possible at filling
fractions v = 1/m.

One of the assumptions of the theory is that we can neglect transitions into higher
Landau levels, as the Landau level splitting o, is much larger then the potential
energy per particle, a condition met by the systems amenable to experiment. Formally,
the LLL limit requires w. — 0o while keeping the magnetic length /2 constant, which
is achieved by taking M — 0. The LLL limit is hence a zero mass limit.

Even within this limit, which we assume to hold in the following, the Laughlin
state (2.1.30) is not the exact ground state for electrons with (screened) Coulomb
interactions at filling fraction v = 1/3. It is, however, reasonably close in energy and
has a significant overlap with the exact ground state for finite systems. The difference
between the exact ground state and Laughlin’s state is that in the exact ground state,
the zeros of P(z1, z2, ..., zn) are attached to the particle coordinates, but do not
coincide with them [2, 17]. At long distances, the physics described by both states is
identical. In particular, the topological quantum numbers of both states, such as the
charge and the statistics of the (fractionally) charged excitations, or the degeneracies
on closed surfaces of genus one and higher, are identical.

The Laughlin state can be characterized through the notion of “superfermions”
[18]. For fermions (bosons), the relative angular momentum is quantized as 7/, where
[ is an odd (even) integer, due to the antisymmetry (symmetry) of the wave function
under interchange of particles. In the LLL, the relative angular momentum between
pairs of fermions can only have components with [ =1, 3, 5, ..., but no negative
values. If we interchange the particles through winding them counterclockwise
around each other, these components acquire a phase factor ¢!, The smallest com-
ponent hence acquires a phase 7, as required by Fermi statistics. For the Laughlin
state (2.1.30), the smallest component of relative angular momentum is / = m, and
the phase this component acquires upon interchange is ms, while only a phase
is required by Fermi statistics. In this sense, the particles are “superfermions” for
m odd, m > 1. In the exact ground state for Coulomb interaction, the electrons are
“approximate superfermions”.

For completeness, we wish to mention that there is a variant of Haldane’s parent
Hamiltonian [3] for the planar geometry, due to Trugman and Kivelson [19]. They
noted that since the Laughlin state (2.1.30) contains a term (z; — z;)™ for each pair,
it is annihilated by the short range potential interaction
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N
ym — z (Viz)(m—l)/Z(S(z)(le ) (2.1.31)
i<j
for m odd, and
N
yom — Z (VIZ)(’"—Z)/Z(SO)(Z[ —z;) (2.1.32)
i<j

for m even, as well as by the same terms with any smaller power of the Laplacian.
If we combine these terms with the kinetic terms (2.1.9), the resulting Hamiltonian
will single out (2.1.30) as the exact and unique ground state.

2.1.3 Fractionally Charged Quasiparticle Excitations

Laughlin [1] created the elementary, charged excitations of the fractionally quantized
Hall state (2.1.30) through a Gedankenexperiment. If one adiabatically inserts one
Dirac quantum of magnetic flux through an infinitely thin solenoid at a position &,
and then removes this flux quanta via a singular gauge transformation, the final
Hamiltonian will be identical to the initial one. The final state will hence be an
eigenstate of the initial Hamiltonian as well. The adiabatic insertion of the flux will
induce an electric field
19d¢

fEds = E, - 2mr =", (2.1.33)
C

which in turn will change the canonical angular momentum L, around & by

AL / Foordi= =4 [4r = C po=n (2.1.34)
— -r = — —_— = . = . <A1

“ ¢ 2rc ) ot 2mc °

If we choose a basis of eigenstates of angular momentum around &, the basis states

evolve according to
(z —&)ymem ikl o (g — gymHlemall (2.1.35)

Note that the kinematical angular momentum, which is given by the second term
in (2.1.16), has eigenvalue —hAn, where n labels the Landau level. In this process,
it remains zero as the states remain in the lowest Landau level—as there are no states
with positive kinematical angular momentum, the insertion of the flux just shifts the
states within the LLL.

The Laughlin ground state (2.1.30) evolves in the process into

N N N
v = [ - o [ -2 [Je 4, (2.136)
i=1 i=1

i<j
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which describes a quasihole excitation at €. It is easy to see that if the electron charge
is —e, the charge of the quasihole is +e/m. If we were to create m quasiholes at &
by inserting m Dirac quanta, the final wave function would be

N N N
vy = [ - o [ -z [[e =7, @13

i=1 i<j i=1

i.e., we would have created a true hole in the liquid, which is screened as all the other
particles. Since the hole has charge +e, the quasihole has charge +e/m. One may
view the quasihole as a zero in the wave function which is not attached to any of the
electrons.

The quasielectron, i.e. the antiparticle of the quasihole, has charge —e/m and is
created by inserting the flux adiabatically in the opposite direction, thus lowering the
angular momentum around some position £ by A, or alternatively, by removing one
of the zeros from the wave function. To accomplish this formally, we first rewrite
(2.1.36) in terms of ladder operators:

N N N
v @ =] («/Ebj - s) [T —zp"[Te . @138

i=1 i<j i=1

The insertion of a flux quanta in the opposite direction, or the lowering of angular
momentum around &, will then correspond to the Hermitian conjugate operation.
Laughlin [4] hence proposed for the quasielectron wave function

N
ng(Zl"”’ZN) ZH(ﬁbi - )H(zz —Z,)mHe ilail®

i=1 i<j i=1
N

.y P H (2_ _ 5) H(Z, Ly (2139
i=1 i=1 i<j

While the quasihole excitation (2.1.36) is still an exact eigenstate of Haldane’s parent
Hamiltonian, this is not true for the quasielectron (2.1.39). The problem here is that
while there is a clean and unique way of introducing an additional zero (we just
put it somewhere), there is no such clean way of removing one. One can view the
quasielectron as a region, in which n electrons nearby share 2n — 1 zeros attached to
the particles. In other words, one zero is missing, but not from any specific electron—
rather, the dearth is distributed among all the electrons nearby. The charge of the
quasielectron is accordingly not as localized as it is for the quasihole.

The plateau in the observed Hall resistivity occurs because the current in the
experiments is carried by edge states, which are sensitive only to the topological
quantum numbers of the state. In the vicinity of one of the prefered filling fractions
v = 1/m, the excess density of electrons yields to a finite density of quasielectrons
or holes, which get pinned by disorder and hence do not contribute to the transport
properties.
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counterclockwise interchange yields:  [¢) — €l?]1))
m relative angular momentum: [, — [, — i@

Fig.2.1 Fractional statistics in two dimensions. The many particle wave function acquires a statis-
tical phase & whenever we interchange two anyons conterclockwise

2.1.4 Fractional Statistics

Possibly the most interesting property of fractionally quantized Hall states is that
the quasiparticle excitations obey fractional statistics [20-22]. The possibility of
fractional statistics [23-31] arises in two space dimensions because the space of
trajectories for two identical particles consists of an infinite number of topologically
distinct sectors, corresponding to the number of times the particles wind around each
other. The laws of quantum mechanics allow us to assign distinct phases to paths
belonging these sectors, which only need to satisfy the composition principle.

In three or more dimensions, by contrast, there are only two topological dis-
tinct sectors, corresponding to interchanging the particles or not interchanging them.
The group which classifies all the topologically distinct trajectories is hence the
permutation group, and since amplitudes are complex numbers, the possibilities
for the quantum statistics are limited to the one-dimensional representations of the
permutation group. There are only two such representations, the symmetric and the
antisymmetric representation. These correspond to the familiar choices of Bose and
Fermi statistics.

In two dimensions, the group is the braid group. The one-dimensional represen-
tations are obtained by assigning an arbitrary phase t(7;) = ¢'? for each counter-
clockwise interchange T; of the two particles, with statistical parameter 0 €] —m, ].
Particles interpolating between the familiar choices of bosons (8 = 0) and fermions
(0 = m) are generically called anyons. We will see in Sect.2.3.3 that non-Abelian
generalizations exist, where successive interchanges of anyons do not commute.

The most direct physical manifestation of the fractional statistics is the quantiza-
tion of the relative angular momentum of the anyons (see Fig.2.1). In three dimen-
sions, there are three generators of rotations, and the relative angular momentum
is quantized as A/, with [ an even integer for bosons and an odd integer / odd for
fermions. In two dimensions, the wave function may acquire a phase exp(;—'&p) as
two anyons wind counterclockwise around each other with winding angle ¢, which
implies that the relative angular momentum is quantized as

0
Lt = i (—— 4 Zn), (2.1.40)
T

where n is an integer. Note that the possibility of fractional statistics exists only
for particles which are strictly two-dimensional, like vortices in an (approximately)
two-dimensional quantum fluid.
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The only established realization of fractional statistics is provided by the quasi-
particles in the fractionally quantized Hall effect [20-22]. When Laughlin introduced
the quasiparticles, he introduced them as localized defects or more precisely, vortices
in an otherwise uniform quantum liquid. To address the question of their statistics,
however, it is propitious to view them as particles, with a Hilbert space spanned by
the parent wave function for the electrons. We consider here a Laughlin state with two
quasiholes in an eigenstate of relative angular momentum in an “orbit” centered at
the origin. Since the quasiholes have charge ¢* = +e¢/m, the effective flux quantum
seen by them is

27 he
0= =m®o, (2.1.41)
and the effective magnetic length is
h
= 25 = Jml. (2.1.42)
e*B

We expect the single quasihole wave function to describe a particle of charge ¢* in
the LLL, and hence be of the general form

EY — £(EVo—mmlEP
o) = f(&)e . (2.1.43)

The complex conjugation reflects that the sign of the quasihole charge is reversed
relative to the electron charge —e.

The electron wave function for the state with two quasiholes in an eigenstate of
relative angular momentum is given by

Yz, ..., 2N) =/D[él,52]¢p,m(§1,§2)¢§’}?2(11,...,ZN) (2.1.44)
with

¢p,m(§la 52) = (él - 52)p+% H eiﬁlgklz, (2.1.45)

k=12

where p is an even integer, and

s L _Lig2
I/,‘i?l)gz(zl’ ""ZN) = (Sl _52)"’ H e 4/11‘51(‘

k=1,2
N N N 1 2
Jl@ —enG —e [ [ —zp" [[e#=". @146)
i=1 i<j i=1

The quasihole coordinate integration extends over the complex plane,

/ D&, &] = / . / dvidydradys,

where &1 = x1 +1y; and & = x2 +iy7.
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This needs explanation. We see that both ¢, (€1, &) and wgl?z (Z1s s ZN)

contain multiple valued functions of £&; — & and & — &, respectively, while the
product of them is understood to be single valued. The reason for this is that the
Hilbert space for the quasiholes at £ and &, spanned by wgl'; (z1,-..,2zn) hastobe
normalized and is, apart from the exponential, supposed to be analytic in &; and &;.
At the same time, we expect ¢ (§1 , éz) to be of the general form (2.1.41), i.e. to
be an analytic function of &1, & times the exponential.

The form (2.1.45) of the quasihole wave function including its branch cut,
is indicative of fractional statistics with statistical parameter 6 = 7r/m. This indica-
tion, however, is by itself not conclusive, as it is possible to change the representation
of the wave function through singular gauge transformations [20, 21, 25], where one
removes or adds flux tubes with a fraction of a Dirac flux quanta to the particles,
and hence turn an anyonic representation into a bosonic or fermionic one and vice
versa. The physically unambivalent quantity is the relative angular momentum of the
quasiholes, which for (2.1.45) is given by

1
L = —h (p + —). (2.1.47)
m

Comparing this with (2.1.40) yields & = w/m. This result agrees with the results of
Halperin [20, 21] and of Arovas, Schrieffer, and Wilczek [22], who calculated the
statistical parameter directly using the adiabatic theorem [32-35].

2.1.5 Landau Level Quantization in the Spherical Geometry

The formalism for Landau level quantization in a spherical geometry, i.e., for the
dynamics of a charged particle on the surface of a sphere with radius R, in a magnetic
(monopole) field, was pioneered by Haldane for the lowest Landau level [3, 36], and
only very recently generalized to higher Landau levels [37]. We will content ourselves
here with a review of the formalism for the lowest Landau level.

Following Haldane [3], we assume a radial magnetic field of strength

heso

=3 (e>0). (2.1.48)

The number of magnetic Dirac flux quanta through the surface of the sphere is

o 47 R*B
tor _ 3 = 250, (2.1.49)
D 2mhe/e

which must be integer due to Dirac’s monopole quantization condition [38]. In the
following, we take h = ¢ = 1.
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The Hamiltonian is given by

g Aoy (2.1.50)
T 2MR? T 259 o
where w. = eB/M is the cyclotron frequency,
A =r x (—iV + eA(r)) (2.1.51)

is the dynamical angular momentum, r = Re;,and V x A = Be;. With (A.4)—-(A.6)
from Appendix A we obtain

. ad 1 9
A=-i (e(p% — ey 5o %) + eR(er x A(r)). (2.1.52)

Note that

erA = Ae; =0, (2.1.53)
as one can easily verify with (A.5). The commutators of the Cartesian components of
A with themselves and with e; can easily be evaluated using (2.1.52) and (A.3)—(A.5).
This yields

[A7, AT] = ie"F(AF =59 e), (2.1.54)

[Al, ¢f] = ieTkef, (2.1.55)

where i, j,k = x,y, or z, and ei‘ is the kth Cartesian coordinate of e;. From
(2.1.53)—(2.1.55), we see that that the operator

L = A + spe; (2.1.56)
is the generator of rotations around the origin,
[L], x7] = ie"*X* with X = A, e, orL, (2.1.57)

and hence the angular momentum. As it satisfies the angular momentum algebra,
it can be quantized accordingly. Note that L has a component in the e, direction:

Le, = e L = sg. (2.1.58)

If we take the eigenvalue of L? to be s(s + 1), this implies s =so + n, where
n=0, 1,2, ...isanon-negative integer (while s and so can be integer or half integer,
according to number of Dirac flux quanta through the sphere).

With (2.1.56) and (2.1.53), we obtain
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A*=L%—si. (2.1.59)

The energy eigenvalues of (2.1.50) are hence

,

E, = 2—;;[s(s +1)— sg]
,
= —[@n+ Dso+nn+ D]
250

_ 1 nn+1)

The index n hence labels the Landau levels.
To obtain the eigenstates of (2.1.50), we have to choose a gauge and then explicitly
solve the eigenvalue equation. We choose the latitudinal gauge

A= _e(p;_;)? cot 6. 2.1.61)

The singularities of B = V x A at the poles are without physical significance. They
describe infinitly thin solenoids admitting flux so®¢ each and reflect our inability to
formulate a true magnetic monopole.

The dynamical angular momentum (2.1.52) becomes

0 1 a
A=—ile,— —eg—— | — —ispcosb ) |. (2.1.62)
a6 sinf \ d¢
With (A.5) we obtain
) 1o (. 9 1 (d :
A=———(sinf— ) — ——|— —isgcosb ) . (2.1.63)
sin@ 96 30 )  sin?0 \d¢

To formulate the eigenstates, Haldane [3] introduced spinor coordinates for the
particle position,

0 j 0 j
U = Cos 3 exp (%) , U = sin 3 exp (—%), (2.1.64)
such that
e = Qu,v) = (u,v)o (;‘) (2.1.65)

where 0 = (0%, 0y, 0;) is the vector consisting of the three Pauli matrices

01 0 —i 1 0
UX:(] O)’ ayz(i 0), UZ:(O—l)' (2.1.66)

In terms of these, a complete, orthogonal basis of the states spanning the lowest
Landau level (n = 0, s = s5p) is given by
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Y o, v) = ut Myt (2.1.67)
with
m=-—-s,s+1,...,s.
For these states,
L*Y.0 = m¥p 0-

1
Hy o = 50¥0- (2.1.68)

To verify (2.1.68), we consider the action of (2.1.63) on the more general basis states

2] s+m o\s~m
B, p (U, v) = (cos 5) (sin E) S m=p)e

DTPySTMYSTITP - for p < 0,
- [ﬁ”u”m_pvs_’", for p > 0. (2.1.69)
This yields
. scosf —m\> spcosf@ —m + p 2
A2 K — Y ki s
Pn.p |:s ( sin@ ) * ( sin @ ) Pm.p

|: n 2(s cos @ —m~+p)(p—ncos@) — (p>—n? cos? 0) s
s

sin? 6 m.p’
(2.1.70)

For p=n=0, this clearly reduces to A2w51,0 =sy; o» and hence (2.1.68).
The normalization of (2.1.67) can easily be obtained with the integral

1 o ﬁS—Q—m’ES—m’us—i-m VM — (s + m)!(s —m)!

I 25 + D)1 Smm’ (2.1.71)

where dQ2 = sin 6 df d¢.
To describe particles in the lowest Landau level which are localized at a point
Q(«a, B) with spinor coordinates («, ),

Q. f) = (o, B)o (g) (2.172)

Haldane [3] introduced “coherent states” defined by

(R0e. BYLIE, g o0, v) = 5U, ) o1, ). (2.173)
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In the lowest Landau level, the angular momentum L can be written

i)

du
d

av

L= %(u, v)o (2.1.74)

Note that u#,v may be viewed as Schwinger boson creation, and %, % the
corresponding annihilation operators (see Sect.2.4.3). The solutions of (2.1.73) are
given by

Vi .00 V) = (@u + fv)*, (2.1.75)
as one can verify easily with the identity
(aob)(cod)=2ad)(ch)—(ab)cd). (2.1.76)
where a, b, ¢, d are two-component Spinors.

Haldane [3] further introduced two-particle coherent lowest Landau level states
defined by

(R0, AL1 + L)Wy olu, vl = jyriy ol v], (2.1.77)
where [u,v] = (uy,uz, vy, v2) and j is the total angular momentum quantum
number,

(L1 + L)Yl olu vl = j (G + D) olu. vl (2.1.78)

The solution of (2.1.77) is given by

Vg ol v] = (rvy — ugun)* =7 [ @ui + oi)’. (2.1.79)
i=1,2

It describes two particles with relative momentum 2s — j precessing about their
common center of mass at («, S).

Since 0 < j < 2s, the relative momentum quantum number /[ = 2s — j has to
be a non-negative integer. The restriction to non-negative integers is a consequence
of Landau level quantization, and exists in the plane as well, as we discussed in
Sect.2.1.2. For bosons or fermions, / has to be even or odd, respectively. This implies
that the projection ITp into the lowest Landau level of any rotationally invariant
operator V (r1 - r3), such as two particle interactions, can be expanded as

2s
MoV (ri-ro)o = > ViPai(L1 + Lo). (2.1.80)
[
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where the sum over [/ is restricted to even (odd) integer for bosons (fermions),
V; denotes the so-called pseudopotential coefficients, and P;(L) is the projection
operator on states with total momentum L? = j(j + 1).

As mentioned, this formalism was very recently generalized to include higher
Landau levels as well [37]. The key insight permitting this generalization was that
there are two mutually commuting SU(2) algebras with spin s, one for the cyclotron
variables and one for the guiding center variables. These algebras are analogous to
the the two mutually commuting ladder algebras a, a™ and b, b' in the plane, which
we introduced in Sect.2.1.1.

2.1.6 The Laughlin State and Its Parent Hamiltonian
on the Sphere

In analogy to (2.1.30), Haldane [3] writes the Laughlin v = 1/m state for N particles
on a sphere with 2s) = m(N — 1) as

Y [u, v] = H(uvj I (2.1.81)

i<j

Since the factors (u;v; — u;v;) commute with the total angular momentum

Loa=Y L. (2.1.82)

(2.1.81) is obviously invariant under spacial rotations around the sphere:
Lo, = 0. (2.1.83)

The Laughlin droplet wave function centered at (¢, 8) can be recovered by multi-
plying v, [u, v] by a factor

N
[ J@ui + oy,

i=1

and then taking the limit n— 00, R— 00, while 47 R2/n =271% = const., where /2
is the magnetic length (2.1.5).

As in the plane, the uniquely specifying property of the Laughlin state (2.1.81) is
that the smallest component of relative angular momentum is m, which is even for
bosons and odd for fermions. Haldane [3] constructed a model Hamiltonian, which,
together with the kinetic Hamiltonian (2.1.50), singles out (2.1.81) as exact and
unique zero energy ground state, by assigning a finite energy cost to the components
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of angular momentum smaller than m. With the most general two-particle interaction
Hamiltonian given by

N 2s
Hiny = Z[Z ViPa_(L; +L,~)}, (2.1.84)

i<j 1

where the values of [ are restricted to even (odd) integers for bosons (fermions) and
Py,_; is as defined in (2.1.80), Haldane’s Hamiltonian amounts to taking

_ |1 forl <m,
Vi= {0 forl > m. (2.1.85)

For all practical purposes, we need to rewrite (2.1.84) in terms of boson or fermion
creation or annihilation operators,

s s s s
. o
Hine = E E E E amlamzam3am45m1+m2,m3+m4

m|=—s mp=—s m3=—s m4=—=5
2s

: Z(s, my; s, ma|2s — 1, my +m2)Vi(2s — I, m3 + myls, m3; s, my),
=0

(2.1.86)
where a,, annihilates a boson or fermion in the properly normalized single particle
state

s — (2S + 1)! s+m . s—m
Yo, v) = \/4n(s i TRy utmys T, (2.1.87)

and (s, my; s, ma|j, m;+my) etc. are Clebsch—Gordan coefficients [39]. Essentially,
we take two particles with L, eigenvalues m3 and m4, change the basis into one where
m3 + my4 and the total two particle momentum 2s — [ are replacing the quantum
numbers m3 and my4, multiply each amplitude by V;, and convert the two particles
states back into a basis of L, eigenvalues m and m>.

The fractionally charged quasihole and quasielectron excitations of the Laughlin
state (2.1.81) localized at 2(«, B) on the sphere are given by

N N
vl vl = [ [Bui — avp) [ Jwivy — ujvn)™ (2.1.88)
i=1 i<j
and
Ny 9\ LY
QE = _— — o — . ..
Veplt V1= E ('3 du; ¢ 8v,~) E(”l”/ ujvi)", (2.1.89)

which increase or decrease the number of flux quanta 2s( through the sphere by one,
and decrease or increase («, 8) Ly by %N .
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Due to the formal simplicity, the sphere is particularly well suited to formulate the
hierarchy of quantized Hall states, where all odd-denominator filling fractions can
be obtained through successive condensation of quasiparticles into Laughlin-type
fluids [3, 20, 21, 40].

2.2 The Haldane-Shastry Model

2.2.1 The 1/r?* Model of Haldane and Shastry

The Haldane—Shastry model [41-53] is one of the most important paradigms for a
generic spin % liquid on a chain. Consider a spin % chain with periodic boundary
conditions and an even number of sites N on a unit circle embedded in the complex
plane:

N sites with spin%on unit circle:

nazei%ﬂo‘ witha=1,..., N
The 1/r2-Hamiltonian
27\2 &L S,S
HHS (_”) Z "‘—ﬂz 2.1
a<p ‘7701 - '7/‘3’

where |1, — g is the chord distance between the sites « and 3, has the exact ground
state

WS = D v G anSh S 1), (22.2)
———
{z1,zm} all N spins |

where the sum extends over all possible ways to distribute the M = % 1-spin coor-
dinates z; on the unit circle and

M M
Voo ez zm) = [ @ —2p* [ [ o (2.23)
i=l1

i<i

The ground state has momentum
po=—=N, (2.2.4)

where we have adopted a convention according to which the “vacuum” state
|44 ... |) has momentum p =0 (and the empty state |0) has p=nw(N — 1))
and energy
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2

Eo=-"(N+2 (2.2.5)

We will verify (2.2.4) and (2.2.5) in Sects.2.2.3 and 2.2.4, respectively.

2.2.2 Symmetries and Integrability

The Haldane—Shastry Hamiltonian (2.2.1) is clearly invariant under space transla-
tions (rotations of the unit circle), time reversal, parity, and global SU(2) spin rotations
generated by

N
Stot = Z Sas [HHS, Stot] =0. (2.2.6)
a=1

The total spin trivially satisfies the standard commutation relations for angular
momentum,

[Stiot’ St](.)t] =i Si'/kstli)t- 2.2.7)

The model possesses an additional symmetry [46, 54] generated by the rapidity
operator

. N
A=z > Dt lig g, [HYS,A] =0, (2.2.8)
wp=l Na — NpB
arp

which measures the spin current. It transforms as a vector under spin rotations,
[Si AT =i ek Ak, (2.2.9)

Note that even though both Si; and A commute with the Hamiltonian, they do
not commute mutually, but generate an infinite dimensional associative algebra with
certain defining relations and consistency conditions, the Yangian Y(sl) [55, 56].
Since the commutator of the total spin squared with the rapidity operator does not
vanish in general,

(8% AT = —i e7¥{s,. AF}, (2.2.10)

elements of the Yangian algebra connect degenerate eigenstates with different total
spins. With these elements, it is possible to generate all the eigenstates of the model
from all the completely spin polarized eigenstates.

The Yangian symmetry of the model [46, 54] implies significant degeneracies in
the spectrum and hence indicates integrability. The model is not integrable in the usual
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sense, however, as the method of quantum inverse scattering [57] is not applicable
to models with long-range interactions. Talstra and Haldane [58] have nonetheless
succeeded in constructing an infinite set of mutually commuting integrals of motion
for the model by using the determinant rather than the trace of the monodromy matrix.
These integrals provide the framework for the model’s integrability. The integrability
is hence only indirectly related to the Yangian symmetry.

The model is further amenable to exact solution via the asymtotic Bethe Ansatz
[44, 47, 54, 59-64], even though the application of this method to models with
long-range interactions is likewise heuristic.

2.2.3 Ground State Properties

The ground state (2.2.3) is real (and hence both parity and time-reversal invariant),
a spin singlet, and can equivalently be obtained by Gutzwiller projection [65-71],
as we will verify now after evaluating the total momentum.

Ground state momentum. To determine the momentum pg (in units of inverse
lattice spacings 1/a) we translate the ground state (2.2.3) counterclockwise by one
lattice spacing around the unit circle,

T|y) = €70 yg'S). 22.11)

. i2m
With Tz; = €'V z;, we find

Po

_ 2 (MM 1)
_W( 2

+M) =M,

and hence (2.2.4). Note that the sign of pg is irrelevant for (2.2.3), as N is always
even, and pg is 0 or r. The sign will become significant only in Sects. 2.2.6 and 2.2.7
below, when we assign spinons momenta for states with N odd.

Singlet property. Since Sk, |¥{!S) = 0, it suffices to show that |[!S) is annihilated
by St

N
S0y =D"8a D vt za. .S SE L L)
a=l1

{212}

N
= Z%‘?S(na,@,...,zM)sz...SMu...¢>, (2.2.12)
zm}a=1

{z2,....2

=0

since Iﬂ(l){s(na, 22, ..., ZM) contains only powers né, ng, A név_l and

N
> 0 =Néuo mod N. (2.2.13)

a=1
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Parity and time reversal invariance. We begin by showing that w(lfs is real. With
Z; = 1/z; and hence

(zi — Zj)2 = —zizjlzi — Zj|2, (2.2.14)
we write
VoS (@122, 2m) = iHIZz - zj] szz, Hzl
i<j i<j
= :I:le, - zjl HG(zl (2.2.15)
l<j
where
_ ¥ _[+1 «aeven
Glr) = ¥ = {11 aoven (22.16)

The gauge factor G(z;) effects that the Marshall sign criteria [72] is fulfilled.
Since parity tranforms 1, — n—y = 1), and hence z; — Z;, the fact that w
real implies that |¢ ) is invariant under parity. Time reversal transforms [73]

2m|S .

i—> —i, S¢y > —8Sq, |s,m)—1i m),

which implies z; — z;, S} — =S, ,and ||| ... |) — (=)™ |11 ... 7). The basis
states in (2.2.2) hence transform according to

ST SENL ) = ST ST I ) (2.2.17)

Together with the singlet property, this implies that |¢5{S) is invariant under time
reversal.

Generation by Gutzwiller projection. The ground state of the model was first
obtained by Gutzwiller projection from a completely filled one-dimensional band
which in total contains as many spin % fermions as there are lattice sites [65, 68—71]:

v6'*) = Paw|vdb).  [vdb) = [T efyeq, 100, (22.18)

qeZ

where the Gutzwiller projector

N

Pow = [[(1 = ¢icire]yeiy) (2.2.19)
i=l1

eliminates configurations with more than one particle on any site and the interval 7
contains M = % adjacent momenta. We will now show that (2.2.18) is equivalent
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to (2.2.3). With lattice constant @ = 2%, the allowed momenta are given by integers,
q=0,1,..., N — 1. With

N . N
=> W Z nlcl, (2.2.20)
a=1 a=1

the (unnormalized) single particle momentum eigenstates are given by
$q(2) = (zlg) = (Olezcgl0) = 27. (2.221)

The many particle wave function for M fermions with adjacent momenta g € 7 =
[q1, g1 + M — 1] is hence given by

121,22, TM) = Hz‘“ A{02) .. Hz‘“ H(z,—z,) (2.2.22)

i<j

The Gutzwiller state (2.2.18) is given by
[yS) = z G212z (Wi, ., wiy)

T T T T
Coatr o CatCunl wML|O)’
where the sum extends over all possible ways to distribute the coordinates z; and wy
on mutually distinct lattice sites.

Let Z contain all those M momenta not contained in Z, and wy, ..., wy denote
the sites which are not occupied by any of the z;’s. Then

(2.2.23)

$z(w. ... wi) = Olewy - cw; | ] ¢510)
qel
= sign[z; w] 0|chch ..c:MHC;|O)
q9€  4el qel
= sign[z; w] - (0] H Cq €2, ...CZM|0)
qEI
= sign[z; w]- ¢77(z1, ..., Zm)
M
=sign[z;w]- [[a" - 67" G1o o 2m), (2.2.24)
where
sign[z; w] = (Olcuy, - - CuCoy -z [ ed [T ch10) (2.2.25)
gel 4€1

is an overal sign associated with ordering the z’s and w’s according to the lattice sites
indices «. Since

signlzs wl - el o ..cl el el 0y =SEe ST L) (2226)
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we may write

M
WES) = > Iz o P[] GGISE ST L D). 22.27)

{z1,...2m} i=1

This is equivalent to (2.2.15).

As an aside, it is very easy to verify the singlet property in the Gutzwiller
formulation (2.2.18) of the ground state. To begin with, filling the same single particle
states with 1 and | spin fermions obviously yields a singlet,

Stot|¥dp) = 0. (2.2.28)

The Gutzwiller projector (2.2.19), however, commutes with the local spin operators
and hence also with the total spin,

[Pow. S«] = [Paw. Stot] = 0. (2.2.29)

Hence
Stot| Y1) = 0. (2.2.30)

Norm. The norm of the ground state is [74]

> ﬁlz,-—z/'|4=(2m) j{dm %dZMiH(l__)z

{z1,zm} i<y
NM @M
=—n (2.2.31)
Relation to the chiral spin liquid. The Haldane—Shastry ground state may be
viewed as the one-dimensional analog of the abelian or § = % chiral spin liquid
[75-82], which is essentially a Laughlin m = 2 quantized Hall state [1] for spin flips
on a two dimensional lattice. The spinons in the chiral spin liquid were understood
to obey half-Fermi statistics long before this was realized for the Haldane—Shastry
model.

2.2.4 Explict Solution

For the explict calculation presented here to be applicable to the one- and two-spinon
eigenstates investigated in Sect. 2.2.6 below, we consider wavefunctions of the form
[44, 50-52]

VG i) =@ 2m) VS Gl 2Zu)s (2.2.32)
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where wgls is given by (2.2.2) and ¢[z] = ¢(z1, ..., Zm) a polynomial of degree
strictly less than N — 2M + 2 in each of the z;’s. This implies that the degree of 1S
is strictly less than N + 1. N can be even or odd. This condition enables us to use
a Taylor expansion when we calculate the action of the Hamiltonian (2.2.1) on the
state. The result is that

2

H® ) = =

(x+—(N2—1)+ (4M2—1)—%M2)|1p), (2.2.33)

provided that ¢ satisfies the eigenvalue equation

M 2 M 2 2 _
1,0 z d N -3 0
(_12_2+ Z j_ 9 Zj %)MZ] = A¢[z] (2.2.34)

— 7j — 2k 0% 2

for L. The derivative operators in (2.2.34) and below are understood to act on the
analytic extension of ¢ (z1, ..., zjy), in which the z;’s are allowed to take any value
in the complex plane. For ¢[z] = 1, (2.2.33) shows that ‘wéls) is an eigenstate of
HYS with energy Eq given by (2.2.5).

Derivation of (2.2.33) and (2.2.34). We first use ST = $* £ 5Y to rewrite (2.2.1)
as the sum of a “kinetic”” and a “potential” term,

HS + o— Z QZ
_ Z T nﬁ|2 (Sa Sy + SaSﬁ). (2.2.35)
We first evaluate the action of the kinetic term on |1/). Consider first

S Sp1¥) —S+Sﬂ z V(.22 o) SESS - SELL D)

i)

Z 1//(77,3 220 Z)SESS S L), (2236)

,,,,,

where we have implicitly assumed that each spin configuration in the sum over
{z1, 22, ..., zp} in (2.2.2) appears only once (and not M! times due to permutations
of the z;’s). We write this as

[Sa Sp ¥ ](nas 22, - oo 2m) = W0, 22, - Zm)- (2.2.37)

Note in particlular that [ S, Sy ¥|(z1, 22, ..., zy) vanishes unless 7, equals one of
the z;’s
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The action of the kinetic term on ¥ is given by

N -
Tylz] = |:Z | 4 |2‘/f (1, zm)
oy’ Ui np
M N
_Z Z ng Y(Z1y e s Tjm1s NBs Tkl -+ -5 TM) (2.2.38)
= —— ) 2.
Py |Zj nﬁ| ng
np#Z)

Since the last fraction is a polynomial of degree strictly less than N in 8, we can
Taylor expand it around z,

N—-1 1 Al
— 0 Wz, 2
V(21 18 Zm) -y (nﬁ zZj) (z1 M) (2.2.39)
ng =0 sz Zj
The sum over g yields

I, nplnp —z))' =
> S — e A== ke — D' (2.2.40)

o 1 el -

Ng#2j

where Ag, A1, and A, are evaluated with (B.14), (B.9), and (B.2) from Appendix B,
respectively:

. (N —1)(N =5)
AO__Z(n —1)2_ 12 ’

2
I
|
|

b
&)

I

|

=
[S)N]

Il

Ju—

N
Alz—zng(na—l)’—zzo for2 <l <N-—1.

In the last line, we have used that ’731 e — 1)1 —2 vanishes for nNe = 1 and contains
only powers 772, ... név_l for 2 <1 < N — 1. Substituion into (2.2.38) and (2.2.39)
yields
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M
(N—1)(N—5) N-3,08 158 \vll
T — - SRS SR Rt
vzl ,Z_;( B zj 5% 02, +57 8zj) :
_ M(N - 1)(N —5) N-3Z 2
- 2 VI - T 2 Y
J#k
————
=M(M—1)
2 M 2Z2-
+ + :
%(x,— P jZ GG e

s g N3 i)
+ZW() [Z]( 82+Zz,—zk 3z, 2 g olel

where we have used the algebraic identity (B.7) in the evaluation of the triple sum.
For the action of the potential term we write

1 1\ 1 1
zZ Z Z _ _ zZ Zy _
sS85 = (S ) (s,3 + 2) SSL+SH -5

This yields

Z Z

N
Vlal=| > 5|2w G1eeenzm)
iz M =

s

N z l N
P |2w[z1 Z| |2w[z]+ Zl o Ve
j#k ap azp e
=N(N2-1)/12
(2.2.41)
With
M 2 1
Z| |21/f[z]+z TVl = MM = Dyl
Era A i#k
and
N s N N-1 Z+
Z| 2w[z] > = 221/f[z]
a#p e a=1 =1

where we have substituted ng — 171, and used (B.15), we obtain (2.2.33) and
(2.2.34).
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2.2.5 Factorization of the Hamiltonian

In Sect.2.2.4 we have shown that |g[/§15) is an eigenstate of H HS with energy Eg given
by (2.2.5). To show that }1//(%{5) is the ground state (or at least one of several ground
states), we factorize the Haldane—Shastry Hamiltonian [45, 50, 52]. For every site
N, We define an auxiliary operator D, by
N
D, =~ > M[i(sa x Sp) + sﬁ]. (2.2.42)
2 B=1 Na — NB
B#a
The rapidity operator (2.2.8) is given in terms of these by

Z D, = A, (2.2.43)

as one can easily see with (B.16).
We will show below that HHS can be written as:

w22 & N+1
HHS — ~ [§ > DD, + Tsfm + Ey, (2.2.44)
a=1

which consists of two positive semi-definite operators (i.e., operators with only non-
negative eigenvalues) and a constant. The lowest energy eigenvalue of H™S is there-
fore Eyp, and ‘I/f(l){s) is a ground state.

Taking the ground state expectation value of (2.2.44) implies with

H™|yg") = Eo|vg™) (2.2.45)
that

Do|yi®)=0, Ya=1,....,N (2.2.46)
and Siot| /') = 0. This trivially implies
AlyS) =0, (2.2.47)

i.e., there is no spin current in the ground state. Note that if other ground states were to
exist, (2.2.44) shows that they would have to be singlets and likewise be annihilated
by D,. It is not very difficult to verify (2.2.46) directly, but since we have verified
(2.2.45) in Sect.2.2.4 and will verify (2.2.44) below, there is no need to do so.

Verification of (2.2.44). For convenience, we define the purely imaginary
parameter

_ Na + 1B

6
P e — g
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and recall

N
D} == 0usli(Sa x Sp) — Sg].

N
1
D, =3 > Oay[i(Sa x Sy) + 8y ].
=1

For § = % and o # B, y, we obtain
i(Sa x 8p)i(Sy x ) = kel gl ksl s
= (875%™ — 31""5“)52;(%5“ + %ek“’sg)sy
- _%sﬂsy - %sa(s,, x S,), (2.2.48)

and therewith

3
[i(Sa x Sp) — Sp] - [i(Sa x Sy) + Sy ] = —E[Sﬁsy —i84(Sp x Sy)].

This implies
N N NN
> DiD, = -3 DD Oupllay [SpSy —iSu(Sp x Sy)].
a=1 a=1 =1 y=1
B#ay#a

For the terms with o # 8 = y, we use § x § = 1S to write
. 3
SﬂS,g — ISa(Sﬁ X S/g) = Z + SaS,g,

and observe

4

62y =1— ——.
o Ina — npl?

For the terms with «, 8, and y all distinct, the vector product term vanishes as it

changes sign under interchange of the dummy indices 8 and y. For these terms we

rearrange the sums
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and carry out the summation over «. With

1 o ( 1 1 )
Ma = 1) M —1y) Mg —1y \Na— N Na — Ny

and

ng N -1 ng
Na — N 2 ny —ng’

a=1

aFEpy

which follows directly from (B.12), we obtain

al 28 2 8
N 1+—)(1+—V)=N——.
Z aprer = az;l ( Na = 1p Na — My Ing — ny|?
O(;éﬁy a#B,y
Collecting all the terms yields
N
8
3 Dl D,
a=1
al ( 3 al 8
=> 1) (—+Sasﬁ)+2(——N) SgS
— ngl2 4 — .2 4
oy (e — npl by g — nyl
3
=12 Z| | (N+1)Zsasﬁ+2(| s Z)‘
arp e oy azp N T 1B
With the identities
Z SaSp = Stot
a#p
and
al 3 3\ 1 3
> s =) = NV =D = N -,
azp \IMa = gl
where we have used (B.15), we obtain
N N 2
SaSp 2 N+1_, N®N?*+5)
2P _EN'DIDy ——82 - —
Z|na_77/5|2 92_: o ot —— 12 tot 48

a#p
and hence (2.2.44). ]
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2.2.6 Spinon Excitations and Fractional Statistics

The elementary excitations for this model are free spinon excitations, which carry
spin % and no charge. They constitute an instance of fractional quantization, which
is both conceptually and mathematically similar to the fractional quantization of
charge in the fractional quantum Hall effect [1]. Their fractional quantum number
is the spin, which takes the value % in a Hilbert space (2.2.2) made out of spin flips
S+, which carry spin 1.

One-spinon states. To write the wave function for a |-spin spinon localized at
site 71y, consider a chain with an odd number of sites N and let M = NT*I be the
number of 1 or | spins condensed in the uniform liquid. The spinon wave function
is then given by

Yoy (21,22, -, 2m) = H(’?a - Zi)w(l)_ls(zh 20,00y M), (2.2.49)
i=1

which we understand substituted into (2.2.2). It is easy to verify S§ Vo, =
—%’ﬁa , and S ¥y, = 0, which shows that the spinon transforms as a spinor
under rotations.

The localized spinon (2.2.49) is not an eigenstate of the Hamiltonian (2.2.1).
To obtain exact eigenstates, we construct momentum eigenstates according to

Ym (21,22, am) = D (1) " Ve (21,22, - Zu), (2.2.50)

a=1

where the integer m corresponds to a momentum quantum number. Since

Yoy (21,225 - .., Zp) contains only powers ng, n(}l, ey ng’l and
Z 7L = 8un mod N, (2.2.51)
Ymy (21,22, ..., zy) will vanish unless m = 0, 1, ..., M. There are only roughly

half as many spinon orbitals as there are sites. Spinons on neighboring sites hence
cannot be orthogonal. With (2.2.33) and (2.2.34), we obtain

HS 7?2 1 272
HYS ) = [—ﬁ (N—ﬁ) o m):| W) 2252)

To make a correspondence between m and the spinon momentum p,,, we translate
(2.2.50) counterclockwise by one lattice spacing (which we set to unity for present
purposes) around the unit circle,

T|Ymy) = PP ). (2.2.53)
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Fig.2.2 Dispersion of a e(pm)

single spinon in a M odd M even
Haldane—Shastry chain

allowed momenta
With ground state momentum po = —%N , we find
e X (2.2.54)
Pm =T N m 1) 2.

The energy (2.2.52) can be written as E = E( + €(p,; ), with the spinon dispersion
given by

! i 2255
€lp)=5p p)+8N2, (2.2.55)
as depicted in Fig.2.2. The interval of allowed spinon momenta spans only half of
the Brillouin zone, and alternates with M even vs. M odd.
Two-spinon states. To write the wave function for two | -spin spinons localized at
sites 1y and ng, consider a chain with N even and M = NT*Z The two-spinon state
is then given by

M
Vap(z1, 22, zm) = [ [0 = 2)(np — 2090 (21,22, oz (2.2.56)

i=1

A momentum basis for the two-spinon states is given by

N
Wmn(Zl, L2 evesy ZM) = Z (ﬁa)m(ﬁﬂ)mwaﬁ(zlv L2y evns ZM)7 (2257)
a,B=1

where M > m > n > 0. For m or n outside this range, V,,,, vanishes identically,
reflecting the overcompleteness of the position space basis. With (2.2.33), (2.2.34),
and the algebraic identity

xX+y

m—n
(xmyn _ xnym) -2 Z xm—lyn+l _ (xmyn + xnym)’ (2.2.58)
X =y

=0
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we obtain [44, 50-52]

lmax
HS W) = EpnVmn) + D V" Vm10-1) (22.59)
=1
with
Eoo__ Ty 1o 24
m 24 N N2
+27r2 N | n N | m—n (2.2.60)
— (m{=—-1—-m n|\=——-1-n)— , 2.
N2 2 2 2
2 2
v = —%(m —n+20), (2.2.61)

and /max = min(M —m, n). Since the “scattering” of the non-orthogonal basis states
[Vmn) in (2.2.59) only occurs in one direction, increasing m — n while keeping m +n
fixed, the eigenstates of HHS have energy eigenvalues E,,,, and are of the form

Im
) = D" Vmtin—1)- (22.62)
=0

A recursion relation for the coefficients a;"" is readily obtained from (2.2.59).
If we identify the single-spinon momenta for m > n according to

2 1 21 1
pmzn—ﬁ m+§+s , p,,:n—ﬁ n—i—E—S s (2.2.63)

with a statistical shift s = 41'1 [83, 84], we can write the energy
Enn = Eo+ €(pm) + €(pn), (2.2.64)

where Ej is the ground state energy (2.2.5) and € (p) the spinon dispersion (2.2.55).

Fractional statistics. The mutual half-fermi statistics of the spinons manifests
itself in the fractional shift s in the single-spinon momenta (2.2.63), as we will
elaborate now [85]. The Ansatz (2.2.57) unambiguously implies that the sum of
the two-spinon momenta is given by ¢,, + g, = 27w — 2W”(m + n + 1), and hence
(2.2.63). The shift s is determined by demanding that the excitation energy (2.2.64) of
the two-spinon state is a sum of single-spinon energies, which in turn is required for
the explicit solution here to be consistent with the models solution via the asymptotic
Bethe ansatz [54, 83, 86].

The shift decreases the momentum p,, of spinon 1 and increases momentum
pn of spinon 2. This may surprise at first as the basis states (2.2.57) are constructed
symmetrically with regard to interchanges of m and n. To understand this asymmetry,
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relative motion of one-dimensional anyons is unidirectional

\l\)

»\1 (e.g. 2 moves clockwise relative to 1)
when anyons cross: |t >— elf|¢) >

momentum spacing: p1—p2 = Ap — Ap— 6

Fig.2.3 Fractional statistics in one dimension. The crossings of the anyons are unidirectional, and
the many particle wave function acquires a statistical phase & whenever they cross

note that M > m > n > 0 implies 0 < p,, < p, < m. The dispersion (2.2.55)
implies that the group velocity of the spinons is given by

ve(p) = dpe(p) = % —p (2.2.65)

which in turn implies that vg(ps) > vg(py). This means that the relative motion of
spinon 1 (with g,,) with respect to spinon 2 (with g,,) is always counterclockwise on
the unit circle (see Fig. 2.3). The shifts in the individual spinon momenta can hence be
explained by assuming that the two-spinon state acquires a statistical phase 6 =27
Whenever the spinons pass through each other. This phase implies that g, is shifted
by — 57 since we have to translate spinon 1 counterclockwise through spinon 2 and
hence counterclockw1se around the unit circle when obtalnlng the allowed values
for g, from the PBCs. Similarly, g, is shifted by + =L s since we have to translate
spinon 2 clockwise through spinon 1 and hence clockw1se around the unit circle
when obtaining the quantization of ¢,,.

That the crossing of the spinons occurs only in one direction is a necessary
requirement for fractional statistics to exist in one dimension. If the spinons could
cross in both directions, the fact that paths interchanging them twice (i.e., once in
each direction) are topologically equivalent to paths not interchanging them at all
would imply 26 =0 mod 2 for the statistical phase, i.e., only allow for the familiar
choices of bosons or fermions. With the scattering occurring in only one direction,
arbitrary values for 6 are possible. Note that the one-dimensional anyons break nei-
ther time-reversal symmetry (T) nor parity (P).

The fractional statistics of the spinons manifests itself further in the fractional
exclusion (or generalized Pauli) principle introduced by Haldane [87]. If we consider
a state with L spinons, we can easily see from (2.2.50), (2.2.51), and (2.2.57) that
the number of orbitals available for further spinons we may wish to create is M + 1,
where M = === L is the number of 1 or | spins in the remaining uniform liquid. (In
this representatlon, the spinon wave functions are symmetric; two or more spinons
can have the same value for m.) In other words, the creation of rwo spinons reduces
the number of available single spinon states by one. They hence obey half-fermi
statistics in the sense of Haldane’s exclusion principle. (For fermions, the creation of
two particles would decrease the number of available single particle by two, while
this number would not change for bosons.)
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l®2eB = @@69
——
s=1  s=1 5=2

®
s=0 S=1

Fig.2.4 Total spin representations of three S = % spins with Young tableaux. For SU(n) with
n > 2, the tableaux with three boxes on top of each other would exist as well

2.2.7 Young Tableaux and Many Spinon States

The easiest way to obtain the spectrum of the model is through the one-to-one corre-
spondence between the Young tableaux classifying the total spin representations of
N spins and the exact eigenstates of the the Haldane—Shastry model for a chain with
N sites, which are classified by the total spins and the fractionally spaced single-
particle momenta of the spinons [53].

This correspondence yields the allowed sequences of single-spinon momenta
p1, ..., pr as well as the allowed representations for the total spin of the states
such that the eigenstates of the Haldane—Shastry model have momenta and energies

L L
p=po+ Y pi. E=Eo+ Y e(pi), (2.2.66)

i=1 i=1

where po and Eq denote the ground state momentum and energy, respectively,
and €(p) is the single-spinon dispersion. The correspondence hence does not only
provide the quantum numbers of all the states in the spectrum, but also shows that it
is sensible to view the individual spinons as particles, rather than just as solitons or
collective excitations in many body condensates. We now proceed by stating these
rules without further motivating or even deriving them.

To begin with, the Hilbert space of a system of N identical SU(n) spins can be
decomposed into representations of the total spin, which commutes with (2.2.1)
and hence can be used to classify the eigenstates. These representations are com-
patible with the representations of the symmetric group Sy of N elements, which
may be expressed in terms of Young tableaux [88, 89]. The general rule for obtain-
ing Young tableaux is illustrated for three S = % spins in Fig.2.4. For each of the
N spins, draw a box numbered consecutively from left to right. The representations of
SU(n) are constructed by putting the boxes together such that the numbers assigned
to them increase in each row from left to right and in each column from top to
bottom. Each tableau indicates symmetrization over all boxes in the same row, and
antisymmetrization over all boxes in the same column. This implies that we cannot
have more than n boxes on top of each other for SU(n) spins. For SU(2), each tableau
corresponds to a spin § = %(M — Ap) representation, with A; the number of boxes in
the ith row, and stands for a multiplet S?= — S, ..., S.

The one-to-one correspondence between the Young tableaux and the non-
interacting many-spinon eigenstates of the Haldane—shastry model is illustrated in



46 2 Three Models and a Ground State

Stot L  ai,...,ar Ptot
0 - HEEE R e S
b - 2 ——ee ¥
1 = ~ 2 9 —e— z
o — [[2[3[4] _, [[2[3[4] —eee 0

Fig.2.5 Young tableau decomposition and the corresponding spinon states for an S = % spin chain
with N = 4 sites. The dots represent the spinons. The spinon momentum numbers ¢; are given by
the numbers in the boxes of the same column. Note that > (2Sit + 1) = 2N

Fig.2.5 for a chain with N =4 sites. The rule is that in each Young tableau, we
shift boxes to the right such that each box is below or in the column to the right
of the box with the preceding number. Each missing box in the resulting, extended
tableaux represents a spinon. The extended tableaux provide us with the total spin of
each multiplet, which is given by the representation specified by the original Young
tableau, as well as the number L of spinons present and the individual spinon momen-
tum numbers «;, which are just the numbers in the boxes above or below the dots
representing the spinons. The single-spinon momenta are obtained from those via

pi = z (Cli - l) , (2.2.67)

which implies § < p; <7 — 8§ with § = 555 — 0 for N — oo.

The total momentum and the total energies of the many-spinon states are given
by (2.2.66) with

VN YO (2.2.68)
pO - 2 ’ 0= 24 N ’ Al
and the single-spinon dispersion
0 =tp—pr (2.2.69)
e(p)==-p(m— — 2.
p 3 p p SN2
where we use a convention according to which the “vacuum” state || | ... |) has

momentum p = 0 (and the empty state |0) has p = 7 (N — 1)).
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This correspondence shows that spinons are non-interacting, with momentum
spacings appropriate for half-fermions. We may interpret the Haldane—Shastry model
as a reparameterization of a Hilbert space spanned by spin flips (2.2.2) into a basis
which consists of the Haldane—Shastry ground state plus all possible many spinon
states. The reward for such a reparameterization is that a highly non-trivial Hamil-
tonian in the original basis may be approximately or exactly diagonal in the new basis,
as this basis is chosen in accordance with the quantum numbers of the elementary
excitations.

2.3 The Moore-Read State and Its Parent Hamiltonian

2.3.1 The Pfaffian State and Its Parent Hamiltonian

The Pfaffian state at even denominator Landau level filling fractions was introduced
independently by Moore and Read [90] as an example of a quantized Hall state
which supports quasiparticle excitations which obey non-Abelian statistics, and by
Wen, Wilczek, and ourselves [91, 92] as a candidate for the observed plateau in Hall
resistivity at Landau level filling fraction v = 5/2, i.e., at v = 1/2 in the second
Landau level [10, 93-96], a proposal which was subsequently strengthened [97-100]
and which recently received experimental support through the direct measurement
of the quasiparticle charge [101, 102].
The wave function first proposed by Moore and Read [90] is

N N
1 .
Yo(z1,22, -5 2ZN) ZPf( )H(Zi —Zj)mHe_%lz"z, (2.3.1)
i=1

Zi —Zj i<j

where the particle number N is even, m is even (odd) for fermions (bosons), and the
Pfaffian is is given by the fully antisymmetrized sum over all possible pairings of the
N particle coordinates,

1 1 1
Pf( )EA[ ] (2.3.2)
i — 2 21— 22 IN-1 — 2N

The inverse Landau level filling fraction is given by

INe  d(m(N —1)—1)
= =m
oN IN

1
- = (2.3.3)
v

The state describes a Laughlin state at v = 1/m supplemented by a Pfaffian which
implements p-wave pairing correlations. Since the Pfaffian is completely antisym-
metric, it reverses the statistics from bosons to fermions or vice versa, but does not

change the Landau level filling fraction.
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The Pfaffian describes a BCS wave function [103—106] in position space, obtained
by projecting on a definite number of particles [107, 108]. To see this, first rewrite
the (unnormalized) BCS wave function as

Vk
we) =[] (1 + e’¢—c;£Tc ,w) 0)
k
_ ip Vk §
= exp(e’ —cpac )|O)
1;[ g K1 Ckl
. vk
= exp(e’d’ Z ECIJETCT—N) |0)
k

=exp(e'?67)(0), (2.3.4)

where the pair creation operator b is given by

T = Vk o
b= — Lk okl
k

= [@idiagt — xvi@ov] @00, (235)

The wave function for each of the individual pairs, which only depends on the relative
coordinate, is given by

p(x) = 1 > Yk ikx (2.3.6)

%4 u
T Uk

If we now project out a state with N /2 pairs [107-109], we obtain

2

1 .
) = 5= [ doe Ny
0
2

1 . .
= dpe N9/2 exp(e'?bT)|0)
0

1
— ®H"?0), (2.3.7)

Gl

which is (up to a normalization) equivalent to

lYN) = /3 AN —x2) - @(X N1 — XN)

YY) en- Y] (xn)10). (2.3.8)
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This implies that the many-particle wavefunction is given by a Pfaffian,

Y(xr...xy) =Pf(px; —x))). (2.3.9)

This form nicely illustrates that all the pairs have condensed into the same state,
which is the essence of superfluidity. For fermion pairings with even relative angular
momentum of the pairs, such as s- or d-wave, the wave function ¢ (x; —x ;) of the pairs
is symmetric in real space, and antisymmetric in spin space (i.e., a singlet), while for
pairings with odd angular momentum, such as p-wave, ¢(x; — x ;) is antisymmetric
in real space and symmetric in spin space (i.e., a triplet).

In the quantized Hall state, the requirement of analyticity in the complex coor-
dinates constraints the possible form of the pair wave function decisively. Since the
electrons are spin polarized, the only possible choice is the p-wave pairing described
by the Pfaffian with ¢(z; — z;) = 1/(z; — z;). Note that this pair wave function
would not be normalizable if it were not multiplied by at least an m = 1 Laughlin
state.

One of the most important mathematical properties of the Pfaffian is that its square
is equal to the determinant,

Pf (p(x; — x,))° = det(M;)), (23.10)

where

0 fori = j,

Mij = g(x; —x;) fori#j.

(2.3.11)
Another important identity, due to Frobenius [110], is given by (2.4.31) in Sect.2.4.4
below.

The uniquely specifying property of the Pfaffian quantized Hall state (2.3.1) is that
the wave function vanishes as the (3m — 1)th power as three particles approach each
other. This property simply reflects that there can be at most only one pair among
each triplet of particles. This observation has led Wen, Wilczek, and ourselves [91,
92, 111] to propose the parent Hamiltonian

N
vem = 3 (V)" (6P @ — 28 @ - ), (23.12)
i,j<k

which, when supplemented with the kinetic Hamiltonian (2.1.9) as well as all sim-
ilar terms with smaller powers of the Laplacian, singles out (2.3.1) as its unique
ground state. For all practical purposes, however, it is best to formulate our parent
Hamiltonian in terms of three-body pseudopotentials, as we will elaborate in
Sect.2.3.4.
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2.3.2 Quasiparticle Excitations and the Internal Hilbert Space

One of the key properties of superconductors is that the magnetic vortices are quan-
tized in units of one half of the Dirac flux quanta ®g = 2mfic/e, in accordance to
the charge —2e of the Cooper pairs. The paring correlations in the Pfaffian Hall state
have a similar effect on the vortices or quasiparticle excitations, which carry one half
of the flux and charge they would carry without the pairing, i.e. they carry charge
¢* = e/2m. The wave function for two flux % quasiholes at positions & and & is

easily formulated. We simply replace each factor in the Pfaffian in (2.3.1) by

Pf( 1 ) N Pf((Zi —&1)(zj — &)+ (zi < Zj))’ (2.3.13)
i —2j

i —2j

such that one member of each electron pair sees the additionally inserted zero at &;
and the other member sees it at &. If we set §; = & = &, we will recover a regular
quasihole in the Laughlin fluid with charge e* = ¢/m.

The internal Hilbert space spanned by the quasiparticle excitations only emerges
as we consider the wave function for four charge ¢* = ¢/4 quasiholes at positions

&1, ..., &, which is obtained by replacing the Pfaffian in (2.3.1) by
Pf( 1 ) N Pf((Zi —&1)(zj — &)z —§3)(zj — &4) + (zi < zj) _
2 —Zj i —Zj

(2.3.14)
We see that £ and &3 belong to one group in that they constitute additional zeros
seen by one member of each electron pair, while & and &4 belong to another group
as they constitute zeros seen by the other members of each electron pair. The wave
function is symmetric (or antisymmetric, depending on the number of electron pairs)
under interchange of both groups. The state in the internal Hilbert space spanned
by the quasihole affiliations with the two groups will change as we adiabatically
interchange two quasiholes belonging to different groups, say & and &4. Naively,
one might think that the dimension of the internal Hilbert space is given by the
number of ways to partition the quasiholes at &1, .. ., &, into two different groups,
i.e., by (2n — 1)!! for 2n quasiholes. Note that the number of quasiholes has to be
even on closed surfaces to satisfy the Dirac flux quantization condition [38]. The true
dimension of the internal Hilbert space, however, is only 27=1[112]. The reason for
this is that the internal Hilbert space is spanned by Majorana fermion states in the
vortex cores [113], as we will elaborate in the following section.

The statistics is non-Abelian in the sense that the order according to which we
interchange quasiholes matters. Let the matrix M, ; describe the rotation of the internal
Hilbert space state vector which describes the adiabatic interchange two quasiholes
at&; and &;:

V) — Mijl).

The statistics is non-Abelian if the matrices associated with successive interchanges
do not commute in general,
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MijMji # MjiM;;.

Note that the internal state vector is protected in the sense that it is insensitive to
local perturbations—it can only be manipulated through braiding of the vortices. For
a sufficiently large number of vortices, on the other hand, any unitary transformation
in this space can be approximated to arbitrary accuracy through successive braiding
operations [ 114]. These properties together render non-Abelions preeminently suited
for applications as protected qubits in quantum computation [115-119].

2.3.3 Majorana Fermions and Non-Abelian Statistics

The key to understanding the non-Abelian statistics [119] of the quasiparticle exci-
tations of the Pfaffian state lies in the Majorana fermion modes in the vortices of
p-wave superfluids [113, 120-122]. The p-wave pairing symmetry implies that the
order parameter for the superfluid acquires a phase of 27 as we go around the Fermi
surface,

(chel ) = Aok) - (ky + iky), (2.3.15)

where A (k) can be chosen real. The Hamiltonian for a single vortex at the origin is
given by

H = /dr [ (—— - gp)w oyt ( 0 Ao (r) * (3, — iay)) W +h.c.} ,
(2.3.16)
where A*B = 5 {A B} denotes the symmetrized product, and r and ¢ are polar coor-
dinates. The order parameter Ag(r) vanishes inside the vortex core. We can obtain
the energy eigenstates localized inside the vortex by solving the Bogoliubov—de
Gennes equations [105] equations

[H. v (x)] = Eqy) (x). (2.3.17)
where n labels the modes and
Vo (6) = tn ()Y () + v, ()Y (x) (2.3.18)

are the Bogoliubov quasiparticle operators. The low energy spectrum is given by
[113,120]

E, = nwo, (2.3.19)

where 7 is an integer and wyg = A?/eF the level spacing. Note that while in an s-wave
superfluid, the Bogoliubov operators
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Yur () = g ()Y T (X) 4 vy (0) Y (%) (2.3.20)

combine 1-spin electron creation operators with |, -spin annihilation operators, in the
p-wave superfluid, the operators (2.3.18) combine creation and annihilation opera-
tors of the same spinless (or spin-polarized) fermions. Since the Bogoliubov—de
Gennes equations are not able to distinguish between particles and antiparticles, we
obtain each physical solution twice: once with positive energy as a solution of the
Bogoliubov—de Gennes equation (2.3.17) for the creation operators, and once with
negative energy as a solution of the same equation for the annihilation operators,

[H, yun(®)] = —Enyn(x), (2.3.21)

which is obtained from (2.3.17) by Hermitian conjugation. We resolve this technical
artifact by discarding the negative energy solutions as unphysical. For the n =0
solution with at Eg = O, it implies that we get one fermion solution when we
overcount by a factor of two. The physical solution at E = 0 is hence given by one
half of a fermion, or a Majorana fermion, as

7o (®) = y0(x). (2.3.22)
In general, one fermion v/, T consists of two Majorana fermions,
V= s0ntin, =i, 23.23)
which in turn are given by the real and imaginary part of the fermion operators,

n=v+y, yn=—iy—yhH. (2.3.24)

They obey the anticommutation relations

{vi.vj} = 245, (2.3.25)

as one may easily verify with (2.3.24). Majorana fermions are their own antiparticles,
as yl.T = y;. If we write the basis for a single fermion as {|0), ¥ 7|0)}, we can write
the fermion creation and annihilation operators as

00 01
T —
) —(1 0), 1//—(0 O)' (2.3.26)
In this basis, the Majorana fermions are given by the first two Pauli matrices,
0 1 0—i
Yyl = (1 O) =0y, Y= (i 0) = oy. (2.3.27)

Returning to vortices in a p-wave superfluid, note that the order parameter acquires
by definition a phase of 27 as we go around a vortex. This implies that the electron
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boundary

time

branch cut

Yi+1

as 7yij41 crosses the

‘e branch cut Yi4+1l — —Vi41

Fig.2.6 The Majorana fermion y;,1 acquires a — sign as it crosses the branch cut from another
vortex

creation and annihilation operators acquire a phase 7, or a minus sign, which implies
via (2.3.24) that the Majorana fermion states acquire likewise a minus sign,

Yi = ~Vis (2.3.28)

as we encircle a vortex. By choice of gauge, we can implement the phase change of
27 in the superconducting order parameter as a branch cut connecting the vortices
to the left boundary of the system, and assume a convention according to which
the Majorana fermion in each vortex crossing a branch cut acquires a minus sign,
as illustrated in Fig.2.6.

To obtain the non-Abelian statistics, Ivanov [121] considered permutations of 2n
vortices by braiding, which form the braid group Bj, [123]. This group is generated
by counterclockwise interchanges 7; of particles i and i + 1, which are neighbors
with regard to the positions of their branch cuts to the boundary. The algebra of the
group is given by

TT) =T;T; for i — j| > 1,

. (2.3.29)
LT, T; =T;T;T; for |i — j| =1,

as illustrated in Fig.2.7. Note that the braid group is different from the permutation
group as
T £ T

The convention for the minus signs acquired by the Majorana fermions defined in
Fig.2.6 implies the transformation rule

Y+l fori = j,
Ti(yj)) =1 —vj-1 fori=j—1, (2.3.30)
Vj otherwise.
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Fig.2.7 Tllustration of the
defining algebra of the braid
group Bo,: T; 1711 T; = T; Tit1
Ti1TiTivy
Ti+1 = T;

N e

Yi Yi+1  Vi42 Yi Yi+1  Yi42

To describe the action of these transformations on the (internal) state vectors, we
hence need to find a representation t (7;) of the braid group By, such that

Ty (1)~ = Ti(y)) (2.3.31)

with T; (y;) given by (2.3.30). The solution is [121]
T
T(T;) = exp (ZVi+1)’i)

= cos (%) + Yi417i sin (%)

1
= ﬁ(l + YVit17i), (2.3.32)
as one can easily verify using (y;4+17;)*> = —1. The inverse transformation is given by
1 1
()" = —=U—=yimavi). (2.3.33)

V2

A few steps of algebra yield

V1 -1_ ) 7
T(Tl)[yz}T(Tl) _[—m }

This representation coincides with that of Nayak and Wilczek [112] for the statistics
of the quasiholes in the Pfaffian state.

The simplest examples of this representation are the cases of two and four vortices
[112, 121, 124], which we will elaborate now. In the case of two vortices, the two
Majorana fermions y; and y» can be combined into a single fermion via (2.3.23),
and the ground state is hence two-fold degenerate. The braid group B, has only one
generator 77 with representation
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T
r(T) = exp (T201)
= oxp (- =y +v")
— exp (i%(zww — 1))
— exp (—i%az), (2.3.34)

where o, is the third Pauli matrix (2.1.66) in the basis {|0), WT|O)}. The braiding
is hence diagonal in this basis, and only gives an overall phase, which depends on
whether the fermion state is occupied or not.

The non-Abelian statistics manifests itself only once we consider four vortices.
Following Ivanov [121], we combine the four Majorana fermions into two fermions,

1 . 1 .
Vi=s0ntin), v2= 50 +in), (2.3.35)

and accordingly for the fermion creation operators 1” , Iﬁ;. The braid group Ba
has three generators 771, 7, and 73. Their representations in a basis of fermion
occupation numbers

{10), ¥]10), ¥310). ¥{v;10)}.
are given by two diagonal operators

e 0 0
_ z _ _.z o\ _ 0 ei”/4 0 ' 0
s =exo (ran) =ew (-ige) = | o g |
0 0 0 em/A

—im/4 0 0 0
e A0 0
0 e/ 0 ’
0 0 ein/4

T .]T
T(T3) = exp (ZV4V3) = exp (—1202(2)) -

S o O

and one off-diagonal operator,

T
T(T2) = exp (ZV3V2)

—1

1
= — (1-iw2+vhan - v)) =

10
01

/2 0 —i
0

0
- 0
10
—i 01
Note that since the representations 7 (7;) given by (2.3.32) are even in the fermion
operators, i.e., change the fermion numbers only by even integers, we may restrict
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them to only even or odd sectors in the fermion numbers. For the example of four
vortices, these sectors are given by {|0), tﬂw; |0)} and {1//T|O), WZT |0)}. Each sector
contains 2" ! states, which is the degeneracy found for a Pfaffian state with an even
number of electrons [112]. Physically, this reflects that while the number of fermions
is not a good quantum number in a superfluid, the number of fermions modulo two,
i.e., whether the number is even or odd, is a good quantum number.

Finally, note that the derivation of the non-Abelian statistics depends only on (a)
the vortices possessing Majorana fermion modes, and (b) the Majorana fermions
changing sign y; — —y; when the order parameter phase changes by 2, as it does
by definition when we go around a vortex.

2.3.4 The Pfaffian State and Its Parent Hamiltonian
on the Sphere

The Pfaffian state is readily formulated in the spherical geometry [92]. The wave
function for N particles at Landau level filling v = 1/m on a sphere with
2s0 = m(N — 1) — 1 magnetic flux quanta is given by

N

Yolu, v] = Pf (;) [ Tawiv; = ujvi™, (2.3.36)
Ujvj — U;v; i<j

where m is even for fermions and odd for bosons. Note that the relation between flux

and particle number implies that the states at v = 1/2 is not its own particle-hole

conjugate [125, 126]. The formulation of quasihole excitations generalizes without

incident from the planar geometry.

As mentioned in Sect.2.3.1, the uniquely specifying property of the Pfaffian
state (2.3.36) is that it vanishes as the (3m — 1)-th power of the distance as three
particles approach each other. For the spherical geometry, the corresponding parent
Hamiltonian can be conveniently formulated using three-body pseudopotentials
[127]. In analogy to the two-particle interaction Hamiltonian (2.1.84), we write the
three-particle interaction Hamiltonian

N 2s
Hy =3 {Z VOPs, (Li + L + Lk)} . (2.337)

i<j<k l

The three-body parent Hamiltonian proposed by Wen, Wilczek, and ourselves
[91, 92] then amounts to taking

V[(3) _ [ 1 forl <3m—1, (2.338)

10 forl>3m-—1.

The form (2.3.37) is not the most general one, as for / > 6 for bosons (I > 9
for fermions), the three particle state is no longer uniquely described by the three
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body angular angular momentum /, and one may assign different pseudopotential
coefficients to the different symmetric (antisymmetric), homogeneous, rotationally
invariant polynomials of degree / describing the three body states [127]. This, how-
ever, should not concern us here as we are only interested in the case m = 1 for
bosons and m = 2 for fermions. Furthermore, as in the case of two-body pseudopo-
tentials, where [ had to be even for bosons and odd for fermions, there exists a related
restriction for the allowed values of [ for three-body pseudopotentials. Specifically,
we have no state with [ = 1(I = 4) for bosons (fermions).

For all practical purposes, we once again need to rewrite (2.3.37) in terms of boson
or fermion creation or annihilation operators,

K s S s S s
ZEED S D b b ol S

My=—§ My=—S M3=—5§ M4=—S M5=—5 Meg=—S5

: 6m 1+my+m3,m4+ms+me
2s 3s—|j—sl

Z Z Vs mis s, malj, my + ma)

j=0 [1=3s—(j+s)
“(j,mi+ma;s,m3|3s — 1, my +my +ms3)
(35 — I, mgq + ms + mgls, ma; j, ms + me)

-(Jj, ms + mgls, ms; s, me),
(2.3.39)
where a,,, annihilates a boson or fermion in the properly normalized single particle
state

s — 2s+ D! s+m  s—m
Yo, v) = \/4n(s ot~ T (2.3.40)

and (s, my; s, my|2s — I, m; + m») etc. are Clebsch—Gordan coefficients [39].

2.4 An S =1 Spin Liquid State Described by a Pfaffian

2.4.1 The Ground State

As for the Haldane—Shastry model, we consider a one-dimensional lattice with peri-
odic boundary conditions and an even number of sites NV on a unit circle embedded
in the complex plane. The only difference is that now the spin on each site is S = 1:

N sites with spin 1 on unit circle:

Mo =€ 3 witha=1,...,N
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The ground state wave function we consider here [128] is given by a bosonic
Pfaffian state in the complex lattice coordinates z; supplemented by a phase factor,

_ 1 N N
Ve Nz, 22, -0 ZN) :Pf(Z )H(zi —zp ][]z (2.4.1)
i=l1

Y i<j

The Pfaffian is given by the fully antisymmetrized sum over all possible pairings of
the N particle coordinates,

1 1 1
Pf =A . (2.4.2)
Zi —Z%j 71 — 22 IN—-1 —2ZN

The “particles” z; represent re-normalized spin flips S'(;“ acting on a vacuum with all
spins in the S* = —1 state,

=) = Z Vo= @ z) ST 8 = 1, (2.4.3)
{z1

s ZN }
where the sum extends over all possibilities of distributing the N “particles” over the

N lattice sites allowing for double occupation,

< S2+1
- “2+ S, (2.4.4)

and
=)y = ®N_|1, —1)g. (2.4.5)

This state may be viewed as the one-dimensional analog of the non-Abelian chiral
spin liquid [129].

Like the ground state of the Haldane—Shastry model, the S=1 state (2.4.1)
describes a critical spin liquid in one dimension, with similarly algebraically decay-
ing correlations. It does not, however, serve as a paradigm of the generic S =1 spin
state, as the generic state possesses a Haldane gap [130-133] in the spin excitation
spectrum due to linearly confining forces between the spinons [128, 134-137].

One of the objectives of this work is to identify a parent Hamiltonian for which
this state is the exact ground state, and hence accomplish what Haldane and Shastry
have accomplished for the spin one-half Gutzwiller wave function.

2.4.2 Symmetries

Translational invariance. As for the Haldane—Shastry model, we obtain the ground
state momentum py (in units of inverse lattice spacings 1/a) by translating the ground
state by one lattice spacing around the unit circle,
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=1 i =1
T|y=") = P |yg="). (2.4.6)

With Tz; = exp (i ( 2Z) z; we find

po = —— 34- >

2t ( N NOHN-1)
N(_

+ N) =7nN, (2.4.7)

which implies pg = 0 as N is even.

Invariance under SU(2) spin rotations. The proof of the singlet property is
similar to the Haldane—Shastry model, but more instructive as it motivates the
re-normalization of the spin-flip operators in (2.4.4).

Since S%|¥3=") = 0 by construction, it is sufficient to show S |v¥5=') = 0.
Note first that when we substitute (2.4.1) with (2.4.2) into (2.4.3), we may replace
the antisymmetrization .4 in (2.4.2) by an overall normalization factor, as it is taken
care by the commutativity of the bosonic operators S,,. Let 1/ be wg =1 without the
antisymmetrization in (2.4.2),

Jolzil = (N — D! zi—2 zi. (248

Yolzil= (N = 1) [m—m ZNI_ZN}H(Z ,)]‘[, (24.8)
1<j

Since 1/}0(11, 72, ...,2nN) is still symmetric under interchange of pairs, we may

assume that a spin flip operator S, acting on |Y0) will act on the pair (z1, z2),

i) = 2 | X otnma 8 85
{23,028} " 22(FNa)

+ Z Y021, Mo 23, .- ) Sy S ST
Zl(?éﬂoz)

+ Y0(Nas Na» 23 ...>sa(§J>2]§g R VY

= > [Zz&o(na,zz,m,...)sz}Sjs...Sj“—1>N

{z3,...2N} © 22

(2.4.9)
where we have used

S (S =1)g = n(SH" 11, =1)q, (2.4.10)

which follows directly form the definition (2.4.4).
This implies
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N
Selve™") = nglw€=l

=2 Z Zwo(na, 22 S5 S = Dy, @4l
{z2....zn}a=1
=0
since Yo (1as 22, - - - » Zi) contains only powers 1}, 2, ..., n¥ ! inn,, and
N
ZUZ' = N8y mod N.
a=1
Farity and time reversal invariance. To show that ¥(z1, ..., zy) is real, and

hence that ]WOS=1) is invariant under parity, we calculate its complex conjugate,

N N
1 1 1 1
)=o) T )T
- - o \&i j - <
Zi Zj i<j i=1
N v e 1 e =1
=DI[[=D 7 [[— [[5 %"=
. iz
i=1 i<j i=1"
=y [2].

as N is even and le =1 for all i. Time reversal [73] transforms
. . - .2
1— —1, Zi = i, SOl_) _Sa, |S7m>_)1mlsv —m),

which implies that the basis states in (2.4.3) transform according to

S*;rl ..... S;;\l'_l)N_)gZ_l ..... SZ—NH_])N
where

~ —SZ4+1 _

e =—5 S IHhv =8l e

(2.4.12)

(2.4.13)

(2.4.14)

Together with the singlet property, this implies that |1//OS:1) is invariant under time

reversal.

All the symmetries properties discussed here will emerge almost trivially when we
generate the state |1p05 :1) through projection form Gutzwiller (or Haldane—Shastry

ground) states in Sect.2.4.4.
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2.4.3 Schwinger Bosons

Schwinger bosons [138, 139] constitute a way to formulate spin-S representations
of an SU(2) algebra (which can easily be generalized to SU(n), see e.g. [136]). The

spin operators
s s a
S:E(a,b)a(b), (2.4.15)

where o = (0%, 0y, 07) is the vector consisting of the three Pauli matrices (2.1.66),
are given in terms of boson creation and annihilation operators which obey the usual
commutation relations

[a,aT] = [b, bT] =1,

(2.4.16)
[a.b] = [a,b"] =[a",b] = [a".b] = 0.
It is readily verified with
[0i,0;] = 2ie" oy (2.4.17)
and (2.4.16), that S*, SY, and S* satisfy the SU(2) algebra
[T, 7] = ieV/k sk, (2.4.18)
Written out in components we have
S +is¥ = ST =a'b,
. _ - _ 1
§—i§ =57 =ba, (2.4.19)
1 .
§* = ~(a'a - b'b).
2
The spin quantum number S is given by half the number of bosons,
2S=a'a+b'b, (2.4.20)

and the usual spin states (simultaneous eigenstates of S and S?) are given by

(a?)S—&-m (b?)S—m

S,m) = 0). (2.4.21)
| > J(S+m)!J(S—m)!| >
In particular, the spin-% states are given by
1) =10y =a’l0), 1) = c]10) = b7]0), (24.22)

i.e., a' and b' act just like the fermion creation operators c; and ci in this case.
The difference shows up only when two (or more) creation operators act on the same
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site or orbital. The fermion operators create an antisymmetric or singlet configuration
(in accordance with the Pauli principle),

0,0) = cic]10), (2.4.23)

while the Schwinger bosons create a totally symmetric or triplet (or higher spin if
we create more than two-bosons) configuration,

1
1, 1) = —(a")*0),
1, 1) ﬁ(a )710)
11,0) =a'b70), (2.4.24)
1
1,—1) = —®"H?0).
| ) ﬁ( )710)

Representations of spin % states in terms of Schwinger bosons (rather than fermion
creation operators or spin flips) are ideally suited for the construction of higher spin
states through projection of 2§ spin %’s onto the spin S representations (i.e., the
symmetric representation) contained in

1 1 1
- R®-®..-=SeR2S-1HS-1a... 2.4.25
2®2® ®2 & ( ) S2] ( )
—_—

28

Classic examples include the formulation of the Affleck—Kennedy—Lieb-Tasaki
(AKLT) model [134, 135] in terms of Schwinger bosons [139, 140] as well as the
S =1 chirality liquid [128].

2.4.4 Generation by Projection from Gutzwiller States

We will show now that the S =1 ground state (2.4.1) can alternatively be gener-
ated by considering two (identical) Haldane—Shastry or Gutzwiller states (2.2.3) and
projecting onto the triplet or S =1 configuration contained in
1®1—0691 (2.4.26)
272 o
at each site [128, 129]. To begin with, we rewrite (2.2.2) in terms of Schwinger
bosons,

S = > wiSEISh s L L)
)

{z1.22,-..2m

_ HS + T o+ T

= Z voolzlal .. al by o...bl 10)
{2150z wy, e wy )

= wiS[a", p7])0), (2.4.27)
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where M = % and the wy’s are those lattice sites which are not occupied by any of
the z;’s. The § = 1 state (2.4.1) is then up to an overall normalization factor given
by

sty = (lp(l){s[af’ bT])ZIO). (2.4.28)

To verify (2.4.28), use the identity

M 2M 2M
S H (zi — z.,')2 H (zi — z.,~)2 = Pf( — ) H(z,' —zj), (24.29)
ij=1 i,j=M+1 Y i<j
i<j i<j

where S indicates symmetrization over all the variables in the curly brackets, and
1
V2

which is readily verified with (2.4.19), (2.4.24), and the definition (2.4.4). To proof
(2.4.29), use the following identity due to Frobenius [110],

@ ®H 0y = (§H)"|1, 1), (2.4.30)

M 2M
M1 G@=-2zp II G@-—z)
| i j=1 i j=M+1
MM+1 (<] (<]
det( _) _ (Mg i< <) 2.431)
%~ IM+j MM

[T Il @-—z)
i=1 j=M+1

The projective construction directly reveals several interesting features, which
were not nearly as obvious in the previous formulation:

(a) Since the Haldane—Shastry ground state |1p(l)'[s) is translationally invariant with
ground state momentum po = 0 or 7 (depending on whether % is even or odd),
the § =1 state |w69 = 1) is translationally invariant with pg =0.

(b) Since |1ﬁgls) is a singlet, and the projection onto spin S =1 on each site com-
mutes with spin rotations, ¢()S = 1) has to be a singlet as well.

(c) Since x[f(lfs (z1, --.,zpm) is real with the sign of each spin configuration given

by H?/Izl G(z;), the S =1 wave function wg: Yz1, ..., zy) is likewise real
with the sign given by ]_[fvzl G(zi):

1 N
Yo @) = ‘Pf( )H(z,-—zp

TR

N
[[6). (@432
i=1

with G (ny) = % 1 depending on whether « even or odd.
(d) Since ]1//6{8) is invariant under parity and and time reversal,
as well.

¥ = 1)is invariant
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2.4.5 Topological Degeneracies and Non-Abelian Statistics

We have seen in Sect.2.3.3 that 2n spatially well separated quasiparticle excitations
or vortices carrying half of a Dirac flux quanta each in the non-Abelian quantized Hall
state described by the Pfaffian will span an internal or topological Hilbert space of
dimensions 2" (2"~! for either even or odd fermion numbers), in accordance with the
existence of one Majorana fermion state at each vortex core. The Majorana fermion
states can only be manipulated through braiding of the vortices, with the interchanges
being non-commutative or non-Abelian.

The question we wish to address in this section is whether there is any manifes-
tation of this topological space of dimension 2", or the 2n Majorana fermion states,
in the spinon excitation Hilbert space suggested by the S = 1 ground state (2.4.1).
In Sect.2.2.6, we have seen that the fractional statistics of the spinons in the Haldane—
Shastry model, and presumably in any model supporting one-dimensional anyons, is
encoded in the momentum spacings of the excitations. This is not too surprising, as
there are no other suitable quantum numbers, like the relative angular momentum for
two-dimensional anyons, available. We will propose now that the topological degen-
eracies, or the occupation numbers of the n fermions consisting of the 2n Majorana
fermions, are once again encoded in the momentum spacings between single spinon
states.

In the Haldane—Shastry model, the spacings between neighboring momenta were
always half integer, in accordance with half-fermi statistics, as the difference between
consecutive spinon momentum numbers a; was always an odd integer,

ajy1 — a; = odd. (2.4.33)

This follows directly from the construction of the extended Young tableaux illustrated
in Fig.2.5. When two spinons are in neighboring columns, the difference of the a;
is one and hence an odd integer; when we insert complete columns without spinons
in between, the number of boxes we insert is always even.

We will now show that for the S = 1 chain with the Hilbert space parameter-
ized by the ground state |¢3 :1) and spinon excitations above it, the corresponding
rule is

ai+1 — a; = even or odd, for i odd,

) (2.4.34)
ai+1 — a; = odd, for i even.
Asi=1,2,...,2n, we have a total of n spacings which can be either even or odd,
and another n spacings which are always odd. With the single spinon momenta given

by
T 1
pi = N a; — 5) (2.4.35)

this yields momentum spacings which can be either an integer or an half-integer
times ZW” for i odd. This is a topological distinction—for Abelian anyons, one choice
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Fig.2.8 Total spin representations of three S = 1 spins in terms of extended Young tableaux

corresponds to bosons or fermions (which are for many purposes equivalent in one
dimension), and the other choice to half-fermions. For spinons which are well sepa-
rated in momentum space, the states spanning this in total 2" dimensional topological
Hilbert space become degenerate as we approach the thermodynamic limit.

To derive (2.4.34), we introduce a second formalism of extended Young tableaux,
this time for spin § = 1. The general rule we wish to propose for obtaining the
tableaux is illustrated in Fig.2.8 for three spins with § = 1. The construction is as
follows. For each of the N spins, put a row of two adjacent boxes, which is equivalent
to the Young tableau for a single spin without any numbers in the boxes. Put these
N small tableaux on a line and number them consecutively from left to right, with
the same number in each pair of boxes which represent a single spin. To obtain the
product of some extended Young tableau representing spin Sp on the left with a spin
1 tableau (i.e., a row of two boxes with the same number in it) on the right, we follow
the rule

1, for Sop =0,

So®1=1¢ 1680 ®So+1. forSy=1.2. ...

(2.4.36)

i.e., we obtain only one new tableau with both boxes from the right added to the
top row if the tableau on the left is a singlet, and three new tableaux if it is has
spin one or higher. These three tableaux are constructed by adding both boxes to
the bottom row (resulting in a representation So—1), by adding the first box to the
bottom row and the second box to the top row without stacking them on top of each
other (resulting in a representation Sp), and by adding both boxes to the top row
(resulting in a representation So+1). In each extended tableau, the boxes must be
arranged such that the numbers are strictly increasing in each column from top to
bottom, and that they are not decreasing from left to right in that the smallest number
in each column cannot be smaller than the largest number in the column to the left
of it. In analogy to the Haldane—Shastry model, the empty spaces in between the
boxes are filled with dots representing spinons. The spinon momentum number a;
associated with each spinon is given by the number in the box in the same column.
A complete table of all the extended Young tableaux for fours S = 1 spins is shown in
Fig.2.9. The assignment of physical single spinon momenta to the spinon momentum
numbers (2.4.47) is identical to this assignment for the Haldane—Shastry model, as
we can obtain the 3V states of the S = 1 Hilbert space by Schwinger boson projection
(i.e., by projecting on spin S =1 on each site) from states contained in the 2V x 2V
dimensional Hilbert space of two S = models a projection which commutes with
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Fig.2.9 Extended Young tableau decomposition for an § = 1 spin chain with N = 4 sites. The
dots represent the spinons. The spinon momentum numbers a; are given by the numbers in the
boxes of the same column. Note that > (28t + 1) = 3N

the total momentum. The correctness of this assignment has further been verified
numerically up to N = 16 sites [141].

With the tableau structure thus in place, all that is left to show is that the momentum
spacings are according to (2.4.34). Looking at any of the tableaux in Fig.2.9, we note
that from left to right, the spinons alternate between being assigned to the first of the
two boxes with a given number and being assigned to the second of such two boxes.
This follows simply form the fact that the number of boxes in between the columns
with the two neighboring spinons must be even. The first spinon momentum number
aj is always odd, but all the other g;’s can be either even or odd. The rule is therefore
that if 7 is odd, the ith spinon is assigned to the first of the two boxes with number
ai, and the momentum spacing a;+1 — a; can be either even or odd,

or o or ...
o o -o .

even odd even

If i is even, however, the ith spinon is assigned to the second of the two boxes with
number g;, and the momentum spacing a; 1 — a; has to be odd, as we can insert only
an even number of columns between the two spinons (recall that we cannot stack
two boxes with the same number in it on top of each other):
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o BHEMAE . BHAMAGES .,
e o e|5|5|e o |5|5|7|7]e

odd odd odd

The spacings between the single spinon momenta are hence as stated in (2.4.34).
This result is consistent with the spinon basis proposed by Bouwknegt, Ludwig, and
Schoutens [143] for the SU(2) level k = 2 Wess-Zumino-Witten model [144, 145].

2.4.6 Generalization to Arbitrary Spin S

The projective generation introduced in Sect.2.4.4 can be generalized to arbitrary
spin § = s:

o\ 28
) = (wS[a".57]) 10 (2.437)
In order to write this state in a form similar to (2.4.1)—(2.4.5),

ws)= D Wi zn) S St 1=s)n. (2.4.38)

{z1,025N )

where
|—s)n = ®N_, |5, —5)a (2.4.39)

is the “vacuum” state in which all the spins are maximally polarized in the negative
Z-direction, we introduce re-normalized spin flip operators St which satisfy

T\ 3T (25 —n) _ oy
Ty @ EDTTI0 = (s, =) (2.4.40)

If we assume a basis in which S” is diagonal, we may write

1 1
h = st (2.4.41)

St =
bb+10 T s—st+1

The wave function for the spin S state (2.4.37) is then with M = % given by

2s mM sN
v @ zen) =[] [T @-|[]= (2.4.42)
m=1 \i,j=(m—1)M+1 i=1
i<j

Note that these states are similar to the Read—Rezayi states [142] in the quantized
Hall effect.
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As for the § = 1 state discussed in Sect. 2.4.4, the projective construction (2.4.37)
directly implies several symmetries. The state |¢OS ) is translationally invariant with

ground state momentum pg = —mr N's, a spin singlet, and real:
sN
Gz = [z [T 6, (2:443)

i=1

with G(z;) given by (2.2.16).

2.4.7 Momentum Spacings and Topological Degeneracies
Jor Arbitrary Spin S

In Sect.2.4.5, we have shown that the non-Abelian statistics of the Pfaffian state
(2.3.1), and in particular the topological degeneracies associated with the Majorana
fermion states in the vortex cores discussed in Sect.2.3.3, manifests itself in topo-
logical choices for the (kinematical) momentum spacings of the spinon excitations
above the § = 1 ground state (2.4.1). Specifically, we found that if we label the
single spinon momenta in ascending order by p; < p;+1, the spacings p; 11 — p; can
be either even or odd multiples of % if i is odd, while it has to be an odd multiple if
i is even.

In this Section, we formulate the corresponding restrictions for the general spin
S chain with ground state (2.4.37). We will first state the rules and then motivate
them. Recall that spinons are represented by dots placed in the empty spaces of
extended Young tableaux, and that the momentum number a; of spinon i is given
by the number in the box it shares a column with. For general spin S, the tableau
describing the representation on each site is given by

I I
—_———
2S5 boxes

i.e., a horizontal array of 25 boxes indicating symmetrization, which all contain the
same number.

If this number is n, the spinons we assign to any of these boxes will have momen-
tum number a; =n. Let us denote the number of the box a given spinon i with
momentum number ¢; is assigned to, by b;, such that box number b; = 1 corresponds
to the first, and box number b; =25 to the last box with number 7 in it:

mnlnl o), Dokl Inl,  [¢eiel (6],
. . L]

bi =1 b =2 by =28

We will see below that if a representation of a spin S chain with L spinons is written
in terms of an extended Young tableau, the first spinon with momentum number a;
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a
( ) Ai;4+1 — Q4 odd
bi= 1 — 2
\
a;+1 — a; e€even

b

( ) Qi1 — Q4 odd
b; =

a;+1 — a; even

Fig.2.10 Non-Abelian (SU(2) level k = 2) statistics in one dimension: flow diagram for the
(auxiliary) box numbers b;, which serve to describe the restrictions for the spinon momentum
number spacings a;+1 — a; for the critical models of spin chains introduced in Sects.2.4.1 and 2.4.6
witha S = 1, and b general spin S. The unidirectional, horizontal arrows correspond to even integer
momentum number spacings a;4+1 — a;, while the bidirectional, semicircle arrows correspond to
odd integer spacings

will always have box number b1 = 1, and the last spinon with a; will have by, =2S.
The restrictions corresponding to the non-abelian (SU(2) level k =258 statistics of
the spinons are described by the flow diagram of the numbers b; shown in Fig.2.10.

Let us elaborate this diagram first for the case S =1, which we have already
studied in Sect.2.4.5. In this case,

. _ |1, fori odd,
bi = {2, for i even. (2.4.44)
For i odd, we may move from b; =1 to b;4) = 2 either via the horizontal arrow

or via the semicircle in Fig.2.10a, and a;4+1 — a; may hence be either even or odd,
respectively. For i even or b; = 2, however, the semicircle is the only available con-
tinuation, which implies that the spacing a;+1 — a; must be odd.

For general S, Fig. 2.10b implies that the spacings can be even or odd until b; =25
is reached, which is then followed by an odd integer spacing a;+; — a;, as the
semicircular arrow is the only possible continuation at this point. Note that for § > 1,
the minimal number of spinons is two (these two spinons then have an odd integer
spacing a — ap), and that we cannot have more than 2S5 spinons with the same
momentum number a; =n, as a;4+1 — a; =0 is even.

We will now motivate this diagram. To begin with, we generalize the formalism
of extended Young tableaux to arbitrary spin S. The construction is similar to the one
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for S =1 outlined in Sect.2.4.5. For each of the N spins, put a row of 2S5 adjacent
boxes. Put these N tableaux on a line and number them consecutively from left to
right, with the same number in each row of 2§ boxes representing a single spin.
To obtain the product of some extended Young tableau representing spin Sp on the
left with a spin S tableau (i.e., a row of 2§ boxes with the same number in it) on the
right, we first recall

So®S=1S0—S|®ISo—S|+1d...®So+8, (2.4.45)

which implies that we obtain either 2S5y + 1 or 25 + 1 new tableaux, depending on
which number is smaller. In terms of extended Young tableaux, (2.4.44) translates
into

EE W — Te e o Te [l o T [l
N [n[n] ] [nln] | [n] ]
So 25 boxes for So > S for So>S—%  forSo>S—1
o . (2.4.46)
o n n n nm n
@ @ S
for Sop > 1 for So > % always

The first tableau on the right-hand side of (2.4.46) exists only for Sp > S,
the second only for Sy > § — 1, and so on. Note that the shape of the right bound-
ary of the extended Young tableaux for So does not determine which tableaux are
contained in the expansion of Sy ® S, as this depends only on the number Sy — S.
In the expansion (2.4.46), the 25 boxes representing a single spin S always reside
in adjacent columns. In an extended tableau, the numbers in the boxes are equal or
increasing as we go from left to right, and strictly increasing from top to bottom. The
empty spaces we obtain as we build up the tableaux via this method represent the
spinons. Note that we cannot take a given tableau and just add a pair of spinons by
inserting them somewhere, as the resulting tableau would not occur in the expansion.
In Fig.2.11, we illustrate the principle by writing out a few terms in the expansion
for an S = 2 chain.

We now turn to the question what this construction implies for the momentum
spacings of the spinons. It is very easy to see from Fig.2.11 that b = 1 and a; is
odd, and that b = 2S and a is even (odd) for N even (odd).

Let us assume we have a spinon i with momentum number @; and box number
b;. If wetake S = 3, a; = 3, and b; = 2, this spinon would be represented by a dot
which shares a column with the second box with number 3 in it,

.

by =2
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Fig.2.11 Examples of products of extended tableaux for an § = 2 spin chain

For the box number b; | of the next spinon, there are only two possibilities:

(1) bi+1 = b; + 1, which implies that a;+1 — a; is even. The spinons either sit
in neighboring columns with a;+; = @;, or contain an even number of spin S
representations (with 2§ boxes each) in between them. For our example, the
corresponding tableaux are

[3[3]3]3]3]3]4[4[5[5[5]5]
P and oTATA[ATA[5 5] e and
bibit1 bi bit1

ai41 = a4 a,;+1:ai+2

This possibility produces the unidirectional, horizontal arrows in Fig.2.10.
If b; = 28, this possibility does not exist, and there are either no further
spinons or a;+1 — a; has to be odd.

(1) bij+1 =28 — b; + 1, which implies that a; | — a; is odd. For our example, the
tableaux are
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[3[3]3[3]3[3]4[4] and [3[3[3[3[3[3[4]4[5[5[5[5[6]6] and
ol4|4l4l4]e o[4]4]4]4[5]5(6[6[6]6]e
bi bit1 b;

bit1
air1 =a;+1 aiy1=a; +3

This possibility produces the bidirectional, semicircle arrows in Fig.2.10.

This concludes the motivation of the flow diagram in Fig.2.10b. As in Sects.2.2.7
and 2.4.5, the single spinon momenta are given by

T 1
P = — i—=1. 2.4.47
p N (a 2) ( )

This yields momentum spacings p;4+; — p; which can be either an integer or an

. . 7
half-integer times 7.
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Chapter 3
From a Laughlin State
to the Haldane—Shastry Model

3.1 General Considerations

In this section, we wish to derive, or maybe better obtain, the Haldane—Shastry model
(see Sect.2.2) from the bosonic m=2 Laughlin state and its parent Hamiltonian
(see Sect.2.1.2). At first sight, this does not appear to be a sensible endeavor. Let us
briefly recall both models.

3.1.1 Comparison of the Models

The Haldane—Shastry model describes a spin % chain with periodic boundary con-
ditions. The Hamiltonian is

m\2 L S,S
HES — (W) —f_ (3.1.1)
a<fB |77a - 77;3
where 1, = eizW”“ with o = 1,..., N are sites on a unit circle embedded in the

complex plane. Written as a wave function for the position of the M = % 1-spin
coordinates z;, the ground state is given by

M M
VS an =@ -2 [ «- (3.1.2)
i=1

i<i

The bosonic m = 2 Laughlin state for M particles,

M M
2 _ L2
1//()(21,..-,ZM)=l_[(zl-—z,') He alzl™, (3.1.3)
i<j i=1
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is the exact ground state of the é-function potential interaction Hamiltonian

M
V=>5%¢-z)) (3.1.4)

i<j

in the lowest Landau level. Obviously, both models share the factor

M
[1G—z? (3.1.5)

i<j

in their ground state wave function, a connection which was exploited recently by
Thomale et al. [1] in their study of the entanglement spectrum of spin chains, but this
seems to be about it. The Gutzwiller or Haldane—Shastry ground state is invariant
under P and T, under translations along the chain, and under global SU(2) spin
rotations (see Sect.2.2.3). The model further possesses a Yangian symmetry and is
integrable (see Sect. 2.2.2). The Laughlin ground state is up to a gauge transformation
invariant under rotations around the origin. The geometries of both models differ.

Let us proceed by clearing some obvious hurdles to our endeavor of connecting
the models. To begin with, the circular droplet described by the Laughlin wave
function (3.1.3) has a boundary, while the Haldane—Shastry ground state describes
a spin liquid on a compact surface. This problem, however, is easily circumvented
by formulating the quantum Hall model on the sphere (see Sect.2.1.6). Then the
bosonic m =2 Laughlin state for M particles on a sphere with 2s = 2M — 2 flux
quanta is given by

Yolu, v] = H(u v — ujv)’. (3.1.6)

i<j

Within the lowest Landau level, it is the exact and unique zero-energy ground state
of the interaction Hamiltonian

Z Z Z Z aml le mz m4 8m1+m2.m3+m4

m|y=—s my=—§ m3=—s M4=—Ss

(s, my; s, mo|2s, my + mo)(2s, m3 + myl|sms, smy), (3.1.7)

where a,, annihilates a boson in the properly normalized single particle state

(25 4+ 1)!

uSHmys=m, (3.1.8)
4 (s + m)! (s — m)!

Yo, v) = (u, vla),|0) = \/

and (s, mq;s,ma|j,m +my) etc. are Clebsch-Gordan coefficients [2].
The Hamiltonian (3.1.7) assigns a finite energy cost whenever the relative angular
momentum of a pair of particles is zero. The expansion coefficients of the polynomial
(3.1.6) are still identical to those of (3.1.5).
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3.1.2 A Hole at a Pole

The Haldane—Shastry ground state wave function (3.1.2), however, contains an addi-
tional factor [[; z;. This is related to another problem. The dimension of the single
particle Hilbert space for the bosons on the sphere is 2s + 1 = 2M — 1, while the
dimension of the single particle Hilbert space for the spin flips on the unit circle is
equal to the number of sites, N =2M. The Hilbert space dimensions of both models
hence do not match. We can adapt the quantum Hall state by insertion of a quasihole
at the south pole (o, ) = (0, 1) of the sphere. This leads to the wave function

M M
v, v = [ vy —ujo® [ us. (3.1.9)
i<j i=1

on a sphere with 2s + 1 = 2M single particle states. It is the exact and unique ground
state of

H = yaH 4 yaH (3.1.10)

with

UM =Uya’a_y (3.1.11)

for Up >0 if we restrict our Hilbert space again to the lowest Landau level.
In (3.1.10), we have added a local repulsive potential Uy for the single particle
state with m = —s, i.e., the state at the south pole, to the interaction Hamiltonian
(3.1.7). Note that both V9 and U9 annihilate the ground state (3.1.9) individually.
The single particle Hilbert space dimensions match now, 2s + 1 = 2M = N, and
the expansion coefficients Cy, ... 4,, for the polynomials

.....

voolzl = Z Copong 220 (3.1.12)
{q1,....am}
and
H 25 25
Yo lvl= D Cogyufoy Tl vy (3.1.13)
{q1,-.qm}

are identical. Note that in both states, the amplitudes are non-zero only for 1 < ¢; <
N, i.e., the ¢ = 0 state is never occupied. For the Haldane—Shastry ground state, this
means that we never flip a spin S(;L with momentum g =0, which is a necessary
requirement for the singlet property (see Sect.2.2.3). For the quantized Hall state, it
means no particle occupies the m = —s state at the south pole of the sphere. Note
further that the Hamiltonians for the sphere (3.1.10) and for the spin chain (3.1.1) are
formulated in different spaces. The Hamiltonian (3.1.10) with (3.1.7) on the sphere
scatters bosons in a basis of (angular) momentum eigenstates m, while the Haldane—
Shastry Hamiltonian (3.1.1) scatters bosonic spin-flips in a position space basis of
sites 1.
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3.2 Hilbert Space Renormalization

There is yet another significant difference between both models. We noted above
that the coefficients in the polynomial expansions of the ground states (3.1.12) and
(3.1.13) are identical. The expansions of both states in terms of single particle states,
however, are different, due to different normalizations of the polynomials. In the
Haldane—Shastry model, the wave function acts on a Hilbert space constructed out
of spin flips at positions z;,

HS\ _ HS + +
|w() ) - z Yo (Z],...,ZM)SZI ."'.SZM|‘L\L ''''' ‘l’> G.2.D
{z1,zm} all N spins |,

The polynomial \/Lﬁzq describes the normalized single particle state
1 1 A
=D ST = =D ST L D=8 ) (B22)
VN 45 VN £

and we can rewrite the state vector (3.2.1) in terms of (3.1.12) as

W) = D Copgu Sy S IL 1). (3.2.3)

The polynomials #*+"™vS~™ by contrast, describe the unnormalized single particle
states

I |Wiy.0) = Gma}10), (3.2.4)

where

(3.2.5)

A (s +m)! (s —m)!
. 2s + D)!

is the normalization factor from (3.1.8) and a;;, is the associated, properly normalized
creation operator. The state vector for the quantum Hall state is hence given by

H
W6 )= D Conrsempts Gmy Gy G+ @y, 10) (3.2.6)

{my,....mp}

This means that not only the Hamiltonians, but also the coefficients in the ground
state vectors, are different. In particular, we we diagonalize the Haldane—Shastry
Hamiltonian (3.1.1) for a finite chain, we obtain a ground state vector which is quite
different from the ground state vector of (3.1.10) with (3.1.7). If two models have
different symmetries, different Hamiltonian and different ground states, it is not clear
what the connection should be.
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If we think about the problem from a scholarly perspective, the conclusion would
probably be to abandon our undertaking. The scholarly approach, however, is not
always the most fruitful one. Haldane [3] invented the parent Hamiltonian (2.1.85)
because he was looking for an economical way to write out the coefficients of a
Laughlin state for a significant number of particles without expanding the polynomial,
which he could then compare to the ground state for Coulomb interactions. Along
these lines, note that since the single particle normalizations g,, are known, it is easy
to obtain the coefficients in (3.2.3) from the coefficients in (3.2.6) and vice versa. So
regardless of how different the two states are from a scholarly point of view, there
may be practical benefit in exploring the common features.

In fact, even though the quantum Hall Hamiltonian (3.1.10) with (3.1.7) cannot
be used directly to obtain the Haldane—Shastry ground state (3.2.3), we can construct
a parent Hamiltonian for (3.2.3) from (3.1.10). To do so, consider first the following
theorem.

Theorem 3.1 Let |yg) be the exact and non-degenerate zero-energy
ground state of H,

H|Yo) =0, (VH|Y)=0 V]y),
=0 if and only if |{) = |¥o).

and let G be an invertible matrix, GG = 1. Then G~Y|yy) is the exact and
non-degenerate zero-energy ground state of GTHG.

Proof Trivially, GTHG G~ '|y) = 0. With |¢/') = G|v/), we have

(WGTHG|y) = (y'H|Y') =0 V[¥') andhenceV |y),
=0 ifandonlyif |¥') = |v¥q),
ie. [¥) = G [vo). o
Note that this transformation is not just a rotation of the basis. It completely
changes the Hamiltonian, but has the benefit instructing us how to obtain the zero
energy ground state of the new Hamiltonian from the original one.
While this theorem points in the right direction, we are not aware of any way of
arriving at a convenient parent Hamiltonian by employing it directly. On the positive
side, if we choose

K 5 N 1 a:nam
G = H (gm)mm . G71 = H (_) , 3.2.7)

m=—s m=-—s gm

we obtain

_ H
G )= D Cotseomuts @y, -+ a, 10), (3.2.8)
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which is identical to the Haldane—Shastry ground state (3.2.3) if we were to substi-
tute! a;, — S‘;;m. On the negative side, the Hamiltonian GTHMG is unnecessarily
complicated. To obtain a convenient parent Hamiltonian for (3.2.8), we avail our-
selves of another theorem.

Theorem 3.2 Let |v) be a zero-energy eigenstate of the interaction Hamiltonian

— z Tt
H = amlamz levm27m37m4 am3am4’
{mi, ma, m3, ms}

and let G be an invertible matrix, G~'G = 1. Then G~ |yo) is a zero-energy eigen-
state of

-1
H= > Ga},a\,G"™ Vi mymym G a,,a,,G.

m1“mo m3“my
{m1,ma, m3,my}

Proof The property H o) = 0 implies

Z Vini, ma, m3, ms @mzamy |Y0) =0 Vmy, ma,

{m3, ma}
and hence
> Vamamsms G amsam, GG o) =0 Vmy, my,
{m3, ma}
which in turn implies H'G~!|yo) = 0. o

Remark The theorem holds for n-body interactions as well.

The choice (3.2.7) implies G' = G and

1
G 'ap G =gnam, Ga,G'=—a,, (3.2.9)
Im
-1 7 L+ Tl t
G a,G=—a),, Ga,G  =gpa,). (3.2.10)
Gm

Theorem 3.2 implies that the “renormalized” quantum Hall state (3.2.8) is a zero-
energy eigenstate of

' Tt is not clear whether such a substitution is sensible, since the operators ay, and S'f " obey

different commutation relations. For this reason, we do not implement it, but merely mention the
possibility. We will see below that a similar transition from the Fourier transforms of a;, to local
spin flips S can be implemented sensibly.
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V= z : [ z Z amlamzam3am4 6m1+m2,m3+m4

mi=-—s my=—§ Mm3=—S M4=—S5

“Gmi GmolS, m1; s, ma|2s, my 4+ ma)(2s, m3 + ma|smsz, sma)Gms gm, -
(3.2.11)
Since (3.2.8) is likewise annihilated by (3.1.11), it is also a zero energy state of

H=V+U¥", (3.2.12)

We will see in Sect.3.3.2 that (3.2.8) is a ground state of (3.2.12), but we have not
been able to deduce this from the considerations presented so far. For our purposes,
however, it is sufficient to know that (3.2.12) annihilates the state (3.2.8).

With (3.2.5) and the explicit formula

VQ@2s —my +m)! (2s +my +m2)!
V(s —m)! (s +mp)! (s —m2)! (s +m2)!
Vs (2s — 1)

for the Clebsch—Gordan coefficients [2], we obtain

(s,my; s, my|2s,m| +my) =

(3.2.13)

Gy G (85 m1; 8, ma|2s, my +ma) = /(25 —my +m)! (25 +my +my)!
2

Qs+ Ds@s — D

The second factor in (3.2.14) does not depend on any m; and can hence be absorbed
by rescaling V accordingly. This yields

Z Z Z Z @ s sy, Vg o, (3.2.15)

mi=—s my=—s M3=—5 M4=—s

(3.2.14)

with

le,mz,m3,m4 = Vmi+my '8m1+m2,m3+m4s (3216)
Vip = (25 — m)! (25 + m)!. (3.2.17)

The essential simplification we have encountered so far is that the scattering matrix
elements V., my, ms, my 10 (3.2.15) depend only on the conserved total value of
L% m| + my = m3 + my4, and not on the (angular) momentum transfer.

Even though the Hamiltonian (3.2.12) with (3.2.15) and (3.1.11) annihilates the
Haldane—Shastry ground state (3.2.8), we a still very far from having derived the
Haldane—Shastry Hamiltonian (3.1.1). First, (3.2.15) scatters single particle states in
momentum space, since m = g — s is effectively a momentum quantum number.
Second, (3.2.12) is not likely to share the symmetries of (3.1.1). Third, we do not
even know whether (3.2.8) is the (non-degenerate) ground state of (3.2.12).
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3.3 Fourier Transformation

3.3.1 Particle Creation and Annihilation Operators

We proceed by transforming the interaction Hamiltonian (3.2.15) into Fourier space.
To this end, we define the transformations

N N
1 1
ap = —— 2 () ay, a = — z (1) Ta, (3.3.1)
v N a=1 Y N a=1

22 _ _ 2 . .
where N = 2s + 1, ny = €'V% and 7, = ¢ 'N%. We may interpret o as site

indices of a periodic chain with N sites, and 7, as the positions of these sites when
the periodic chain is embedded as a unit circle in the complex plane.
The Fourier transformation yields

1 .
V= N2 z a‘;hta;zaazaal Vo 0y, 03,04 (3.3.2)
{or, a2, a3, ag})
with

N N N N
Val,azsaam: Z Z Z Z Vm1+m25m1+m2,m3+m4

mp=—s my=—s m3=—S M4=-—S5

- (a) " ) ()2 (7 ) M (3.3.3)

for the interaction Hamiltonian (3.2.15) and

Vo) =G~y
1

= z ey z Cm1+s ..... my+s (77011 )H—ml cee (WotM )S+mM a;l cee a;M |0)
{og,...y oy} \/ﬁ {my,...mp}

= Z UES Gy -+ Ny gy, - -, 10) (3.3.4)
{a1,.0y oy}

for the ground state it annihilates. In (3.3.4), we have used the definition of the coef-
ficients C4s,...my+s from (3.2.1) to (3.2.3). Since ¥{S(nq,, .. .. Na,,) vanishes
identically whenever two coordinates n,, coincide, we are allowed to discard config-
urations with multiply occupied sites. This yields a reduced Hilbert space in which
the boson creation and annihilation operators a' and a obey the same commutation
relations as the spin flip operators ST and S~. We may hence substitute one for the
each other.

If we substitute a;[ — SZ"’,', ag; — Sz_;’ in (3.3.2) and (3.3.4), we find that the
Haldane—Shastry ground state (3.2.1) with (3.1.2) is annihilated by the interaction
Hamiltonian
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1 —_ p—
V = N2 Z S+ S+S S VO!],Otz,a3,oz4 (335)

N2 a4~ a3 Yoy o
{ar, a2, @3, a4}

with the matrix elements (3.3.3). For the on-site potential term (3.1.11), Fourier
transformation and subsequent substitution yields

1 _
Ut = ~ Vo S Sioes (3.3.6)

where Sy is defined in (2.2.6). This term annihilates any singlet state, and in par-
ticular the Haldane—Shastry ground state (3.2.1) with (3.1.2). It will not be helpful
in constructing a parent Hamiltonian, but it might be useful to keep in mind that this
term was required to single out the ground state wave function on the quantum Hall
sphere.

These observations, and in particular (3.3.5) with (3.3.3) and (3.2.17), are the
results of the considerations presented so far, and the starting point for the analysis
below.

3.3.2 Renormalized Matrix Elements

In this section, we wish to obtain an explicit expression for the scattering matrix
elements (3.3.3) of (3.3.5) for general V), by direct evaluation. For convenience, we
assume o] # op and a3 # a4, as enforced by the spin flips in (3.3.5).

This transformation may look trivial at first, but it is not. When we perform
a conventional Fourier transform from real space into momentum space or vice
versa, both spaces are periodic. In particular, if we scatter a momentum across the
boundary at one end of the Brillouin zone, it will just reappear at the other boundary.
The distinguishing feature of the L angular momentum quantum number m is that
it is not subject to periodic, but to hard wall boundary conditions if we attempt
to scatter m to values smaller than —s or larger than s. This does not preclude a
Fourier transformation, but it does lead to phase space restrictions we have to take
into account.

The §-function in (3.3.3) allows us to eliminate the two summations over m3 and
my4 in favor of a single summation,

s N ,
Vor, a2, 03,04 = § E le+mz§

mi=—s mpy=—s q
(M)’ "7 ) (7)) 2 (g ), (3.3.7)
where
min{s—m1, s+m2}

;/E

q=max{—s—mj, —s+ma}
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Withm = my +my, p = my —mp, we write

) s+imin{p—m, p+m) s+2-ll
q g=—s+}max{p—m, p+m) q=—s+§+%
With
1 |
b berl — xb+§ ]
Z_xq = = 1 i . b > a,
q=a x—1 X2 —x 2
we obtain
Im| | 1 Im]
ro g ()T (134)SF5+2
2 r30) I 1
g (m34)2 — (734) 72

(3.3.8)

where 134 = No3—ay = NasNa,- Note that 734 7# 1 as a3 7# 4. Using the periodicity

in Fourier space,
)™ = ()",

we can rewrite the second term in the numerator, and obtain
! q s+241
D ) = —(3a) T2 (Iml, @3 — ),
q
where

()% — )~ %

J(m|, o) = - :
Na)? — ()2

Substitution into (3.3.7) yields

N N
Vo, on, 03,04 = Z Z Vin - (n42)s+m2(n3l)s+m1

mp=—s my=-—s

pyl
(=D - () T2 I (Iml, a3 — ).

Withm; = %52, my = mTJ’p, we can rewrite the sums as
s s 2s 25 —|m|
> 2 =2 2
mp=—s mp=—s m=—2s p=—2s+|m|

even or odd

(3.3.9)

(3.3.10)

(3.3.11)
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where the last sum extends only over even (odd) values of p for m odd (even). (Since
N = 2s + lis even, 2s is odd.) This yields

2s
Val,ag,a3,a4 = Z Vin - (_1) . J(|m|7 a3 — 0‘4)
m=-—2s

25 —|m|

m,p m_p 1
> TP )t (st (33.12)
p==2s+|m|
even or odd

We proceed by evaluating the sum over the terms which depend on p,

_lml

25—|m| 5=
p _p p
> 2 I = Y, )t
p=—2s+|m| k=—s+ 12l
even or odd
_ml 1 e lml 1
)T =)

1 1
(m2)2 — (m2)"2
s+1
where we have used (712)™* = (12)°T! and 712 # 1. Substitution into (3.3.12)
yields

2s
Voranosas = 0, Vi J(Iml, a3 — aa) J(Iml, a1 — )

m=—2s

m o1l
-~ (a2m3)’ T2 (aam)* 2. (3.3.13)

Writing out the factors in the second line yields

n

)
D=

(77014)%7% (na3)zs+%+% (naz)izsi%i% (na1)7%+% = (770!4}70{3 )
Nay Nery

With the definition (3.3.10) we obtain

2 Iml _iml Im| _lml
. () T = ()" (m2) 2 = (n2)” 2
VO{LO[ZMXS,OM = Z Vin - 1 1 T 7
P— (m34)2 — (34) 2 M12)2 — (n2)"2

m 1

272

: (M) . (3.3.14)
Nas Nary

Note that we may omit the absolute value signs from m, as both fractions in (3.3.14)
change their sign with m. This yields

2s m m —m —m
Ny = Naz Moy — Ny

Vor, as, 03,08 = Vin - L (3.3.15)
ez e Z " Nay — Naz  Nay — Nay

m=—2s
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3.3.3 An Alternative Derivation

Inspired by the result (3.3.15), we realize that there is an alternative derivation, which
will lend itself to generalization to the case S=1. To begin with, note that the matrix
elements (3.3.3) may be written

2s
Var.cn.asas = D Vo~ Amiag,on Amico,an (33.16)
m=—2s
where we have defined the sums
S

S
Amaray = D D ()™ W)™ S,y

my=—s my=—s

(3.3.17)

N N
Am o, 08 = Z Z M)’ ™ (a3) ™™ 8, -y -

m3=-—s m4=-—s

As these sums are complex conjugates to each other, it is sufficient to evaluate
Ap: oy, ar- Withmy = m —m and the restriction —s < mp < s, we find —s +m <
my1 < s + m. This yields

min{s, s+m}

Aoy ar = ()P " > (12)* ™, (3.3.18)
m=max{—s, —s+m}
where 1712 = g, —«,. With (3.3.8), the sum gives for 0 < m < 2s

s = \2s+1 = \m
_ s (1M12) — (n12)
(i12)S" = -

z N2 —1

’

m|=—s-+m
and for —2s <m <0

s+m

> Gy = 2

mp=-—s

With (74)> ! = 1, we obtain

)2s+l+m -1

ni2 — 1

(F] )m7] (ﬁoq n(xz)m - 1
a

Apm: . a0y = —sign(m) - -
e e Ny Nay — 1
~m __ =m
= —sign(m) - 21 e (33.19)
Nay — Nay
where we have defined
1, m>0,
sign(m) = 0, m=0, (3.3.20)
-1, m<O.

Since the signs cancels in the sum (3.3.16), we obtain (3.3.15).
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3.4 The Defining Condition for the Gutzwiller State

3.4.1 Annihilation Operators

So far, we have shown that the Gutzwiller or Haldane—Shastry ground state |1//(I){S)
given by (3.2.1) with (3.1.2) above is annihilated by the interaction Hamiltonian

1 C e
V=5 > S Sat Say Sy Vet az. . (3.4.1)
{o, 02, @3, aa}
with the matrix elements (3.3.15) and

Vin = 2s —m)! (2s + m)!.

If we now define an operator

N  =-m ~m N ~m
1 - 2
Ap= > IET Mg o= s (4Y)
0117&0(2 naz - 77061 Oll?éﬂtz 770(1 - naz
we may rewrite (3.4.1) as
2s
V= > VaAlAn. (3.4.3)
m=-—2s
The fact that V annihilates the Gutzwiller state |1//(1){S) implies
2s
W IVIve®) = 2. Vinlwo® | A% An|v5")
m=—2s
2s 5
= D Va|An|yES)|" =o0. (3.4.4)
m=-2s

Since all the values V), for —2s < m < 2s are positive, and the norms of the vectors
by definition non-negative, (3.4.4) implies that the vectors A, |wgfs) must vanish for
all values of m € [—2s, 2s]. Since A,, is further periodic under m — m + N and
N <4s + 1, we have

An|¥iS) =0 Vm. (3.4.5)

This a much stronger condition than we could have hoped to obtain. As an aside,
the form (3.4.3) implies that the spectrum of V is positive semi-definite, i.e., all the
eigenvalues are non-negative, and hence that W(I){S) is a ground state. Of course, we
do not know whether it is the only ground state.
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Since the Gutzwiller or Haldane—Shastry state W(I){S) is real or invariant under
parity, i.e., under n, — 7y, as shown in Sect.2.2.3, it is also annihilated by the
complex conjugates A, of A,, for all m.

The state |y}%) is further annihilated by the operators

1 N
Qs = EZﬁ;”Am

m=0

N
1
=> S. S5, QB[y)=0 va, (3.4.6)
B=1 Na — 1B
B#a
which are obtained from the complex conjugate of (3.4.2) by Fourier transformation,
as well as their complex conjugates:

N
- L
A= ——s5,8;, QPy®)=0 Va. (3.4.7)
A=l Na — Mg
B

Note that we would not need to exclude configurations with 8 =«, as the spin
operators exclude these automatically.

In Sect. 3.6, we will use the operators €2, to construct a parent Hamiltonian, which
is translationally invariant, invariant under P and T, and invariant under SU(2) spin
rotations, for the Gutzwiller state ]1//(1)15). Not surprisingly, this Hamiltonian will turn
out to be the Haldane—Shastry Hamiltonian (3.1.1) plus a constant to account for the
ground state energy (2.2.5).

This implies that the Haldane—Shastry Hamiltonian is completely specified by
the condition (3.4.6) plus the symmetries mentioned in the previous paragraph.
Therefore, we will refer to (3.4.6) as the defining condition of the Gutzwiller or
Haldane—Shastry ground state. The universality of this condition is such that both
the parent Hamiltonian of the bosonic Laughlin state and the Haldane—Shastry
Hamiltonian secretly use (3.4.6) or (3.4.7) to single out the Jastrow polynomial
(3.1.5) as their ground state.

3.4.2 Direct Verification

Before proceeding, however, we wish to verify the defining condition (3.4.6) directly
for the Haldane—Shastry ground state (3.1.2). This only takes a few lines, and is
reassuring after the acrobatics we performed to derive it. We have
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N

1

QgSw{gls):Zn — SaS5 > VS Gz ST SE )

p=1 " B T
B#a

N . HS

Vo (o, Mg, 23, 2ZM) | o4
= Z Z g SZS.'.SZM"L.”‘l’)’

{21z} f=1 o= B

Bta

-0

(3.4.8)
since

S (e, g 230 - 2m) U U
0 a’n ’ 77;9 = = a—np)anp | [e—20* ip—20*zi ] @i—2)?
o i=3

3<i<j
vanishes for 8 = « and contains only powers 77,13, n%, ey '72/ ~2 Note that the calcu-

lation for S_ZSS is almost identical, since

wé—ls(no{s nﬁvz37"'3ZM) _ }’) }" wgls(nl)[? 77,37137---»ZM)
Na — 1B o Na — 1B

vanishes also for = « and contains only powers n%, nz, ceey nfgv -1

3.4.3 The Role of the Hole

In Sect.3.1.2, we introduced a quasihole at the south pole of the quantum Hall
sphere, such that the quantum Hall and the Haldane—Shastry ground state wave
functions would resemble each more closely and the Hilbert space dimensions of
both models would match. We introduced an additional term (3.1.11) for the quantum
Hall Hamiltonian, which morphed into the total spin term (3.3.6) under Fourier
transformation, and has played no role since.

The attentive reader will have noticed that the creation of the quasihole has played
no role in our analysis up to (3.4.5) whatsoever. In other words, if we had not created
it, instead of (3.4.5) we would have found that the state

N=2M—1\ _ N=2M—1 + +
=M = ST I ) S eS| L e 1) (349)
{z1...zm} all N spins |,
with

M
WM o = [ @ =2 (3.4.10)

i<i
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on a unit circle with N = 2M — 1 sites is annihilated by A,, as defined in (3.4.2),
A= =0 Vm. (3.4.11)

The state (3.4.9) is likewise annihilated by S_ZSSV o, which can easily be verified
directly along the lines of (3.4.8), as

=M gy ng, 23 - Zm)
ﬁa - 7_7/3
M M
= —nanp(ne — 1) [ [0 — 20> (g —20* [] @i —2))°
i=3 3<i<j
vanishes for 8 = « and contains only powers 77}31 n}%, ey ng_l for N =2M — 1.

The state (3.4.9) with (3.4.10), however, is neither real (and hence not invariant
under P and T) nor a spin singlet. It is not annihilated by Qgs for any . It is
not a sensible spin liquid, and we have no symmetries to construct a Hamiltonian.
We conclude that while the quasihole is not essential to the mapping of the model
itself, it is essential to obtaining a sensible spin model via this mapping.

3.5 Rotations and Spherical Tensor Operators

As mentioned in Sect.3.4.1 above, we intend to use the defining condition (3.4.6)
to formulate a parent Hamiltonian for the Gutzwiller ground state (3.1.2). We wish
the Hamiltonian to be invariant under translations, parity and time reversal transfor-
mations, and SU(2) spin rotations. This last invariance states that the Hamiltonian
must transform as a scalar under spin rotations, while Qgs transforms as a tensor
of 2nd order. When we construct the Hamiltonian, we will project out certain ten-
sor components (like the scalar or vector component) from operators which do not
have simple transformation properties (i.e., which consist of tensor components of
different orders). For example, the operator S, S; + Sy S; consists of both a scalar
component and a second order tensor component. In Chap. 4, we will have to analyze
the tensor content of more complicated operators, like Séz(S; S, + S5 S;‘ ).

In this section, we review the rotation properties of tensor operators [4, 2] including
the use of Clebsch—Gordan coefficients for projections onto certain tensor compo-
nents.

3.5.1 Representations of Rotations

The angular momentum operator J is the generator of SU(2) rotations. Specifically,
the operator

Ry = e 1o, (3.5.1)
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rotates a state vector by an angle |@| around the axis . Let | j, m) be an eigenstate
of J? and J* with eigenvalues j(j+ 1) and m, respectively. Since (3.5.1) commutes
with the total angular momentum, the action of R,, on this state can only change m,
i.e.,
J
Rolj.m) = > |j.mdy) (@). (35.2)

m'=—j

Since the states | j, m) form a complete basis set which does not contain any subgroup
of states which only transform under themselves, the matrices

G e
d) (@) = (j,m'|e7®|j,m) (3.5.3)

describe an irreducible, 2j+ 1 dimensional representation of the group SU(2).2

3.5.2 Tensor Operators

We can further use the operators (3.5.1) to rotate operators,
A — R,AR}, (3.5.4)

such that the expectation value of an operator A in a state |1) is equal to the expec-
tation value of the rotated operator Ry,AR,, !in the rotated state R, |y). Certain
operators transform as scalars under rotations, which means that they commute with
J and remain unchanged under (3.5.4). Other operators, like the position vector r or
the angular momentum operator J, transform as vectors. In general, an irreducible
tensor operator TG of order Jj has 2j+ 1 components TG )m, m=—j,..., j, which
transform among themselves under rotations according to

Ry TO"R' = Z 7" d(” (@), (3.5.5)
m'=—j

where the coefficients d}ilj,zn (w) are given by (3.5.3). Clearly, a scalar is an irreducible
tensor of order j=0, and a vector is an irreducible tensor of order j=1.
If we write out (3.5.5) for infinitesimal rotations

Re=e¢ e —iJe, (3.5.6)

and compare coefficients to first order in €, we obtain

2 For half integer j, these matrices constitute double valued representation of the rotation group
O(3), and a single valued representation of the larger group SU(2). For integer j, they are single
valued representations of both groups.
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J, 79" = Z O™ (j,m'|J\|j, m). (3.5.7)
m'=—j
With (C.6), this implies
[75, 79" =mTV", (3.5.8)
579" = ViG+ D —mm£ 1) TO", (35.9)

where J* = J* 4 JY. Equations (3.5.8) and (3.5.9) are fully equivalent to (3.5.5),
but much more convenient to use in practise.
Since a vector operator V obeys the commutation relations

[/, V] = i€k vh

(3.5.8) and (3.5.9) imply that the tensor components are (up to an overall normaliza-
tion factor) given by

v +ivy’ =0 _ e ym=i _ VE iy
V2 V2

Note that the J* eigenvalue of

ym=l = _ (3.5.10)

T(j)m|j/, m')

is m + m’, as one can easily verify by either considering a rotation (3.5.5) around
the z-axis, or directly with (3.5.8),

JETO" ) om'y = [J5, 79" my + T J7| 7w
= (m+m) T(j)mlj/,m/). (3.5.11)

The tensor operator 7V )" hence increases the eigenvalue of JZ by m.

3.5.3 Products of Tensor Operators

Similarly, the /% quantum number m of a product of two tensors
7 G (j2)™2 (3.5.12)

is simply the sum of the /¢ quantum numbers of the individual tensors, m = m + m>.
We can again verify this by considering a rotation (3.5.5) around the z-axis, or directly
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with (3.5.8). The product (3.5.12), however, is not an irreducible tensor, but in general
rather a sum of irreducible tensors of orders |j; — j2, ..., j1 + Jjo.

We can combine two tensors using Clebsch—Gordan coefficients, however, to
obtain a tensor of well-defined order j. Specifically, we can write

J1 J2
TW" = Z Z 7O U™ Gy, molj, m), (3.5.13)

my=—jimy=—ja

where (j1, m1; jo, m2|j, m) are Clebsch—Gordan coefficients. To verify that the left-
hand side of (3.5.13) is an irreducible tensor of order j, consider its transformation
properties under a rotation (3.5.5) with coefficient matrices (3.5.3):

amo_ iym _ i)ym2 . . .
RwT(-’) Rwlz Z RwT(]l) lRwlRwT(-/Z) Rg)l(leml?JZ’ ma|j, m)

mi, mj

= 7UD™ ()™

! ’
my, ny

S Gy e mble T 1 mys o, ma) i, mys jo. malj.m)

nmip, mp
. ’n/ . m, 3 . . . s .
= > TN G ms o, mb i m )G m e, m)
m', m) jm’
_ oiHm 40
=> 1V7a)) (). (3.5.14)
m/

Here we have used the completeness relations

J1 J2
> D> limi jama) G ma; joma| =1, (35.15)

mi=—ji my=—j2

Ji+i2 J

> D imyG.ml =1, (3.5.16)

Jj=lit=j| m==j

of the Clebsch—Gordan algebra, which are understood to be valid in a Hilbert space
with fixed j; and j;.
We can use the relations (3.5.15) and (3.5.16) further to invert (3.5.13). This yields

' ' 1tz J '
U™ ("2 Z Z TO" (G, mlj1, mi; jo, ma). (3.5.17)
J=ljii—jpl m=—j

Let us denote the projection of a tensor A onto its jth order component tensor by
{A};. Then (3.5.17) implies
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- \m . \m S\Nm+m . . .
{r ) 2}j =TY" G my + malji,ma; jo, ma), (3.5.18)

where 7" g given by (3.5.13), i.e.,

' min{j, j2+m} ' o
TU" = > U T Gy s joam —my|jom). (3.5.19)

mi=max{—ji, — jo+m}

Form = m; = my = 0, we obtain

)0 ()0 mOOLRY
{T(Jl) 72 }j = (j,0lj1,0; ja,0) Z T TG™ Gy o, —m)0, 0).
m=—min{ji, j2}

(3.5.20)

We will use this formula repeatedly below.
The tensors we can form out of up to three spin operators, and the tensor decom-
position of expressions like Sfr S5 or S} S;’ S5, are given in Appendix D.

3.6 Construction of a Parent Hamiltonian
for the Gutzwiller State

We now turn to the construction of a parent Hamiltonian for the Gutzwiller state
(3.2.1) with (3.1.2) using the annihilation operator (3.4.6), i.e.,

N
1
HS HS HS 2 - Q-
Qa |‘g[/0 )=O VO{, where QO{ = mSaSﬂ (361)
p=1
pa

The Hamiltonian has to be Hermitian, and we wish it to be invariant under translations,
time reversal (T), parity (P), and SU(2) spin rotations.

3.6.1 Translational, Time Reversal, and Parity Symmetry

The operator QSS TQSS is Hermitian and positive semi-definite, meaning that all the
eigenvalues are non-negative. A translationally invariant operator is given by
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N
¥ 1 1 _
Hy=Y Qf'of= > ——— S;S S§S;
ol @By No — N Na
aFEBy

= 3 o (si+5) 855 (3.62)
oB.y
a# By

where we have defined

1 1
Wapy = — (3.63)

na_ﬁﬁna_’?y

The transformation properties of the individual entities in (3.6.2) under time rever-
sal (T) are [4]

T g = Ong® =14, S —> OSSO =-S5, (3.6.4)
and hence
OBy —> Wapy St > —§7, § > —ST, §% > —§% (3.6.5)
The operator (3.6.2) transforms into
Iy .—
OHYO = > wupy (—Sg - E) S, Sy (3.6.6)

a,B.y
a#B,y

We proceed with the T invariant operator
1 -
HY = 5 (Ho + ©Ho®) = H = + Hy7, (3.6.7)

where

Zwaﬂﬂ( alS5 S+ 7 {Sﬂ’sﬂ})

a#ﬁ
Z Q< 1
=D wapp S+ 1) (3.6.8)
o.p
P
1 _
HOHZE > wupy S5, (3.6.9)

o, B,y
aFPFyFa
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The transformation properties of the individual operators under parity (P) are [4]
P: 0y — Mnell =1y, S — OSSO =S, (3.6.10)

and hence wyg, — wqyp. We proceed with the P and T invariant operator

1 _
Hy" = 2 (Hg +TIH ) = H§'= + Hy'7, (3.6.11)
where
- — L PT 1 e
HY'™= = HJ=, H,'" = 3 > wupy (S5S, +S5S)). (3.6.12)
o,By
By Fa

Since the operator S +S; + Sg S;‘ is symmetric under interchange of 8 and y, we
can use (B.20) from Appendix B to obtain

1 1
H' = 3 > oupp(SSSy + 52 55) — g D SISy +8,55).  (36.13)
atp a#tp

Adding (3.6.8) and (3.6.13) together, we obtain with (B.15)

H Z SaS N(N?—-1) 1 B

PT adp

0 |77 nﬁ|2 48 - g Z (SD( (}3 SO[ Sﬁ ) (3614)
arp ¢ a#p

3.6.2 Spin Rotation Symmetry

The Haldane—Shastry ground state |1p(‘f5) is annihilated by (3.6.14), and is also a
spin singlet. Since the different tensor components of (3.6.14) yield states which
transform according to different representations under SU(2) spin rotations when we
act with them on |1/f(I;IS), each tensor component must annihilate |¢§IS> individually.

With the exception of the last term, (3.6.14) transforms like a scalar under spin
rotations. With (D.2.4), we find that the scalar component of the last term of (3.6.14)
is given by

1 1 1 1 N
—EZsasﬁ = —gsfotJrgZSg =—gsfm+§. (3.6.15)
aF#p @
The scalar component of (3.6.14) is therefore given by
So S N(N?+5) St
BT = @2F _ Dbt (3.6.16)
0= 2 5= 48 6

aF#p
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We have hence derived that ‘w515> is an eigenstate of

272 SaS
HS _ adp
HHS — e — a1 (3.6.17)
#B
with energy eigenvalue
272 N(N? +5)
HS _
Ey° = B AT (3.6.18)

In other words, we have derived the Haldane—Shastry model.

This derivation by (conceptually) straightforward projection onto the scalar com-
ponent is instructive as we will employ this method for the =1 spin chain in Sect. 4.5.
It has the disadvantage, however, that the information regarding the semi-positive
definiteness has been lost. There are two ways to restore this information. The first
is via an alternative derivation of the model without projection from (3.6.14), we
will explain now. The second way is to derive first a vector annihilation operator for
|w0Hs), and then construct the Hamiltonian from there, as explained in Sect.3.7.

3.6.3 An Alternative Derivation

The operators Hy, HOT , and Hé) T constructed in Sect. 3.6.1 are all sums of terms of
the form AT A, and are hence all positive semi-definite, i.e., have only non-negative
eigenvalues. Since |1p(‘)*5) is an eigenstate with eigenvalue zero, it is also a ground
state of these operators when we view them as Hamiltonians.

We now wish to employ (3.6.14) to derive that |w(1){s) is not only an eigenstate of
(3.6.17) with energy (3.6.18), but also a ground state. For this purpose, we rewrite
(3.6.14) as

1
PT - -
HO +3 (St-gtStot + StotSt—gt)

8
SaSp N(Nz—l) 1 e
_Z| _ |2 48 +§Z(S;_Sa +S0lS(j_)
oy Na — 1B ”
B Z S«Sp N(N2+5) (3.6.19)
— o ’ o
azp 1M — 1l 48

where we have used S}'S, + S, S} = 1 for spin % Since the left-hand side of
(3.6.19) is a sum of positive semi-definite operators which annihilate |w(l){s), (l)'ls)

has to be a zero energy ground state of the right-hand side as well, i.e., a ground state
of (3.6.17) with energy (3.6.18).
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3.7 The Rapidity Operator and More

3.7.1 Annihilation Operators Which Transform Even Under T

We can use the defining condition (3.6.1) further to construct a vector annihilation
operator. First note that since

QS| =0 v

‘w515> is also annihilated by the Hermitian operator
HSTHS ! -
Hy = QP Q5 = Z wpy (s; + E) S;Sy, 3.7.1)
By
B,y #a
which is just the operator (3.6.2) without the sum over «. Constructing an operator
which is even under T,

1 _
H = 5 (Ho + ©H,0) = Hy=+H,7, (3.7.2)
with
_ 1 1 _
Hy= =" wupp (Sgsg + Z)’ Hy" =5 > wapySES,;, (313)
B B#y
B#a B.y#a

and odd under P, we obtain

— 1 S —
HIT = E(Hof —NH ) = H)'™= + H'7, (3.7.4)
where
5 5 1
PT= _ PT# _ +o— — ot
HYT= =0, HIT# = 1 Z wopy (S5S, — S5S7). (3.7.5)
B#y
B,y #a
With
1 1 1 1
w, — , = — — - — —
e e G = e =Ny N — 1 T — Ty
1 1

= (=NaNp — Nally)
e =8 e — 11y

1 1
Na —NB Na — Ny

Na _l_( Na _l)
Ne — My 2 Ny —np 2

:_l(na‘i"?ﬂ_na"‘ny) (3.7.6)
2\ =M TNa— 1Ny

e (e — 1) — (e — 1))
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and S;S; — SES;“ = —2i(Sg x §,)* [cf. (D.3.3)], we obtain

BT =0 > (5 s,

4
pry
B.y#a

i Na + 1p z
= - — (S Stot — So — S
4Zﬂ:na_nﬂ(ﬁx(tot o ﬂ))
pa
=izna+—nﬁ((5axSﬂ)—iSﬂ)Z—i—iZw(SﬂxStot)z,
4 Na —np 44 Na — 11
Bt pa .,

where we have used Sg x Sg = iSg. Since ’l/f(l){s) is a spin singlet, it is trivially
annihilated by the second term in the last line of (3.7.7), and hence also annihilated

by the first term, which is the z component of a vector. The singlet property of the
ground state implies that |{!S) is annihilated by all the components of this vector, i.e.,

. N
+ .
D, = 2. i Zﬁ [(So x Sp) —iSp], DoY) =0 V.  (3.7.8)

This is exactly the auxiliary operator (2.2.42) we introduced in (2.2.5), where we
have further shown that

N N
2 . N+1, SaSp N(N? +5)
S Db Mt = 5 S NS
9a=] 12 a#ﬁma—nm 48
This proofs once more that ]wgls) is a ground state of (3.6.17) with energy (3.6.18).
Equation 3.7.8 implies that the Haldane—Shastry ground state is further
annihilated by

. N

i e

A= Du=53" P (S, x Sp), (3.7.9)
o oy Na — NB

where we have used (B.16). This is the rapidity operator (2.2.8) from Sect.2.2.2,
which together with the total spin operator generates the Yangian symmetry algebra
of the Haldane—Shastry model.

For completeness, we further wish to mention the scalar operator we can construct
from (3.7.2), which transforms even under P, and which yields the Hamiltonian
(3.6.16) when we sum over «. This operator is given by

1 _
HYT = E(HaT +H ) = HY'™= + H)'7, (3.7.10)
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HY'™= = H=, H)'™ =~ > wu,(SS, +555)). (3.7.11)
B#y
B.y#a

The scalar component of this operator is with (D.2.5) and (D.2.4) given by

1 SyS 1 SzS N2 -1
(Y= 3 2 a4y > e s
P e — ngl 3 e (Mo — 18)(Ma — My) 48

B#a B.y#a

(3.7.12)
and annihilates the Gutzwiller state,

{HOE’T}OW@{S) =0 Va.

We do not believe that this operator is useful.

3.7.2 Annihilation Operators Which Transform
0Odd Under T

Finally, we consider annihilation operators we can construct from (3.7.1), and which
transform odd under T,

1 = —
H = 5 (Ho — OH,0) = HI= + HI7 (3.7.13)

with

1 1 _
=D wupp (§S§{S+, Sg )+ Z[S;, S5 ])

B
pa
1
=3 > wapp (S5 + S5)
[)
pa
N2 -1
ST+ Z wupp S5, (3.7.14)
e
Hy# = > wapy SSSH Sy (3.7.15)
B#y

B,y #a
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where we have used (B.15). W(I){S) is hence annihilated by all the tensor components
of (3.7.13), which are readily obtained with (D.3.11), (D.3.1), and (D.3.3). Let us
consider first the scalar operator

. i Sq(Sg x S
(HI}, =% > — «(Bp ¥ 5y) (3.7.16)
3 o (e — 18) (N — M)
B.y#a

which is odd under P. With (3.7.6), we obtain

i i N + g
{HaT}o: 6 Z 77:—77 Sa(sﬁ X SV)
iy

i Na +1
=2 ST, (Sp x (St — Sa — Sp))
o — 1B
Bt
-3 Ta T06 g (S5 x Ster) 3.7.17)
6 5 Nl = 1B
pta

where we have used
Sa (Sﬂ X (—=8y — S,g)) =85 (Sa x 8¢) — Su (S,g X S,g) =0. (3.7.18)

The operator (3.7.17) annihilates every spin singlet, and is therefore useless in the
present context.

The vector component of (3.7.13), however, constitutes a viable annihilation oper-
ator for the Haldane—Shastry ground state,

A =5 ({HI7) + (H]7),)
_ —Z So,—i-Sﬂ Z 4Sa(SﬂSy)—Sﬁ(SaSV)—Sy(SaSﬂ)
e — 77/3|2 Bty (Mo — ﬁﬁ)(na - 77)/)
/3750‘ B.y#a
A[Yf®) =0 Va. (3.7.19)

’

This operator is even under P. Summing over «, we find that the first term annihilates
every singlet, since

P e = S S =

e —npl? &
wlp il

-1
Stot-

This implies that |y{'%) is further annihilated by the vector operator
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Table3.1 Annihilation operators for the Haldane—Shastry ground state

Annihilation operators for |/tS)

Operator Equation Symmetry transformation properties
T P Order of tensor Transl. inv.

Stot (2.2.6) — + Vector Yes
Qfis (3.4.6) No No 2nd No
{HOfT}O (3.7.12) + + Scalar No
HYS — giS (3.6.17) + + Scalar Yes
D, (3.7.8) + — Vector No
A (3.7.9) + - Vector Yes
Ay (3.7.19) — + Vector No
Y (3.7.20) — + Vector Yes

With the exception of the defining operator QIS which is the =2 component of a 2nd order tensor,
we have only included scalar and vector annihilation operators

Y=sS(uiF), = S P8 = 55GuSy) = 55 Sp)
[ « aB,y (Ma — ﬁﬁ)(na - 77y) '
atpAya
(3.7.20)

This is a three spin operator, and has to our knowledge not been considered before.

3.8 Concluding Remarks

The various annihilation operators for the Haldane—Shastry model are summarized
in Table 3.1.

The Haldane—Shastry model, including the operators presented in Sect. 3.7.1, have
been known for a long time. In the work of Haldane and Shastry, however, the model
was discovered, while we derived it here. Unlike the discovery, the derivation we
presented here lends itself to a generalization to higher spins, which is what we will
pursue in the following chapter.

It is worth noting that the derivation of the model presented in Sect.3.6.1, which
only assumes the defining condition (3.4.6), is significantly simpler than the previ-
ously established verification of the model reviewed in Sect. 2.2.4 with Appendix B.
The disadvantage of the present derivation, however, is that it is not clear how to
extract information regarding excitations via the formalism employed.
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Chapter 4
From a Bosonic Pfaffian Statetoan S =1
Spin Chain

4.1 General Considerations

In this section, we wish to use the bosonic Pfaffian state at Landau level filling fraction
v = 1 and its parent Hamiltonian (see Sect.2.3), to construct a parent Hamiltonian
for the critical S = 1 spin liquid state introduced in Sect.2.4. The Hamiltonian
we construct should be invariant under all the trivial symmetries of the spin liquid
ground state described in Sect.2.4.2, i.e., under space translations, P and T, and
SU(2) spin rotations. This task would probably be beyond our means if we had not
established a suitable technique in Chap.3, when we derived the Haldane—Shastry
Hamiltonian from a bosonic Laughlin state and its parent Hamiltonian. The purpose
of this derivation was really to establish the technique which we will fruitfully use
in the present analysis.

To begin with, we briefly recall the quantum Hall model and the spin liquid ground
state.

4.1.1 A Model and a Ground State

The wave function for the bosonic m = 1 Pfaffian Hall state [1-3]

N N
Yo(z1,22, .-+, 2ZN) = Pf( ! ) H(Zi —2j) He_%‘zilz, (4.1.1)
i=1

7i — 7

i<j

where the particle number N is even, and the Pfaffian is is given by the fully anti-
symmetrized sum over all possible pairings of the N particle coordinates,

1 1 1
Pf( )EA{ —} (4.1.2)
Zi —Zj i1 — 22 IN—-1 —2ZN

It is the exact ground state of the three-body Hamiltonian [2, 3]
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N
V=> 690289 —w). (4.1.3)
i,j<k
In Sect.2.4, we introduced an S = 1 spin liquid state described by a Pfaffian.

We considered a one-dimensional lattice with periodic boundary conditions and an
even number of sites N on a unit circle embedded in the complex plane, n, =

eizﬁn“ with @ = 1, ..., N. The wave function is given by a bosonic Pfaffian state in
the complex lattice coordinates z; supplemented by a phase factor,
1 N N
¥o (21,22, ...,2n) =PI (z~ Z_) [T —zp]] “.1.4)
DY i=1

The “particles” z; represent re-normalized spin flips

= Sz +1
SH= %S;, (4.1.5)
which act on a vacuum with all spins in the S* = —1 state,
s = D v @) 85 SE =T, (4.1.6)
{z1,02N)

where the sum runs over all possibilities of distributing the N “particles” over the N
lattice sites allowing for double occupation, and

=)y = ®N_ |1, —1)q. 4.1.7)

As for the Laughlin state in Sect.3.1.1, the circular droplet described by the
quantum Hall wave function (4.1.1) has a boundary, while the S = 1 ground state
(4.1.6) with (4.1.4) describes a spin liquid on a compact surface. To circumvent this
problem, we formulate the quantum Hall model on the sphere (see Sect.2.1.6). Then
the bosonic m = 1 Pfaffian state for N particles on a sphere with 2s = N — 2 flux
quanta is given by

| N

olu, v] = Pf{ ———— ) [ J@wiv; — ujvi). (4.1.8)
u,-vj — ujvi i<j

Within the lowest Landau level, it is the exact and unique zero-energy ground state

of the interaction Hamiltonian

N N N N N N
vih=21 2 2 2 2 X
m|=—§ Mmy=—S M3=—§ M4g=—S M5=—5 Meg=—S5
: aZzlalza;zgamamsamsfsm1+mz+m3,M4+m5+m6
(s, my; s, ma|2s, my +mo)(2s, my + mo; s, mz|3s, my + mp + m3)
- (35, mg + ms + mgls, myq; 2s, ms + mg)(2s, ms + mg|s, ms; s, mg),

(4.1.9)
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where a,, annihilates a boson in the properly normalized single particle state

1
Yo, v) = (u, vla),[0) = —u* "y ", (4.1.10)

9m

with

D , 4.1.11)

\/47r(s + m)!(s — m)!
Im =
and (s, my; s, my|2s — I, m; + m») etc. are Clebsch—Gordan coefficients [4].

The differences between the Pfaffian Hall state (4.1.8) and the spin liquid state
(4.1.4) are almost in exact correspondence to the differences between the Laughlin
state (3.1.6) and the Haldane—Shastry ground state (3.1.2). We will employ the same
techniques to adapt the quantum Hall model to the spin chain.

4.1.2 Creation of a Quasihole

The wave function of the spin liquid state (4.1.4) differs from the quantum Hall state
in that it contains an additional factor [ ], z;. We can adapt the quantum Hall state by
insertion of a quasihole at the south pole of the sphere. This yields

Y[, v] =Pf(+) ﬂ(uivj —ujvi)ﬁui, (4.1.12)
uivj —ujvi) ;- Pl
on a sphere with 2s = N — 1. It is the exact and unique ground state of
HA = ydi 4 aH (4.1.13)
with
UM = Upa’ ja_y (4.1.14)

for Uy > 0 if we restrict our Hilbert space again to the lowest Landau level. Note
that both V9" and U9 annihilate the ground state (4.1.12) individually. The single
particle Hilbert space dimension of the bosons on the sphere is now equal to the
dimension dimension of the single particle Hilbert space for the spin flips on the unit
circle, 2s + 1 = N. The expansion coefficients Cy, ... 45 for the polynomials

.....

VTl = D Cognalt 2 (4.1.15)
{a1....an}
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and

Y ovl = D> Copguul vy Ty (4.1.16)

.....

are identical.

4.2 Hilbert Space Renormalization

While the coefficients in the polynomial expansions of the ground states (4.1.15) and
(4.1.16) are identical, the expansions of both states in terms of single particle states
are not. The state vector for the quantum Hall state is given by

H
Vo )= D Cotseoumycts Gy - Gy @iy, - -y 10) 4.2.1)

where g, are the normalizations (4.1.11) of the polynomials u**" v~ in (4.1.10).
In the spin chain, the polynomials z7 require no such normalization factors, as dis-
cussed in Sect.3.2.

To adjust the quantum Hall state, we renormalize the Hilbert space using
Theorem 3.2 of Sect.3.2 with the same operators G given in (3.2.7). This yields
that

~1y,,qH ¥
G g )= D Comptomyts @by, -, 10) (42.2)

{mi,...mn}

is an exact zero-energy eigenstate of

N N N N N N
=22 2 2 2 2
Mi=—s My=—$ M3=—$ M4=—$ M5=—5 Mc=—S
‘ arTnla:ngartlgam4am5ams8"11+"12+M3,M4+m5+m69m19"12gm3
(s, my; s, ma|2s, my +mo)(2s, my + mo; s, m3|3s, my; + my + m3)
- (35, mq + ms5 4+ megls, ma; 28, ms + me)(2s, ms + megls, ms; s, mg),

* GmaGms Gme 4.2.3)

Since (4.2.2) is likewise annihilated by (4.1.14), it is also a zero energy state of

H=V+UM (4.2.4)
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With (3.2.5, 3.2.14) and the explicit formula

(25, my +ma; s, m3|3s, my +my + m3)

VBs —my —my; —m3)!(3s +my +my + m3)! \/s(Zs —D!4s — 1!

- V@2s —my +m)!(2s +my +m2)!(s —m3)!(s + m3)! . 3.(6s —1)!
4.2.5)

for the second set of Clebsch—Gordan coefficients [4], we obtain

Gy Gmy Gms (S, m1; 8, ma|2s, my + ma)(2s, my + ma; s, m3|3s, my + my + m3)

2 21 2

=Bs —m —mr —m3)!(3 ! '
VBs —my —my —m3)!G3s +my +ma +m3) 3s(6s—1)!(2s+1)
(4.2.6)

The last two factors in (4.2.6) do not depend on any m; and can hence be absorbed
by rescaling V accordingly. This yields

V= Z Z Z Z z Z aml mz m3am4am5am6

M|=—§ My=—5 M3=—8 M4g=—S8 N5=—8 Meg=—S
Vi, ma,ms,ma,ms,me 4.2.7)

with
Vm1,mz,m3,m4,ms,m6 = Vini+ma+m; - 5m1+mz+m3,m4+m5+ms’ (4.2.8)
Vi = Bs —m)!(3s + m)!. 4.2.9)

Note that the scattering matrix elements Vi my.ms,ma,ms,me in (4.2.7) depend once
again only on the conserved total value of L*, m| + my + m3 = mg + ms + meg,
and not on any of the (angular) momentum transfers. This constitutes an enormous
simplification.

4.3 Fourier Transformation

4.3.1 Particle Creation and Annihilation Operators

We proceed by transforming the Hamiltonian (4.2.7) into Fourier space, using the
transformations

N N
1 , s
apy = —— E () My, a) = 2 () T"a] 4.3.1)
N a=1 N a=1
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2 .. . . .
where N = 25 + 1, and n, = e!¥%. We again interpret « as site indices of a

periodic chain with N sites, and 1y as the positions of these sites when the periodic
chain is embedded as a unit circle in the complex plane.
The Fourier transformation yields

1 ; 3
V=— Z al al al al al al Vi, w.es.csas.a (4.3.2)

N3 e as g a3 Mo o
{a1,00,03,04,005,06}

with

Val,a2,a3,a4,a5,a6

K s K s s s
= E E E E E E le+m2+m35m1+m2+m3,m4+m5+m6

M|=—8 My=—5 M3=—S5 M4g=—5 M5=—5 Meg=—S5
< (106) 0 (0as)* 3 (104) ™ (1103) T (02) T (7)) (4.3.3)

and V,, given by (4.2.9) for the interaction Hamiltonian, and

o) = G~ |y

1
Z N Z Cm1+s ..... mN+s(77a1)S+m1 cee (UaN)s+mN
{ar,...,.an} V N {my,....mn}

~a;] .. .a];N|O)
= D V0 s May)ag, - - ag, 10), (4.3.4)
forr,....an}
where wg:l (Nay» - - - » Nay) 18 given by (4.1.4), for the ground state it annihilates.

In (4.3.4), we have used the definition of the coefficients C, | ts, .. my+s from (4.1.15).

.....

4.3.2 Substitution of Spin Flip Operators for Boson Operators

The formulation of the model in terms of position space operators allows us to
substitute spin flip operators for the creation and annihilation operators, and thus to
turn our boson model into a spin model. For the S = 1 model, this step is not as
trivial as for the § = % model treated in Chap. 3, as the usual spin flip operators do
not obey the same commutation relations as bosonic ladder operators in the subspace
where each site can be doubly occupied at most. The relation

So(SH", =) =n(SH" 1, =1)g, forn=0,1,2, (4.3.5)

which follows directly form the definition (4.1.5), instructs us how to proceed.
Since


http://dx.doi.org/10.1007/978-3-642-24384-4_3
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a(a®y"10) = n(a"""0),

we may substitute a;[_ — S, ay; — S, in the Hamiltonian and a;[ — S'(Z [0) —
|—1) in the ground state. In other words, the non-Abelian S = 1 spin liquid state
(4.1.6) with (4.1.4) introduced in Sect. 2.4, is annihilated by

1 el o
1% > S S St S S ST Viy n.asos.es.ate (4.3.6)

- N3 a6 Dars Pay s Dy Dy
{ar,02,03,04,05,06}
with the matrix elements (4.3.3). For the on-site potential term (4.1.14), Fourier
transformation and subsequent substitution yields again

1 _
Ut = ~ 0S8 Sior- (4.3.7)

This term annihilates any singlet state, and will not be helpful in constructing a parent
Hamiltonian. We will keep in mind, however, that the original term was required to
single out the ground state wave function (4.1.12) on the quantum Hall sphere.
Note that this substitution does not just amount to a renaming of operators, as
it did for the spin % chain discussed in Chap.3. In the present case, it effectively
renormalizes the single particle Hilbert spaces once more, and hence leads to a
different model. To see this, compare the normalizations of “unoccupied”, “singly
occupied”, and “doubly occupied” sites in the S = 1 spin chain,
- 1
(1, =118, Sy, —=1) = 7
(L =S DL ~1) =1,
to those of bosons,

0la"a™0) = n!. (4.3.8)

The difference does not just amount to a different overall normalizations of the states.
If we were, for example, to renormalize the already renormalized spin operators

Se —> \/ES‘D,, we would obtain
(1, =18 SH11, —1) =1,
(L, —=1(S)H>(SH21, —1) = 4.

This would match (4.3.8) for n = 1, but not for n = 2. The amplitudes of the
individual spin configurations in the spin state vector are hence different from those
of the corresponding amplitudes in the boson state vector.

4.3.3 Many Body Annihilation Operators

Since the scatting elements (4.3.3) depend only on the total angular momentum
quantum number m, we can rewrite (4.3.6) as


http://dx.doi.org/10.1007/978-3-642-24384-4_2
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3s
> VB Bu,

m=-3s
where V,, is given by (4.2.9), and
Bn = B} + B>
with
1 N
# _ # -
Bm - \/m Z Bm Jop,00, ot3SMS(XZS(X| ’
ap,a,03=1
o o Fe3FEA]
2
B, = /_ Z man,@ Sotz) Sotl
ay,0p=1
o £

The coefficients in (4.3.11) and (4.3.12) are given by

Bl i aras = Z Z Z () 7™ (T )72 ()1

mp=-—s mp=—s m3=—s

: 8m,m1+mz+m3 ’

m al a2 - z Z Z (n 2)A+m%(77062)3+m2(77 )A+m1

mi=—s my=—s my=—s

‘ 8m,m1+mz+m3~

(4.3.9)

(4.3.10)

(4.3.11)

(4.3.12)

4.3.13)

(4.3.14)

The factor 3 in the definition (4.3.12) of B, stems from the three possibilities of two

coordinates being equal.

4.3.4 Evaluation of B,f;al’az,us

In this section, we evaluate

B, ou w3 Z Z Z (ay)* ™" (ay) "2 ()

mp=-—s mp=—s m3y=-—s

' 8m,n11+m2+m3

subject to the condition that none the coordinates o1, o, and a3 coincide.

(4.3.15)
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To begin with, we carry out the sum over m3, and obtain

/ /
Bl o aran = D (o)™ (fay) T (7 )2, (4.3.16)
mi

mp

=l

where the primed sums are restricted such that all the exponents of the 7,’s are
between O and 2s. With —s <m — m; — my < s, we have

min{s,s+m—mj}

Iy = (i)™ "™ > (i123)* "2

my=max{—s,—s+m—mi}

{ Ap—mian,a; for —2s <m —my < 2s,

0 otherwise,
ﬁmﬂnl _ —m—m
=B form <m| <2s +m,
Nay — Nas
— r—’m—ml _ =m—m (4317)
L % for —2s+m <m; <m-—1,
Nay — Nas
| 0 otherwise,

where we have defined 1723 = Ngy—a3 = Nay ey and used the result (3.3.19) for the
sum (3.3.18) from Sect. 3.3.3.
For the evaluation of the sum over m, we consider three different regimes for m.

(a) —s < m < s. In this regime, m — m changes sign as we sum over mj.
We obtain

ﬁH»m m—1 s
# _ a) =s+m| ~S+m|
B wa==—\— 2 "+ D i

Nz = Nas my=—s my=m

+ same term with 7y, <> 7o

I R
Moy — Tas N2 —1 N2 —1

+ same term with 7y, <> 7,
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27 nv—i—m nv+m ) ~ B
= - Ny = *2 + same term with 7g, <> 7a;

ﬁotz - ﬁol3 T?al - naz

2ns+m+1 2ns+m+l

= — — + — -
(77(11 - naz)(naz - 77013) (77012 - 770(3)(77(13 - T']al)

20" ( Tan Tl )
ﬁaz_’?on ﬁal _ﬁaz 7_7051 _7_7053

2nv+m+l 2nv+m+1

= — — + — -
(770!1 - naz)(naz - 77013) (77012 - 770!3)(77063 - 77061)

2ns+m+1

(7_7053 - 77051)(77011 - 7_7012)

= 2QZ;0¢1,<¥2,0¢3’
(4.3.18)
where Q;f o is strictly periodic under m — m + N with N = 2s 4 1.
(b) —3s <m < —s. Since —s < m| < s, this implies that we are always in the
first regime in (4.3.17), m < my < 2s + m. This yields

£ ﬁs-i-m 25+m
o —s+m
. = n + same term with 74, <> 7y
e Nay = Nz le— 12 2 3
ns+m ns+m _
= £ 12 + same term with 7y, < 7g;,
Moy — Mz M2 — 1
— #
=~ OQnor.ar03° (4.3.19)

(c) s <m < 3s.Since —s < m < s, this implies that we are always in the second
regime in (4.3.17), —2s +m < m < m — 1. This yields

—s+m S

£ _ Nay s+mj
Bm;al’azm = — Z N, + same term with 7y, <> 7,
ntxz - 7]0{3 my=—2s+m
Ss+m s
_ nozz —s+my
- ﬁ _ 7’_] z 7712
2 o3 my=—2s+m—1

-+ same term with 74, <> 7as
+m —s+m
o 1— - _
= % T2 + same term with 7y, <> 7g;
77(:(2 — Nay 7712 -1

#
Sl S (4.3.20)
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Note that since QIS s = = 0, it does not matter with which regime we asso-

ciate the cases m = =£s. As a curiosity, note further that Q =1[cf. (B.7)

of Appendix B].

s+2;a1,00,03

4.3.5 Evaluation of B>

m;oq,0

We now evaluate

Brwor = Z Z Z (o) () 72 ()™

mp=—s mp=—s m3y=—=s

: (Sm,m1+m2+m3 (4321)

subject to the condition o] # op.
To begin with, we carry out the sum over m3, and obtain

s+m 25+m—m
malaz Z(U‘l) lz(az) g

= (ﬁm)”’”‘lz (mz)”’”'z L, (4.3.22)
mi my

where the primed sums are restricted such that all the exponents of the original 7,’s
in (4.3.21) are between 0 and 2s. With —s < m — m| — mo < s, we have

min{s,s+m—mj}

Si- Y
my my=max{—s,—s+m—mj}
N+m—m; form <my <2s+m,
={N—-m+m; for —2s+m<m; <m-—1, (4.3.23)

0 otherwise,

For the evaluation of the sum over m, we again consider three different regimes
for m.

(a) —s < m < s. In this regime, m — m| changes sign as we sum over m|. We
obtain
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= m—1 K

B~ _ _
e = N (N —m+m)i "+ D (N m—m)i "

Nay mi=—s mi=m

B —s+m —~s+m
-1 1=
- N Z ﬁgml _m(’hz _ M2 )

N2 —1 N2 —1

mi=—s
————
=0
m—1 K
+ > miag™ = > miag™. (4.3.24)
mi=-—s my=m
With the formula
b b+1 a b+2 a+1
b+ 1x —ax X —Xx
> gx? = ( ) - , b>a, (4.3.25)
— x—1 (x —1)2
q=a
we obtain for the last two sums in (4.3.24),
-1 - _ 1 _
S omy _ M s " =i
2, mi" =~ Ty
P—— n12 n12
s etmy (s+1)— mﬁ;;m M — ﬁ.;-zi-m-i-l
_Zmlnn - Py — 1 (712 — 1)2
mi—m n12 n12

Summing up all the terms we find

—smtl =
B= — ﬁs+m—1 2m B 1 _ 2n;2m B 7712
ez e N2 — 1 (2 — 1)?

—smt1
Y R Y it S
“ N2 —1 (M2 — 1)?

Ss+m ~s+m+1 _ =s+m+1
= Qm+ 1)t _7'“22
7qu - 77062 (770!1 - 770!2)
= @m+ D Py + 201 a0 (4.3.26)

where we have defined

ﬁs+m ﬁs+m+l _ ﬁx+m+l
Prwao=—t2 o= T Tl (43.27)
e Nay — Nay et (Nery — 77062)2

(b) —3s <m < —s. Since — s < m < s, this implies that we are always in the
first regime in (4.3.23), m < my < 2s + m. This yields
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= 2s+m

B~
B S =i
Ny mp=-—s
o4 )ﬁ{;’" -1 N+ma"+s "t =i
N2 —1 2 —1 (M2 — 1)?
_ N4m+s+1 g™ -1
N2 —1 (2 — D?°
(4.3.28)
and
ﬁs-i-m 77s+m+1 77s-~—m+1
B =—(N+m+s+1)H)—2_ 4™ *2
et Tlal - n(xz (77011 - 7’0!2)
= (N +m+5+1DPuarar — Oy (4.3.29)

(c) s <m < 3s. Since —s < mp < s, this implies that we are always in the
second regime in (4.3.23), —2s +m < m| < m — 1. This yields

B= N
o, +
Bis S v m ey
Noty my=—2s+m
s
= > (N—m+mpip™
my=—2s+m—1
_—H—m
= (N - ) =
12—1

(s + 1)+ (N —m)i}3" 2 = n??mH

n2—1 (in2 — 1)?
_ —sm+1
= Nﬁlzni—il-s 77(1”2]2 _ 1)2]’ (4.3.30)
and
_ N
B =N —m+s)= . o —e)? (4.3.31)
=N =m+9)Puaier = Qnoy.n- (4.3.32)
Note that since QS:; woy = 0 and
O ajn =~ Ty “ N ] — Py

(77011 - 770(2)2 (77(11 77042)

it does not matter with which regimes we associate the cases m = %s. The expres-
sions (4.3.26) and (4.3.29) are equal for m = —s, and (4.3.26) and (4.3.31) are equal

for m=s.
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4.4 The Defining Condition for the S = 1 Pfaffian Chain

4.4.1 Derivation

In Sect. 4.3, we have shown that the non-Abelian § = 1 spin liquid state (4.1.6) with
(4.1.4) introduced in Sect. 2.4, is annihilated by

3s
V= > VuB B 4.4.1)
m=-—3s
where
Vin = Bs —m)!(3s + m)! 4.4.2)
and
By =B} + B (4.4.3)
with
1 N
£ _ # - e o
Bi = —— D> Bl aresSaySurSar (4.4.4)
ay,00,03=1
o FarFa3FEa)
3 N 2
By=—7= D Biu.(Sn) Su- (4.4.5)
ay,0p=1
aFa

We calculated the coefficients in (4.4.4) and (4.4.5) in Sects.4.3.4 and 4.3.5, respec-
tively, and found

£
— <
Qm;o[l s for s <m <3s,

B = ZQZ;DH’DQ’D(3 for —s <m <, (4.4.6)

mioy,a2,03

#
_ — < —
Qm;o{l’az,a3 for —3s <m < —s,

and

(N —m~+5) Pugjar — Q;;al’az for s <m <3s,

B=

miay,oy

@Cm~+1) Pnoyon —|—2Q;;m’0[2 for —s <m <,

—(N+m+s+1) Py a — mear .o for —3s <m < —s.
4.4.7)
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Qi;al’azm is defined in (4.3.18), and P;.4; .o, and Q> are defined in (4.3.27).

. . ) . miay 0
All three are periodic functions of m, i.e.,

#
Qm+N or,00,03 Q;n;al,az,ot3’
Pm+N;oc1,az = Pm;al,aza (448)

Qr;—&-N;al,ozz = Qz;;al,az'

The property that Wg :1) is annihilated by V implies with (4.4.1) that

3s
W= VI ™) = 320 Vil |8 )
m=—3s
3s )
= D ValBulys )| =0 4.4.9)
m=—3s

Since all the values V,,, for —3s < m < 3s are positive, and the norms of the vectors
by definition non-negative, (4.4.9) implies that the vectors Bm‘woszl) must vanish
for all allowed values of m. In other words,

Bulyg=") =0 Vm e[-3s,3s]. (4.4.10)

This implies that |1p = ) is further annihilated by any linear combination of the

Bm s, and in particular also those in which the terms involving Q Ny o and
Ny cancel. These include for —s <m < s
N
By +2Buy =[@m+1) =26 +m+1D] D Pty (Saz) Sa,
o £
=—-N Z Pr-a.cn a2) Sars (4.4.11)
o £
and form =s + 1
N
Bgii — B_y =2N Z Py tiar.an (Saz) Sar- (4.4.12)
apFa
Given the periodicity of Py,.q,,«, in m, (4.4.11) and (4.4.12) imply that
Pul¥g=")=0 Vm, (4.4.13)

where we have defined
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Py, = meoqaz Dlz) Soz_l

ajFa
N ~s+m
= ey (S2.)° S (4.4.14)
. 77111 77a2

Since the spin liquid state |¢g:1) is invariant under parity, i.e., under na& — 7, (see
Sect.2.4.2), it is also annihilated by the complex conjugates P, of P,, for all m.

The non-Abelian § = 1 spin liquid state (4.1.6) with (4.1.4) is further annihilated
by the operators

N

Dt _Ngo
N
=2
p=1

B#a

1

(S Sy, @ w5 =0 Va, (4.4.15)

which are obtained from the complex conjugate of (4.4.14) by Fourier transformation,
as well as their complex conjugates,

_ 1 _

S=1 —\2 ¢— S=1],,.8=1

aQ='=> R 578z, @ '¥y~')=0 Va. (4.4.16)
p=1 "

Bt

Note that we would not need to exclude configurations with 8 = «, as the spin
operators take care of this automatically.

In Sect.4.5, we will use the operators ngl to construct a parent Hamiltonian,
which is translationally invariant, invariant under P and T, and invariant under SU(2)
spin rotations, for the non-Abelian S = 1 spin liquid state |¢g:1). The analysis
will imply that |1//g :1) is completely specified by the condition (4.4.15) plus the the
mentioned symmetries. Therefore, we will refer to (4.4.15) as the defining condition
of non-Abelian S = 1 spin chain we introduce in Sect.2.4.

4.4.2 A Second Condition

It is worth noting that the condition (4.4.13) with (4.4.14) implies that the remaining
terms in B,, annihilate |¢g :1) as well. In particular, we have

Onlvg=") = Om|¥d=") =0 Vm, (4.4.17)

where we have defined
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N

1 # _
Om Eg Z Qm;al,om,as o Z Qm o, 0!2 ) S
ap,a,03=1 aFa
ajFoFazFa)
N jotm+1

al _ _
= - - —S_ S S

Z (T)a3 - T)al)(nal - 770(2) @3

ap,a,a3=1

0‘]7&0‘27&0”7&0[1
—s+m+1 __ =s+m+1

B S R T

_ 2
o1 ot (77011 77012)
N nr+m+l
ay —
= = — —S..S_ S
a ;31 (77063 - 77061)(770{1 - 770!2) o
oy Fay
o) #a3
r—]s+m+1 9
ar _ _
+ 25 G )2(5 ) S, (4.4.18)
ajFay @2

The non-Abelian S = 1 spin liquid state ’ Iﬁos =1 ) is further annihilated by the operators

==
Sy =

N
N Z s+m+lQ
N S-Sz N

a =gy - o
z —ng) (N — Ny) Z (Ne

;e

P ’ Ea’wo ) 0 VOl
B,
B,

<%

(4.4.19)
which are obtained from the complex conjugate of (4.4.18) by Fourier transformation,
as well as their complex conjugates E,. These operators, however, do not appear
promising for the construction of a simple parent Hamiltonian for the state.

4.4.3 Direct Verification

In this section, we wish to verify the defining condition (4.4.15) directly forthe S = 1
ground state (4.1.4). The method will be similar to the proof of the singlet property
in Sect.2.4.2. To begin with, we again notice that when we substitute (4.1.4) with
(4.1.2) into (4.1.6), we may replace theantisymmetrization 4 in (4.1.2) by an overall
normalization factor 9 which we ignore, as it is taken care by the commutativity of
the bosonic operators Sy. Let Vo be wg=1 without the antisymmetrization in (4.1.2),
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- 1
2y, IN) = i — 2 z 4.4.20
Yo(z1 N) [Z1—Z2 ZN]_ZN] H(, ,)Hl (4.4.20)
i<j
Since ﬁo(zl, 22, ..., 2n) 1s still symmetric under interchange of pairs, we may

assume that the spin flip operators (S, )? and S/; of (4.4.15) will act on the pairs
(21, z2) and (z3, z4), respectively:

SOSglvg )= D SOEH?

{z5,....2n}

‘ Z Y0 (e et NB> 24,25, s ZN)SES;SZ
z4(#np)

+ D V00la.na.23.1p. 25, . 2N)Sg SESH
23(#np)

+‘/~/O(77a,ﬂavnﬁvnﬂ’“’""ZN)S/;(S;)z ]
S I

=4 > 1D V00 a0 24: 25, - - - zN)S*;]S;g...S;gV|—1>N, (4.4.21)

{z5,....an}t L 24
where we have used
Sy (S, —1) = n(SH" 1, —1)q, (4.4.22)
which follows directly form the definition (4.1.5). We hence obtain

Q§:]|1/f0521> — Z Z WO(Uaa Na s 77/3 24, ...,ZN) 'SZV|_1>N

a2y} B=1 o« =08
pa

since (4.4.23)
V0 (ars s B Zds -« -+ ZN)
ARCARY = (e — np)02ng
o — 1B
H(na zi)’zi H(nﬁ —zi) H (zi =
4<i<j
1 1
5—2  IN—1—2N
vanishes for 8 = « and contains only powers r)}g, n%, ...,ng ~2_ Note that the

calculation for Q5=! is almost identical, since
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&O(Uaana»nﬂ,ZmanN) _—]” ﬁ&O(naanaanﬂ,Zmn-aZN)
Mo — npb : o — Np
vanishes also for 8 = « and contains only powers n%, n%, cee r;lév_l.

4.5 Construction of a Parent Hamiltonian

We will now construct a parent Hamiltonian for the non-Abelian S = 1 spin liquid
state (4.1.6) with (4.1.4) using the annihilation operator (4.4.15), i.e.,

N
ngl‘wgzl) =0 Va, where Q5= = Z

p=1
P

N2 —
S ) S,. “4.5.1)
Na _77/3( a) B

The Hamiltonian has to be Hermitian, and we wish it to be invariant under translations,
time reversal (T), parity (P), and SU(2) spin rotations.

4.5.1 Translational, Time Reversal, and Parity Symmetry

The operator ngﬂﬁgzl is Hermitian and positive semi-definite, meaning that all
the eigenvalues are non-negative. A translationally invariant operator is given by

R | 1 1 22 et o
Hy= - Q5='gs=l — _ SH(S7)°STs
0 2; a [ 20[;/ Fla_ﬁﬁna_ny(a)(a) By
a# By
= Z wapy St (S +1) S5S,, (4.5.2)
a,By
a# By

where wqg,, is defined in (3.6.3),and we have used that

(S)*(S5)* =282 (82 +1)

o

for S = 1, which is readily verified with (C.6). With the transformation properties
under time reversal,

T: ne—> One® =1y, S— OSO=-§,
and hence

Wapy = Wayp, ST > =87, ST > —ST §F > -85
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the operator (4.5.2) transforms into

OH)® = > wupySL(SL—1) S, Sy
aB.y
a#F By

We proceed with the T invariant operator
HY = % (Hy + ©Hy®) = Hy= + H, ",
where
HI= = Z wupp (S2{SF. S5} + Si[s5. 571)
o #ﬁ

= Ly wupp (S5 {57 S5} +25%85)
ey

T —
Hy” = > wapy S2SSS;.
a.By
aEPEy #o

With the transformation properties under parity,
P: ny — Mgl =15, §— OSO=S,
and hence wygy, —> wqyp, We obtain the P and T invariant operator
1
T = (Mg + HIT) = HE™ + 1y,

where

_ 1
HY™==H{=, H)'" = 5 2 waySE(SES, +558)).

a. By
a#EBFy Fa

4.5.2 Spin Rotation Symmetry

(4.5.3)

(4.5.4)

(4.5.5)

(4.5.6)

(4.5.7)

(4.5.8)

(4.5.9)

Since the non-Abelian spin liquid state |1p05=1) is a spin singlet, the property that it
is annihilated by (4.5.8) with (4.5.9) and (4.5.5) implies that it is annihilated by each

tensor component of (4.5.8) individually.
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With the tensor decompositions (D.2.4), (D.2.5), and S§2 =2 for S = 1, we can
rewrite the two contributions as

2 1 4 1 1
HT= = o [(—+—T£a)(—— T)+ =548 +—T]
aés“ﬂﬁ3% ERNG A RN
(4.5.10)

PT# 2 | B 2 I
Hy, ” = E WaBy (— + — Taa) (—S;;Sy -—=Tg,)- (4.5.11)
oyt 3 V6 3 V6
a#EBFEy Fa

Projecting out the scalar components under SU(2) spin rotations yields

_ 1
(H™=) = > waﬂﬂ( { T} +§sasﬁ), (4.5.12)
atp
H Y= > wagy( SpS, — { Tﬂy}o) (4.5.13)
a.py
akpryta

The next step is to calculate the scalar component of the tensor products in (4.5.12).

4.5.3 Evaluation of {To?a Tp?y }0

We evaluate the scalar component of the tensor product of To(l)a and Tgy witha # B,y
using (3.5.20),

{1, Tﬂy} (j,0]2,0;2,0) Z e Tg (2, m3 2, —m| j, 0). (4.5.14)

m=—2

With (D.2.3) and the Clebsch—Gordan coefficients

2, m; 2, —m|0,0) = (4.5.15)

we obtain
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2
0 0 7 -
5 {TaaTay}o = Z (_1)mTaZ¢Taym
m=-—2
=Sy Sy S5 Sy
- - + +
+ (S2Sy + Sy Sa) (S5S, + S s7)
1
+¢— — ¢t +¢— - ¢t
+ 6(45535, — Sa Sy = Sy Sa)(485ST — S5S, = S58))
+ + - -
+ (S2Sy + Sa Sa) (S5S, + S s7)
+ 578,858, (4.5.16)

We wish to write this in a more convenient form, which directly displays that it
transforms as a scalar under spin rotations. Since

1191®1=3-006-106-203-3 @ 4,

we can only form three scalars from four spin operators. For « # 8 # y # «, three
such scalars are

S2(S5S,), (SuSp)(SaS,), and (S4S,)(SuSp).

For o # B = y, the latter two are identical, but we have the additional scalar S, Sg.
For « # B, y in general, we write

S{TouTo, Yo =a85(SpSy) + b [(SaSp)(SaSy) + (SaSy)(SuSp)]
+c8py SuSp, (4.5.17)

where we have used the invariance of the tensor product under interchange of § and y.
The coefficients @ and » may depend on whether 8 = y or not.

Since the S, S, term in (4.5.16) has to come form the second term in (4.5.17),
we can immediately infer b = 2. To obtain @ and ¢, we first write out the second
term in (4.5.17) for o # B,y,

2 [(Sasﬂ)(socsy) + (SaSV)(SaSﬁ)]
1 o _
= 5(25;5; + S5 S5 4 Sy S5) (28585 + S5 S, 4+ 8,5))
+ same with 8 < y
= Sy S Sy S, + Sy Sy SES,
+ SuSE(SH S, + S, 85) + Sa S, (Sa Sy + 55 55)
+ (Sa S5 + S;S;)SéS)Z, + (SaS, +5,57)8555
1 1
+o— (¢ ¢t - ¢t — ¢t (¢t o +¢—
+ 380 S (Sp Sy +5,55) + 55 Sa (S5 S, +5,755)
+ 457855587, (4.5.18)
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and order the terms such that the Sg operators are to the left of the S, operators,
2 [(SaSﬂ)(SozSy) + (SaSy)(SaSﬁ)]

= Sy S Sy S, + Sy S, SES,)

+ Se Sy SES, + SuSy SES) + SuSy Sy Sy, + 858, Sy S;

— SeSa S5 53] = Sasa [S5. 57]

+ Sy S Sy ST 4 Sy Sy Sy + Sa SuSES, + Sy SaSES,)

— Sy Sa[SE. S, — Sy Sa[SE- S

1 1
+o—(¢— ¢t + ¢— —¢t(qgto— — ¢+
+ 350 S (Sp Sy +S55,) + 55 Sa (S5 S, +S55y)

1
— + —
- E[So-t‘r’ Sot ][Sﬂ ’ S)/]
+4S§S§S§SJZ/. (4.5.19)
With

_ _ 1 _ _
(52 521057+ 551+ 55 S 15 831+ 5 [si s 1[5 55
= Sy S5 + Sy Sy + 25,55 = 28488,
we finally obtain

2[(SaSp)(SaSy) + (SaSy)(SaSp)| + 28ay SaSp
= Sy S Sy S, + Sy S, SES,
+ S Sy SES, + SuSy SESY + SuSy S5 S, 4SSy Sy S,
+ Sy Se Sy Sy 4 Sy SaSy Sy + Sa SuSES, + Sy SaSES,;
1
+¢— — ¢\ (¢t ¢— - ¢t
+ E(Sa Sy + SeS3) (S5, +S587)
+ 4 S7SLSEST. (4.5.20)
Subtracting this from (4.5.16), we obtain

S{To T8, o — 2[(SaSp)(SuSy) + (SuSy)(SaSp)] — 28, SuSp

1
— - +_ —
= (455 — S Sa = Sa Sa ) (455, = S35, = S5'Sy)

1 S e e
- E(SjSa + 8, S ) (S5 Sy + S5 8)) —4S,SuS5S
4
=-—§S@Sﬁsp, (4.5.21)

or
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S{ToTh, ) =— gsi(sﬁsy) +2[(SaS)(SaSy) + (SaSy)(SaSp)]
+ 288, SuSp (4.5.22)
As an aside, since the Clebsch—Gordan coefficient
(2,0:2,0[1,0) =0, (4.5.23)
0

(4.5.14) implies that the tensor product of 7.2, and Ty,
i.e.,

has no vector component,

{10, T5,}, =0. (4.5.24)

o

It follows that we cannot obtain a vector annihilation operator which is even under
P and T from the operator Hy defined in (4.5.2).

4.5.4 Writing Out the Hamiltonian

Substitution of (4.5.22) into (4.5.12) and (4.5.13) yields

S
(H ho=15 22 waﬂﬂ[16 —2(SaSp)” + 4Sasﬁ], (4.5.25)
a#p
1
()= 1 (;%; wupy 8555y — (SuSp)(SuS,) — (a5, (SuSp)].
a By £a

(4.5.26)
With (B.20), we rewrite the first term in (4.5.26) as

8 D wapySpSy =16 > wuppSaSp—4 D SuSp

@By a#p a#p
a#Bry #a

=16 > wuppSaSp — 4S8, + 8N.
aFp
Collecting all the terms we obtain
1 2
Agggggp{zosasﬂ-z(sasﬁ)]

IS{H(%)T}OZ Z |

artp @
- —— SuS8)(SuSy) + (SuSy)(SaS
2 na—nﬂna—ny[(“’g)(“” ("‘7)(“‘3)]
o, B,y
a Bty £a
2 _
_4St20t+w+8]\]’ (4527)

3
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and finally
2T = S ;[s Sp— - (SuS )]
4170 o e — g PL7*F T 101707
o p
D — [(Sa88)(SaSy) + (SaS)(SuSp)]
20 (e — nﬁ)(ﬂa —1y)
o, By
a By Fa
1 N(N%+5
- 55+ XD (4.5.28)

Note that the second term in the first line of (4.5.28) is equal to what we would get
if we were to take 8 = y on the term in the second line.

In conclusion, we have derived that the non-Abelian § = 1 Pfaffian spin liquid
state Wg :1) introduced in Sect.2.4 is an exact eigenstate of

HS:l _ 2i2 Z Sasﬂ _ i Z (SaSﬂ)(SotSy) + (SaSy)(SotSﬂ)
N2 e — nﬁ|2 20 (e — 7_]/3)(7]& - 77)/)
aFp o By
a#Fpy
(4.5.29)
with energy eigenvalue
P 272 N(N? +5) 272 5
Ey~ = T2 15 T ( + N) . (4.5.30)

The information regarding the positive semi-definiteness of Héj T which was still
intact on the level of (4.5.10) and (4.5.11), has unfortunately been lost as we carried
out the projection onto the scalar components (4.5.12) and (4.5.13). We will recover
this information in Sect. 5.5.1. Exact diagonalization studies [5] carried out numeri-
cally for up to N = 18 sites further show that |¢g :1) is the unique ground states of
(4.5.29), and that the model is gapless.

4.6 Vector Annihilation Operators

4.6.1 Annihilation Operators Which Transform Even Under T

We can use the defining condition (4.5.1) further to construct a vector annihilation
operator. First note that since

Q5 v~ =0 Ve,

|1pOS:1) is also annihilated by the Hermitian operator
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1 os=17qs=1 -
Hy= 59,70 Q7' = ,32 wupy S5 (Sz +1) S§S, 4.6.1)
14

a#Ep,y

which is just the operator (4.5.2) without the sum over «. Constructing an operator
which is even under T,

1 _
Hy = 5 (Ho + ©H,©) = HI= + HI7, (4.6.2)
with
_ 1 _
HI= =35 > oup (se{sy. 55} +28285). (4.6.3)
B
p#a
Hy" = > wapy SIS5S, . (4.6.4)
B#y
B,y #a
and odd under P, we obtain
- 1 - -
YT =3 (HJ —TH! n) = HPT= 4 gPT# (4.6.5)
where
ST 5 1
HY'= =0, H'F =2 > wapy SEH(SES, — S585). (4.6.6)
B#y
B.y #a

With (3.7.6) and S'S;, — S5 83 = —2i(Sp x S,)* (cf. (D.3.3)), we obtain

HPT = % > % S22(Sp x S,)~. (4.6.7)
B#y
By #a

With (D.3.8) and (D.3.3) we find that the scalar component of the product of the
z-components of three vectors vanishes identically, while the vector component is
given by

S{SZ2(Sp x 8,)°}, = SZ(Sa(Sp x Sy)) + (Sa(Sp x S,))SZ+2(Sp x Sy),

where we have used o # 8, y and Si = 2. The Pfaffian spin liquid state ‘wOS:]) is
hence annihilated by the vector operator
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p : o+ 1
s{aiTy, =i > %[(sﬂ X Sy) + 5 8a(Sa(Sp x Sy))

]
BEY
B.y #a
1
+ E(Sa(Sﬁ x Sy))sa}. (4.6.8)
With
> Sy =Sw—Sa—Sp.
14
y #a, B

Sp x Sg = iSp, and (3.7.18), we find from (4.6.8) that [y;=") is also annihilated
by

. ot
i> u[(s x Sp) —iSp+ = (s (Sp % Sio)) S } (4.6.9)
Na — 1N
p
pta

We can rewrite the product of the four spin operators in the last term as

N
(Sa(Sp x Sio)Se = D" e 84SH[SS. S4] + something - S, (4.6.10)
y=I1
where the second term annihilates every singlet. The first term yields
A A E ERi e A
— i(aadahe _ (Sae(shd) Sg SZSS
=187 (SaSp) —iS45S2. (4.6.11)

where we have used « # B. The Pfaffian spin liquid state (4.1.6) with (4.1.4) is
therefore also annihilated by

1 + s, 1
DI =2y u[l(sa x Sp) +285 — =S (Sasﬁ)],
S e 8 2

p#a

D y§=) =0 Va. (4.6.12)

This is the analog of the auxiliary operator (2.2.42) or (3.7.8) of the Haldane—Shastry
model.
Equation (4.6.12) implies that 3 ="') is further annihilated by
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N

- _ 1 1

AT =YD =S Y M[i(sa X Sp) = 5 (sasﬂ)], (4.6.13)
a=1 a B Na B

where we have used (B.16). This is the analog of the rapidity operator (2.2.8) or

(3.7.9) of the Haldane-Shastry model. In contrast to the Haldane—Shastry model,
however, the operator (4.6.13) does not commute with the Hamiltonian (4.5.29).

4.6.2 Annihilation Operators Which Transform Odd Under T

Finally, we consider annihilation operators we can construct from (4.6.1), and which
transform odd under T,

1 = —
HI = 5 (Ha — OH,0) = H= + HI7 (4.6.14)
with

= 1 _ B
™= 53 ousp (S5 551+ 5485 551)
B
B#a

= > wupp (S§2S§ + SZ(Sh - Séz)) : (4.6.15)
5
pta

HI* = " wupy SLSSS; . (4.6.16)
B#y
By #a

Let us first look at the component which transforms odd under P,

- 1 - - B -
HET =2 (H(;r —nH! n) = HPT= 4 gPT# (4.6.17)
where
5T pre 1 e
HPT=—0, HPT# = 3 D sy SL(SES, — S5S5). (4.6.18)
B#y
B.y #a

This operator has no vector component. With (D.3.10), we obtain the scalar compo-
nent

_ i Sa(Sﬂ X 8y)
HT _ _i Y , 4.6.19
{ a }O 3 ﬂz;é‘;/ (e — 1) (Ne — My) ( )

By #a


http://dx.doi.org/10.1007/978-3-642-24384-4_2
http://dx.doi.org/10.1007/978-3-642-24384-4_3

4.6  Vector Annihilation Operators 137

It is identical to (3.7.16) in the Haldane—Shastry model, and annihilates every spin
singlet. We will not consider it further.
We will now turn the component which transforms even under P,

— l _ — = —
HIT =2 (M +nHIT) = ™=+ HET7, (4.6.20)
where
- - -1
PT= T= PT — _
HYT™= = gI= HPT# = 3 > sy SL(SES, +555)). (4.6.21)
B#y
B.y #a

which has no scalar, but a vector component. With (D.3.8) and (D.3.3), we write

1
(HI™} = 5 2 ousp| Sa(SuSp) + Su(SD)S;
[
pra

+ S28% + 4SL8% — Su(S5)Sp — (sas,g)sg].

(4.6.22)
Writing out the second term, we obtain
1
Sa(S%)Sp = 5(s;s;s; + 85 8585) + SaSu Sk
| -
= 5%(84Sp) + 5( S SulSH + 84 Sé]S,g)
= S, (SaSp) +1i(Se x Sp)~. (4.6.23)
Similarly, the fifth term gives
Sa(S§)Sp = (SaSp)Sh +1i(Sa x Sp)”. (4.6.24)
Collecting the terms, we obtain
T 2
{Ha™h =5 22 wups [452 + S+ S5(SaSp) — (S(,Sﬁ)sg], (4.6.25)
B

B#a
where we have used Si = S%} = 2. With (D.3.9), we further obtain
o 1
(H*} =5 > wa,gy[4s;(sﬁsy) — 55(545,) — S;(so,s,g)]. (4.6.26)

B#vy
By #a

Combining (4.6.25) and (4.6.26), we finally obtain the vector annihilation operator


http://dx.doi.org/10.1007/978-3-642-24384-4_3

138 4 From a Bosonic Pfaffian State to an §=1 Spin Chain

A =s({HT), + {127,
« =B

B
B#a

Z 4Sa(SﬁSV) — Sﬁ(SaSy) — SV(S(XS;;)
(N — 7_7,3)(7705 - 77)/)

3

B#y
By #a

A Y= ) =0 Va (4.6.27)

This operator is rather complicated, but does simplify as we sum over «. From
(4.6.15), we obtain

_ 2
Z{Ht}:}l =ZZSa Z Wapp = N 3 1St0t~
o B

o

B#a

This implies that |15 ="} is also annihilated by

O SS HA) = Y 15568 = $(5uS,) = $,(SuSy)
” @ apBy (Ma — ﬁﬂ)(na - 77)/)
aFEBFy Fa
(4.6.28)

4.7 Concluding Remarks

The various annihilation operators for the S = 1 model derived in this section are
summarized in Table4.1.

The main result, of course, is the Hamiltonian H5=1 given by (4.5.29). Itis a three-
spin operator. The three-body interaction terms fall off as 1/(r12 r13), which makes
the model long-ranged. Since the wave function (2.4.1) introduced in Sect.2.4 is
critical, i.e., has algebraically decaying correlations, it is not surprising that we need
a Hamiltonian with long-ranged interaction to single it out as unique and exact ground
states. Hamiltonians with only short-ranged interactions, like the Heisenberg model,
tend to single out states with exponentially decaying correlations, and a Haldane gap
in the excitation spectrum [6-9].

The most intriguing feature of the S = 1 Pfaffian spin liquid state we have elevated
into an exactly soluble model here is that the spinon excitations obey a novel form of
quantum statistics, which is presumably the closest analog to non-Abelian statistics
one can define in one dimensions. As explained in Sect.2.4.5, there is an internal,
topological Hilbert space of dimension 2" associated with a state with 2n spinons. In
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Table4.1 Annihilation operators for the S = Ispin liquid ground state

Annihilation operators for |W()g :1)

Operator Equation Symmetry transformation properties
T P Order of tensor Translationally invarient

Stot (2.2.6) — + Vector yes
Q3=! (4.4.15) No  No 3rd No
B (4.4.19) No No 3rd No
HS5=! — g§=! (4.5.29) + + Scalar Yes
D3=! (4.6.12) + - Vector No
AS=! (4.6.13) + — Vector Yes
AS=! (4.6.27) - + Vector No
Y5=! (4.6.28) - + Vector Yes

With the exception of the defining operator 2,,s=1 and E, which are the m = 3 components of 3rd
order tensors, we have only included scalar and vector annihilation operators

the thermodynamic limit, all the states in this internal Hilbert space become degen-
erate. We assume that the information regarding the internal state is encoded in
fractional shifts in the momentum spacings between the individual the spinons (see
Sect.2.4.5). These shifts are topological quantum numbers, and are hence insensitive
against local, external perturbations. This makes this model, and presumably a range
of models of critical § = 1 spin chains, suited for applications as protected qubits in
quantum computing.

Preliminary numerical work [5] indicates that the rapidity operator A given in
(4.6.13) does not commute with H5=!. The model hence does not appear to share
the integrability structure of the spin % Haldane—Shastry model. We conjecture that
the reason for this is related to the rich internal structure of the Hilbert space, which
makes the universality class of the states we introduce here both much less accessible
and much more interesting than the Abelian S = 1 Heisenberg model.

In the following chapter, we will employ the theoretical method developed here
to generalize the model to arbitrary spin, i.e., to identify a parent Hamiltonian for
the state (2.4.37) introduced in Sect.2.4.6.
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Chapter 5
Generalization to Arbitrary Spin S

5.1 A Critical Spin Liquid State With Spin S

5.1.1 Generation Through Projection of Gutzwiller States

In this section, we wish to generalize the model introduced and derived in the previous
section for spin § = 1 to arbitrary spin S = s. The generalization of the S = 1 ground
state (2.4.3) with (2.4.1) was introduced in Sect.2.4.6. In essence, we combine 2s
identical copies of the Gutzwiller or Haldane—Shastry ground state with spin %, and
project the spin on each site onto spin s,

1®1® ®1— @ (2 1) 1
2 2 2—S S N
—_—

2s

The projection onto the completely symmetric representation can be carried out
conveniently using Schwinger bosons (see Sect.2.4.3). In particular, if we write the
Haldane—Shastry ground state as

WS = > uSG ) ST ST )

{z1,22,.2m}

- > VoS (a1, .. am) al Looal bl bl |0)
{21, zmswrsewy
= \IJ(I)'IS[aT’ b’f] 0), 5.1.1)
where wgls (z1,--.,2pm) 1s given by (2.2.3), M = % and the wy’s are those lattice

sites which are not occupied by any of the z;’s, we can write the spin S state obtained
by the mentioned projection as (cf 2.4.37)

. o\ 28
w§) = (W[, 5T) " 10). (5.1.2)

M. Greiter, Mapping of Parent Hamiltonians, Springer Tracts in Modern Physics 244, 141
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In Sect.2.4.6, we mentioned that the state can alternatively be written as
w§) = D YSGr . zsnSE o SE sy (5.1.3)
{z1,...zsn}

where N is the number of lattice sites,
|—s)v = ®0_ Is. —s)q (5.1.4)

is the “vacuum” state in which all the spins are maximally polarized in the negative
Z-direction, and S™ are re-normalized spin flip operators ST which satisfy

1 ) -
W(aT ) (B F T 10) = (§T)" |5, —s) . (5.1.5)

In a basis in which §” is diagonal, we may write

1 ¥ 1

§+E b:
bb+10 7 T S—st41

st. (5.1.6)

Note that (5.1.5) implies

- | .
— (VI e o) — pl Fym g Fy (25 —n)
ST s, —s)=b am(a ) (DY) |0)

=n(SH" s, —s). (5.1.7)

The wave function for the spin S state (5.1.2) are then given by

2s mM sN
I/foS(Z1,...,1s1v)= H( H (Zi_Zj)z)HZi. (5.1.8)
i=1

m=1 \i,j=(m—1)M+1
i<j

Note the similarity to Read—Rezayi states [1] in the quantized Hall effect.
For the purposes in Sects.5.1.2 and 5.2.2, it is convenient to write the state in the
form

2s

e =1 > wSGi...an S5 |10, (5.1.9)

{215 zm}

5.1.2 Direct Verification of the Singlet Property

The singlet property of |y3) is manifest from the method we employed to con-
struct it by combining 2s copies of states which are singlets, and in particular


http://dx.doi.org/10.1007/978-3-642-24384-4_2

5.1 A Critical Spin Liquid State With Spin S 143

through (5.1.2). It is nonetheless instructive to proof it directly from (5.1.9), as the
proof of the defining condition for the state in Sect. 5.2.2 will proceed along similar
lines.

Since the Sf, component of (5.1.9) is trivially equal to zero, it is sufficient to show
that |1//OS ) is annihilated by Sg,. As we act with S on (5.1.9), we have to distinguish
between configurations with n = 0, 1,2, ..., 2s re-normalized spin flips S'(;" at
site . Since the state is symmetric under interchange of the 2s copies of w(l){s, we
may assume that the n spin flips are present in the first n copies, and account for the
restriction through ordering by a combinatorial factor. This yields

N 2s
_ 2s -~ -
5 37031 ()| D S o RS S
a=1 n=0 {z2,0zm}
2s—n
> w8 S0
{21, zm )N
N
=2> | D W0z 2SS
a=1| {z2.....zm}
n—1
o (25— 1 HS S+ o+ +
o > SOz 28y SE ST
n=1 {z2,..c.zm}
2s—n
> S anShSE 10)
{(z1 ez}
N
=25 > D U 0z a2 S-S
{z2,..nzm} a=1
=0
25s—1
> S a8t -8 10),
{z1,zm}
(5.1.10)
where we have used (5.1.7) and that 1#(])'[ S(Ne» 22, - .., Zp) contains only powers

—1
o MGy
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5.2 The Defining Condition for the Spin S Chain

5.2.1 Statement

The defining condition for the spin S state is by direct generalization of (3.4.6) and
(4.4.15) given by

szgzz

B=1
pa

1
Na — NB

(S)¥S5. Q|v5)=0 Ve (5.2.1)

Since the state is real, it is also annihilated by the complex conjugate of Qg ,

_ 1 —

Qs = z — (s(;)zssl;, QS|vs)=0 Ve (5.2.2)
A=l Na — NB
o

5.2.2 Direct Verification

Unlike for the cases of spin % and spin one, we have not derived the defining condition
(5.2.1) from the parent Hamiltonian of a quantized Hall state. The direct and explicit
verification presented here does therefore not just serve to check the validity of the
previous analysis, but is an essential part of the entire argument we present.

Let us consider the action of (S, )2 S/; on W(f > written in the form (5.1.9). Since

w(l)"s (z1, - - ., zp) vanishes whenever two arguments z; coincide, one of the z;’s in
each of the 2s copies in (5.1.9) must equal 7, ; since wgls (z1, - ., zZp) is symmetric
under interchange of the z;’s and we count each distinct configuration in the sums
over {z1,...,2Zm} only once, we may take z; = 1n,. Regarding the action of S
on (5.1.9), we have to distinguish between configurations withn = 0, 1,2, ..., 2s
re-normalized spin flips S‘; at site 8. Since the state is symmetric under interchange
of the 2s copies, we may assume that the » spin flips are present in the first n copies,
and account for the restriction through ordering by a combinatorial factor. This yields

(S S5 |vs)

2s

_ _ 2s o~ -
= (5785 > (n ) D U ey zasISTSESE LS
n=0 {z3,.zm}
2s—n
> S0z, )88 S 10)

{z2,....2m}#np
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= (25)!2s Z w(l){s(na,nﬂ,m,...,zM)S;;....-S‘;'M
{z2,...zm}
2s -l
2s—1 HS s G+
Z n—1 Z Vo (Mo, Mg, 23, ... 2m)Sg S - ST,
n=1 {z3,..0zm}
2s—n
> vSGe a8 S 10)
{z2,....am}#np
=25 | D U ainp s a8 S
| (23,20}
r 2s—1
> USO8 S0
{22,002m)
(5.2.3)
where we have used (5.1.7). This implies
| N
Sl S\ _ —\25 ¢— [ /.S
QO{|¢0)_ (23')'25' ﬂZ:‘;(SOZ) S,B|w0)
pa
Yol (e zs,-.-,ZM) :
= (25)!2s Z z L ﬂ_n S5
{e3.mzu) p=1 P
=0
2s—1
Z USRI LAY 0y, (52.4)
{z2,.zm}

where we have used that

Vo Ula, 1B 23, - - - 2M)
0 To 8 = (la = 1p)alp H(na )2 (np—2)z H (@i—z;)°
N g i=3 3<i<j
vanishes for § = « and contains only powers 17/13, n%, ceey 772, ~2 . Note that the calcu-

lation for Qg is almost identical, since

Vo' Ulas s 23, - - 2m) R Vo' Ulas s 23, - - 2m)
e = 11p ) Na = Np

vanishes also for 8 = « and contains only powers n%, n%, cee, ng -1
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5.3 Construction of a Parent Hamiltonian

5.3.1 Translational Symmetry

A Hermitian and translationally invariant operator which annihilates \1//05 ) is given
by

N
1 tos _ | 1 1 25 (=25 o+ ¢—
Hyo=—>» Q'Q5= — ——————(SDHZ ()P SE S,
Zaoz Y 2a0 B e —dpna—my CT Py

a#p.y

a=1

(5.3.1)
where ag is a parameter we will conveniently choose below. We wish the Hamiltonian
to be further invariant under P, T, and spin rotations. From (D.2.6), the tensor content

of S;S; is
+qo— 2 : z 1 0
Sp Sy =358y —iSp x SY)’ =~ Ty (53.2)
where
1
0 _ + o— — o+
Toy = %(45;,5; =S58, = 55S))
1
= %(6%5; —28548,). (5.3.3)

This implies that we only have to know the scalar, vector and 2nd order tensor
components of (S(;[Ir )ZS(S(; )25 in order to obtain the scalar component of Hy.

5.3.2 Tensor Decomposition of (S +)2s(§7)2s

Since (ST)>(S7)> contains only a single spin operator S with Casimir
82 = s(s + 1), its scalar component U must be a constant, its vector proportional to

VO = g? (5.3.4)
(cf. (D.1.1)), its 2nd order tensor component proportional to

2

NG

7O = —(45*s* — STs™ - 57 §1) = [3522 —s(s + 1)] (5.3.5)

Sl -
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(cf. (D.2.3)), and its 3rd order tensor component proportional to

1
WO = - (SS*S” + ST 4+ 5SSt + STSTS5 4+ 5757S*

NG

4
+ §78*S7) + —=575757,
V5

= i[ssz2 3+ D)+ 1]SZ (5.3.6)
= 3.

(cf. (D.3.7)). Our task in this section is to calculate the constants of proportionality
in the expansion

(SHEEH =ap{l +aV° +b7° + W}
+ tensors of order > 3. (5.3.7)

To begin with, note that (ST and (S7)% are up to a sign equal to the tensor
components with m = £2s of one and the same tensor of order 2s,

T(ZS)2S — (_1)23‘ (S+)2s ,

5.3.8
T<2S)_2s _ (S_)zs‘ ( )
Recalling (3.5.17), we write
2s 2s & 0
TEOZ @)™ _ > TV (), 012, 25 25, —25) , (5.3.9)
j=1
where 70 is with (3.5.13) given by
0 2s
TV = T T (95 m; 25, —m|j, 0) . (5.3.10)
m=—2s
With (3.5.9), we can calculate the components 7™ from T(z“)izs,
T@MEL _ ! [si, T<2S>’”] . (5.3.11)
V2sQ2s + 1) —m@m £ 1)

Specifically, TCHH " i given in terms of 7@ by

T(2S)237” _ ﬁ 1
V2sQs+ 1) —Qs—i+1DQ2s —1)

i=1
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.[s—, [S_, N .[s—, T<2S>2S] ]] 5212

n operators S—

To evaluate the first term, we use

[T66+D-6-i+be-0) H(zs"“)"((;)ln)!’

i=1 i=1

(5.3.13)

which holds for 1 < n < 2s, 2s and n integer. This yields

T(25)2S n ((ji)T I/ln): Z ( )(_l)n—k(S—)kT(2S)2S(S—)n—k. (5314)

Similarly, we find

oI = ((2)7 nn)v' Z( )(—l)k(Sﬂ""T@S)‘zs(sﬂk. (5.3.15)

Note that (5.3.14) and (5.3.15) hold for 0 < n < 4s. With (5.3.8) and the shorthand
|m) = |s, m), we can write

(ST (§7y17k = (—1)> |s — k) (—s + 1 — k|
(s — KI(STOIs) (s (STY | —s) (=5 (ST =5 + 1 — k),
and similarly

(SHIHR T (k= (= 1) =5 + 1 — k) (s — k|
(=5 A =k (ST | =) (=51 (ST |s) (s| (ST [s — k).

This implies that in the product D DRk only terms with matching
values of k in the sums (5.3.14) and (5.3.15) contribute. With (5.3.13) we obtain

2s)! - k
k k L for 0 < k < 2s,
(s| (SHESHE|s) = 1 2s — k!
0 otherwise,
[ 25)! - (n — k)!
I =D oo <n—k <25,
(=s| (ST sty R |—s) = @25 —n + k)
[ 0 otherwise,

(s1 (SHZ (ST |s) = (25)!%. (5.3.16)
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This yields
7927 25) 250
= @) (—=D»H"
s —m! ™I N O\ @)1k 29)!- (1 — K)!
@) n! 2 (k) (k) 25 —K)! (s —nthy PR

k=max(n—2s,0)

min(n,2s)

-1
:(2s)!2(—1)2S+"(2S) > (st) (nz_sk)m—k) (s —kl.

k=max(n—2s,0)
(5.3.17)

Substitution into (5.3.10) yields

4s
70 = > TOP )T o o 25 —254n]j,0).  (5.3.18)
n=0

_2s—n
:ng
With
min(n,2s) 2s 2s+k
n=0 k=max(n—2s,0) k=0 n=k
we obtain

0 2s 2s+k (2]:) (nz_sk)
T(j) — (2s)!2(_1)2s Z Z C2sfn(_1)n— ls — k) (s — k|
2

:
k=0 | n=k (4s )
n
k )

f 2s s
2s 2s ( ( )
=2OPEDF> 1> cxhr kot NS AL T L o gy 6k

J
k=0 | p=0 as
{ k+p

(5.3.19)
The individual tensors in the decomposition
4s
+325 o—\25 _ +N\25 f c—\ 25
$HPEHY =2 {H MY, (5.3.20)

j=1

are hence with (5.3.8), (5.3.9), and the definition of CJZ.S_" in (5.3.18) given by

{(S-i-)ZS‘(S )2.&‘} ( I)ZYCZYT(])O
2s

oo Z ;
= P s —k) (s — k]|, (5.3.21)
J
2s +1 =
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where we have defined

(ZS ) (ZS )
2s k p
Pk =(@s+1CF > cj“—"—%—l)k*ﬁT. (5.3.22)
=0
P (k + p)

We are not aware of any method to evaluate this sum analytically. We have used
Mathematica to evaluate it fork = 0 and j = 0, 1, 2, 3 as a function of s, and then
obtained the coefficients in the expansion (5.3.7) from these terms.

With the Clebsch—Gordan coefficients

on (=1)2s—m
O Vas+1

— V3(=DETM m
L /ss+D@s+ D)

on V5(=DZ7M . (3m? — 2525 + 1))
2

T V5@ + D@ — D@s + D@s +3)°
o VI=DET m (Sm? 41— 6s(25 + 1))
256+ D@ — D@s + D@ds — D@s + D(@s +3)

we find
P =1,
3
Pl =
s+ 1

0_ 55(2s — 1)

27 5+ D@2s+3)’

o TIs@s—D—1
PTG DRs+3)(+2)

(5.3.23)

Comparing (5.3.21) with (5.3.23) to the coefficients of |s) (s| we obtain from
(5.3.4-5.3.6),

VO =s1s)(s| +...,

T°—3s<2s—1>|s><s|+
- %

wo = %s@s— D(s—DIs)(s]+..., (5.3.24)
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we find
(25)1%
ag =
2s + 1
3
a = ,
s+ 1
_ e 5
T2 s+ D@s+3)
5 7
V3 (5.3.25)
2 s+ DRs+3)(s+2)

for the coefficients in the expansion (5.3.7).

5.3.3 Time Reversal and Parity Symmetry
The for the scalar and vector component relevant part of the operator Hy introduced
(5.3.1) is with (3.6.3) and (5.3.7) given by
1
Hy=3 > oupy [14av0+bT0, + Wi 5155 (5.3.26)
a.pBy
aFp.y

From now on, we omit the prime. With the transformation properties under time
reversal,

T g = Oneg® =10y, §S— OSSO =-§,

and hence

Wapy = wayp, ST—> =87, ST > -5t § > -5
VO —vO 70 70 WO WO,

the operator (5.3.26) transforms into

1 0 0 0 -
OH© = 3 % waﬁy{1 —aV® + 570, — cha}Sy S3, (53.27)
o,p,

a#B.y

We proceed with the T invariant operator

1
HY = 5 (Ho + ©Ho®) = Hy= + Hy7”, (5.3.28)
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_ 1 1 _ 1 _
HI = 3 3 o [ 457235 57) + @V + i) 315 51
a,p

a#tp

1 2s(s+ 1) 1
=5 2 upp| (1+0Te0) (=5 = = Tgp ) + (@S5 + Waa) S
2 a#p 3 V6
(5.3.29)
£ _ 1 0\ g+ o
Hy” = > wapy (14bTy,)S5S, .
aB.y
aFEBFy Fa
== D> oy (1+bT0,) (5588, —i(Sp x S,)" — —=T¢, ).
2 oy 3 V6
aFpFEy #a
(5.3.30)
With the transformation properties under parity,
P: ny —» Mn,1=7, S—0BSO=S, (5.3.31)
and hence wyg, — wqyp, We obtain the P and T invariant operator
1
H" = 2 (H) + TH{T) = ' + HY'7, (5.3.32)
where
HY'= = HJ=, (5.3.33)
pr£ 1 o (2 1o
Hy 7 =~ Z wapy (1+bTp,) | =SpS, — —=T5, ). (5.3.34)
2 oy 3 V6
aFEpFEy #a

5.3.4 Spin Rotation Symmetry

Since the critical spin liquid state |1//g ) introduced in Sects.2.4.6 and 5.1.1 is a spin
singlet, the property that it is annihilated by (5.3.32) with (5.3.33) and (5.3.34) implies
that it is annihilated by each tensor component of (5.3.32) individually.

Since we wish to construct a Hamiltonian which is invariant under SU(2) spin
rotations, we proceed by projecting out the scalar component. This yields
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1

_ 2s(s + 1) b a
PT= 0 70
atp
PT# 1 2 b (0 0
{Hy 7} = 3 D oy |:§SﬂSV - %{TWT,;V}O} . (5.3.36)
a.By
atBty Fo

With (4.5.22), or specifically

4
S{TeaTgp}o = —gsz(s +1)° +4(SuSp)° +2848p, « # B,

and (5.3.25), we obtain

_i{TO 10} = 25%(s + 1) SaSp+2(SaSp)
VU PPI0 T 30543y T s+ D25 +3)
a . SaSﬂ
37T Gy
and hence
_ 1 (SaSp)?
HPT=) — D2+ 8,85 — —< ) 5.3.37
{ 0 }O Zwaﬁﬂzs+3|:s(s+ )+ Sq B G+ ( )
a#p
Similarly, we use
4s(s + 1
ST Yy =~ 858, 4 20485 (SuS) + (5u8)) (SaSp)]
a#EBFy #Fa,
to obtain
—i{TO 70 } _ 25888, (SaSp)(SaSy) + (SaSy)(SaSp)
J6 e Prio T 305 4 3) (s +1)(2s +3)
and hence
PT+#
{HO }0
1 (SaSp)(SaSy) + (SaSy)(SaSp)
= — 1)SsS, — .
2 “)°”3V2s+3[(”r )SpSy 25+ 1)
a, B,y
a#Bty o

(5.3.38)
With (B.20), we rewrite the first sum in (5.3.38) as
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I, s(s+1)
>, waﬂySﬁSy=2Zwaﬂﬁ5a5ﬂ—55m+ 5N
o.pBy aF#p

Bty #a

Collecting all the terms we obtain

PT _ . (Sotsﬂ)z ]
{Ho '}, = Z“)aﬂﬂ[sasﬁ PP Y

a#p
(SaSﬂ)(SotSy) + (SaSy)(SaSﬂ)
D R T
atpty+a
s+l o, s(s + D2 N(N2+5) (5.3.39)
225 +3) T 2543 12 o

Note that the second term in the first line of (5.3.39) is equal to what we would get
if we were to take 8 = y on theterm in the second line.

The spin § spin liquid state ’I/f(‘)g ) introduced in Sects.2.4.6 and 5.1.1 is hence an
exact eigenstate of

s _ 2t 5SS 1
N2 = e —mpl>  2(s + 1D(2s +3)

% Z (Sasﬂ)(sots)/)+(SaSy)(SaS/S)
(Me — ﬁﬂ)(no{ - 77)/)

a,B.y
a#By
272 SoS 1 SaS8)(SyS
:N{Z In —rfﬂP - Zm[(ﬁ —718) (e — 1 )]((s+f>)((2s+y3))]
a#p a.B.y ¢ o
a#By

(5.3.40)
where )N denotes the real part. The energy eigenvalue is given by

272 s(s + 1)2 N(N?2 +5) 72 s(s 4+ 1)?
ES — _ - - 7 —). 3.41
0 N2 25 +3 12 6 2543 (N+N) (5:341)

This is the main result of this work. We will show in Sect.5.5.1 that W{f ) is also a
ground state of (5.3.39), i.e., that all the eigenvalues of HS — Eg are non-negative.
Exact diagonalization studies [2] carried out numerically for up to N = 16 sites for
the S = 1 model and for up to N = 10 sites for the S = % model further show that

3
|1p69 :1) and |1ﬁos o2 ) are the unique ground states of (5.3.40), and that the models are
gapless. We assume this property to hold for general spin S.
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5.4 Vector Annihilation Operators

5.4.1 Annihilation Operators Which Transform Even Under T

We can use the defining condition (5.2.1) further to construct a vector annihilation
operator. First note that since

Q|vs)=0 Ve,
|1/f(;5 ) is also annihilated by the Hermitian operator

st 1 B )

Hoe = 500 0= 500 D wapy (SHP (S SES, (5.4.1)
0 ao 5y
a#By

and therefore also by the scalar and the vector components of

Hy=3 > ouy [1+av0 10, + Wi Sisy, (5.42)
B.y
a#p.y

which is just the operator (5.3.26) without the sum over «. From now on, we omit
the prime. Constructing an operator which is even under T,

1
Hy = > (Ha + OH,0) = Hy= + Hy?, (543)
where
_ 1 2s(s + 1 1
A= =5 Dou| (1+570) (25577 = 218, ) + i e W) S5
2 5 3 J/6
pa
(5.4.4)
T2 _ | 0y (2 : B
Hy? =5 > wupy (1+D0T5,) | 5588y —i(Sp x 8p)" = —=Tp, ). (545)
2 3 \/6
B#y
B.y#a

and odd under P, we obtain

— 1 — —
Hy' =2 (M - nHIN) = Y™+ BET7, (5.4.6)
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where
S 5 i
HT==0, H'#= -3 > wupy (1+bT0,)(Sp x Sy (5.4.7)
B#y
B.y#a
With (3.7.6), we obtain
5o i +
HT =23 De TUE (14 bTO) (S x Sy)°. (5.4.8)
pry T2 B
B.y#a

While the scalar component of (5.4.8) vanishes, the vector component does not. With
(5.3.5) and (5.3.25), we write

5

(s+1D@2s+3)
1582 36—
S+ D@s+3) 25+3°

1+bT0 =1+ [3522—s(s+1)]

(5.4.9)

With (D.3.8) and (D.3.3) we find for the vector component of the product of the
z-components

S{Séz(S,g X Sy)z}1 = Sé(Sa(Sﬁ X Sy)) + (Sa(S,g X Sy))Sé—i—s(s—}— D(Sg x S,)”.

Substitution into (5.4.8) yields

B i 3 Ne +1p
Pty 1
{“}1 42s+3ﬁ§/ Na — N

B.y#a

1
. |:(Sﬁ X SV)Z + msa(sa(slg X Sy))

(S« (Sp x Sy))sa}.

(5.4.10)

1
+ s+ 1
With
D> Sy =S — S« — Sp,
Y
y#a,p

Sg x Sg =1iSg, and (3.7.18), we find from (5.4.10) that Wg) is also annihilated by

i 770{"‘77/3 . 1
- E —| (S Sp)—iS — (S84 (S S So |- 54.11
) . 7705_77/3|:( a X ﬂ) l ﬂ+s+l( «(Sp % tot)) oz:| ( )

pa


http://dx.doi.org/10.1007/978-3-642-24384-4_3
http://dx.doi.org/10.1007/978-3-642-24384-4_3

5.4 Vector Annihilation Operators 157

With (4.6.10 and 4.6.11), we rewrite the product of the four spin operators in the last
term as

(Sa(Sp x Stor))Sa =iSu (SaSp) — iS5 Ss
+ term which annihilates every spin singlet,  (5.4.12)

which holds for o # B. The spin liquid state (5.1.2) is therefore also annihilated by

1 77(1"‘"/3 . 1
DS = - = Pi(S, x S DSg— ——S84(S.55) |,
o 2;’7&_77/3 i(Se x Sp) + (s + 1) Sp s+ 1 a(aﬁ)
B
D|y§)=0 Va. (5.4.13)

This is the generalization of the auxiliary operator (3.7.8) of the Haldane—Shastry
model.
Equation (5.4.13) implies that the spin liquid state |¢OS ) is further annihilated by

N

1 N + N8| . 1

N 2 S _ E

A° = Da = 5 Hl:l(sa X Sﬁ) - msa(saSﬂ)], (5414)
a=1 oy B

where we have used (B.16). This is the analog of the rapidity operator (2.2.8) or (3.7.9)
of the Haldane—Shastry model. In contrast to the Haldane—Shastry model, however,
the operator (5.4.14) does not commute with the Hamiltonian (5.3.40). The model
is hence not likely to share the integrability structure of the Haldane—Shastry model.
It is possible, however, that the model is integrabel in the thermodynamic limit
N — oo.

5.4.2 Annihilation Operators Which Transform Odd Under T

Finally, we consider annihilation operators we can construct from (5.4.2), and which
transform odd under T,

HT = % (Hy — OH,©) = H1= + H#, (5.4.15)
where
HI= = 3 S ougp| (V2 + e Wea) (8785 + (140 72) 5155551
o
=3 Do 0 +ewtu) (P50 - Zh) < 040m)sy
B#a

(5.4.16)
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- 1 0 2 . | B
Hy" =3 D apy (@S5 +c W) (gsﬂsy —i(Sp x 8))" — N ) :
B#v
B,y #o
5.4.17)
Let us first look at the component which transforms odd under P,
— = 1 _ — B - -
Y =2 (M7 - nHIn) = HY™= + BETE (5.4.18)

where

St 57 i
HT==0, H'M# = -3 D wupy (aSL+c W) (Sp x 8))°. (54.19)
B#y
B,y #a

This operator has no vector component. With (D.2.5) and (5.3.25), we obtain the
scalar component

, i Sa(Sp % S,)

2 A v 5.4.20

{ “ }O 2+ 1) % (M — 118) (M — 1y) ( )
B,y #a

This is identical to (3.7.16) in the Haldane—Shastry model, and annihilates every spin
singlet by the line of reasoning pursued in (3.7.17). We will not consider it further.
We will now turn the component which transforms even under P,

— 1 _ — — —
HET =2 (HJ + THT n) = HFT= 4 gPT# (5.4.21)
where
= =
1 2s(s +1 1
=3 Z waﬁﬂ[(“ Sozt + CWSaa) (() A T/gﬂ) + (1 +b To?(x)S/é:|'
24 3 NG
B#a
(5.4.22)
HPT#zlz (a St +cWoug) SR — (5.4.23)
o B Wapy \ A0y T € Wyng 3/3)/ \/6/3)/' o
i L

which has no scalar, but a vector component. The vector components of (5.4.22) and
(5.4.23) are given by
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/375
+{( +bT£a>sz}1} 5429
_ 1 a _ —
(A1), = S o [ S sty s ) ]
B#v
B.y#a
(5.4.25)

where we have rewitten the first term in the way we originally obtained it. For § = %
or § = 1, these expressions simplify significantly as W&m = 0, which follows
directly from W2,, = —(S})3 = 0 for § < % For general S = s, however, we

have to evaluate {WSW Tgy}

5.4.3 Evaluation Of{ oo ,By}l

We evaluate the vector component of the tensor product of W2, and Tgy with
a # B, y using (3.5.20),

(W T4, }, = (1,013,0:2,0) z Wi Tl (3,m; 2, —m|1,0).  (5.4.26)

m=-2

From either (D.3.6) or directly from (3.5.9), we obtain

Woaa = SJSJSJ
Wo%aa \/6 |:S Wo?owt:l = \/ES(TS; (S; + 1)’
1 I - 2 ] 3 + Z(QZ
WaaaZ\/_I—O _Sot’Wozaa_ == §Sot I:SSa(Sa+1)_S(S+1)+2:|,
wo — L [e=wi 1o [5522 —3s(s+ 1)+ 1]52
aoa T /—12 |To Ve | - ﬁ o o (5427)
-1 I r- 0 3 Z QL
Woas = 7 [ Sa Waoa | = /5 5 C[ssisi =D = s+ D +2)
_ I 1o 1 e
Waaza - ﬁ _Sﬂl ’ Wotala_ = \/ESQ Sot (S; - 1)’
_ | _
w3 - %[s o] = 85254
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With (D.2.3) and the Clebsch—Gordan coefficients

V5 form = £2,

1
(3,m;2,—m|1,0) = ——= 1 =22 form = +1, (5.4.28)
V7T-5 3 for m =0,

we obtain

T3 3wt 1), =5 i sisisy s
+ [5(sd szt + s5258) = (2565 + D +1)57 |
(SES, +5557)
+ [5527 =355 + D + 1] 57 [45557 - 55, — 5557 ]
+ [5(57 52+ $25057) = (256 + D +1)5; ]
(S3Sy +555))

+55, 855, S5 S

(5.4.29)
We wish to write this in a more convenient form, which directly displays that it
transforms as a vector under spin rotations.
Let us consider first the case 8 # y, and try an Ansatz of the form!

2a[(S4S8)S5(SaSy) + (SaSy)SL(SaSp)]
+2b[S5(S0Sy) + (SuSp)SL] +2¢ SL(SpS,). (5.4.30)

Comparing the coefficients of the (five-spin) terms containing Sg S, and Sg S;j
yields @ = 5. Comparing the coefficients of the three-spin terms containing Sé S,
Sﬁ_ S)Z,, Sé S; , and S;r S)Z, yields b = —2s(s 4+ 1) — 1. If compare the coefficients of
both the three-spin and the five-spin terms containing S; S, and SE S}f terms,
—(582% = 3s(s + 1) + 1)S% = = (S SZSy + Sy S2SF) + 82

a CaTo

(S Sy (SE— 1)+ 8y SF(SL+1)) + ¢SZ

NN

= (256 + 1) = 257)5; = 2857) + ¢S

= —582% 4 (5s(s + 1) — 5) 8% + ¢SZ,

we obtain ¢ = —2s(s + 1) + 4. With these choices, the coefficients of both the
three-spin and the five-spin terms containing S ; S}, agree as well,

' Note that there is no relation between these coefficients and those introduced in (5.3.7).
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(20822 — 125(s + 1) + 4)S% = 4a SS%S% + (4b + 2¢)SZ.

a-aTo

Finally, the coefficients of the five-spin terms containing Sé S; , Sﬂ_ S)Z,, S/ZS S)‘f , and
s;,*s;, in (5.4.30),

a[sgsgsg (SaS, + S ;) + S5S.85(Sa S5 + 54 55)
- (SE S+ S SE)SISISy + (SIS, + S 51)SEsis3).
agree with those in (5.4.29).

For the equivalence to hold for the case 8 = y as well, we need to order the spin
operators in all terms in (5.4.30) such that the Sg’s are to the left of the S, ’s, as this
is the order of the spin operators in (5.4.29). We hence have to replace the second
term in the first bracket in (5.4.30) by

Su(SE(SuSp))Sy = SLSESIS)SL,
or equivalently add a term
So(SE(SaSp))Sy — (SaSy)SE(SaSp)

R A

= —8py ie* S, SLSI Sy

= —0py (1" 5.8, S, Sy +ie' [ S, S5]S1SE)

= 88y (S5i(So x Sa)Sp — £'7%e' 8}, 5] 5%)

= —8py (— SL(SuSp) — (876" — 87'6%) S S 5%)

=85y (S (SaSp) + (SuSp)Ss — s(s +1)S%). (5.4.31)

Taking all the terms together, we finally obtain

%\/g{wnggy}l =5[(SaSp)SE(SaSy) + (SaSy)SE(SaSp)]
— (2s(s + 1) 4+ 1) [S5(SaSy) + (S Sp)S7 ]
— (2s(s + 1) — 4) S (SgSy)
+ 585, [SL(SaSp) + (SaSp)Ss — s(s +1)S5].

(5.4.32)

5.4.4 Annihilation Operators Which Transform Odd
Under T (Continued)

Substitution of (5.4.32) into (5.4.24) yields with (5.3.25), (D.3.9), (5.4.9) and (D.3.8)
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- 1 3 I e
(477, = 5 Do (5205355 + 5550
B

pa

! S w0 70
T 20+ D@25 +3)(s + 2)\/; {Wooo Tos}y
+(s+1)(2s+3){°‘ BI1 25+ 3 OF

3

4 1 1
= w88 | = 1S — =5%(SaSp) — =(SaSp)S5
Z(S“)Zﬁjwﬂﬂ[ss(w )5z = 5545 Sp) = 5(SuSp)S;

pa

1 Z
T 525436 +2) (106551 S5(SaSp)

— (25 + 1) + 1) [S5(SaSp) + (SaSp) S5 ]
—(2s(s+ 1) —4)s(s+ 1S,

+ 5[S2(SuSp) + (SaSpSE = 56 + DS}

. [SZ(S Sp) + (S S5)S” + s( +1)SZ] ol
— o o s(s -
2s +3 L7e PRk ot Bl ™ 25+3°F

3 5 )
T 22543 +2) % “’“ﬁﬁ[_ 1 SeSp)Se(SaSp)

pa
+ [S5(SaSp) + (S4Sp) S|

— [SE(SaSﬂ) + (SaSﬂ)Sé]
+2s(s+ (s +2)SZ+2(s+ 1) Séi|

3

= : SaSp)SL(SaS
- e S| S sss

pta
+ SZ(SaSp) — (SaSp)S}

+s(s+D(s+2)S2+ (s + I)SE].

(5.4.33)
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Similarly, substitution of (5.4.32) into (5.4.25) yields with (5.3.25) and (D.3.9)

7 1 3 _ _
(HEh =5 3 | 5 1605757 + 555

B#y
By #a
! 0
25+ D(@2s +3)(s + 2)[ { aaa T/ﬁy}l]
3 , ) )
T2s+1) Z Wapy [gSa(SﬁSV) - gsﬂ(sasy) - g(SaSﬂ)Sy
B#y
By #a
1 , )
a m [5 [(Sasﬂ)sa(sasy) + (SO‘SV)Sa(S(xS,B)]
—(2s¢s+ D+ 1)[5/23(5“5,/) + (SaS,s)S}Z,]
—(2s(s+ 1) —4) S;(s,gsy)]]
S N S [_ (SaSp)SL(SaSy) + (SuSy)S%(SaSp)
2436 +2) £ By A

B.y#a
+2(s +2) S5 (SpS,)

— 52(SaSy) — (SuSp)S?

(5.4.34)
Combining (5.4.33) and (5.4.34), we finally obtain the vector annihilation operator

49 2D (57=), ()

o« 3
. z Sa(SaSﬁ) + (SaSﬁ)Sa +2(s+1) Sﬂ
B 5 Ina — npl?
B#a
" Z |:_ (SaSp)Sa(SaSy) + (SaSy)Se(SaSp)
(N _nﬁ)(na —ny) s+ 1
B V#a

+2(5 +2) Sa(SgSy)—Sp(SaSy) — (sasﬂ)sy],

ASly§) =0 va
(5.4.35)

This operator is even more complicated than the corresponding operator (4.6.27) for
S =1, and only simplifies moderately if we sum over «. From (5.4.33), we obtain
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Table 5.1 Annihilation operators for the general spin liquid ground state

Annihilation operators for |1p05 )

Operator Equation Symmetry transformation properties
T P Order of tensor Transl. inv.

Stot (2.2.6) - + Vector Yes
Q3 (5.2.1) No No 25 41 No
HS — E§ (5.3.40) + + Scalar Yes
D3 (5.4.13) + — Vector No
AS (5.4.14) + - Vector Yes
AS (5.4.35) - + Vector No
s (5.4.36) - + Vector Yes

With the exception of the defining operator Qg , which is the m = 2s 4 1 component of a tensor of
order 25 + 1, we have only included scalar and vector annihilation operators

225 +3)(s +2) S (47
o 1

3
2
-y 1 Z wapp (SaSp)Sq(SaSp) + 2(s + 3 Zsa Zwaﬂﬁ
oy el
B#a
2 N2—1
TS| Z wapp (SaSp)S;(SaSp) + (s + 1? Stot-

a#p

This implies that Wg ) is also annihilated by

TS _ 1 Z (Sasﬂ)sa(sasy) + (SaSy)Sa(SaSﬂ)
s+1 @By (MNa — ﬁﬁ)(na - ny)
B,y #a
Ly 22585~ Sh(SuS,) — (SuSp)S,
@By (Mo — 1) (Me — 1y)
aFEpFy Fo

(5.4.36)

Whether this operator is of any practical use for further study of the model, however,
remains an open question. The derivation of it concludes our study of non-trivial
scalar and vector operators we can obtain from the defining condition (5.2.1) for the
critical spin liquid state (5.1.3). These operators are summarized in Table5.1.

5.5 Scalar Operators Constructed from Vectors

We see from Table 5.1 that there are two simple ways of constructing translationally,
parity, and time reversal invariant scalar operators which annihilate Wg ) from vector
operators. These operators are
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S DEDS and D s.AL. (5.5.1)
o o

These could potentially lead to alternative parent Hamiltonians for |1ﬂ69 ) . If we just
recover (5.3.40), the evaluation of the first operator will show that H S_Eyis positive
semi-definite, or in other words, that |1ﬁg ) is a ground state of H S,

5.5.1 Factorization of the Hamiltonian
In this section, we will evaluate
ST s
2. D.'Dg.
o
with Dg given by (5.4.13), or explicitly

o1 Ne +np . 1
Ds :—Za—ﬁ[l(sa XSﬂ)—(S+1)Sﬁ+m(SaSIB)Sai|,

2 5 N — 1B
pa
1 Na + 1y [ 1
DS = 3 Zy: nz — ni [msa xS+ 6+ 1S, — msa(so,sy)].
y#a

With @ # 8, y and
i(Sq X Sp)i(Sq x Sy) = e'kelmg]sksl sm

= s/lskm (5] st sksm — sh[sL. sk]sm) — sim sk s)sk st s

= (8458)(SaSy) —184(Sg x S)) —s(s +1)SgS,, (5.5.2)
we obtain for the product of the two square brackets
(SaSp)(SaSy) —184(Sg x 8§)) —s(s +1)SgS,
+2(s + DiSy(Sp x S,) - %(sasﬂ)(sasy)

1S, 4 2(S85) (S48)) — o (8485)(5uS,)

=25+ 1)[%(501513)(&15},) +184(8Sg x §)) — (s + l)S,gSyi|. (5.5.3)
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The product of the prefactors is given by

Na +1p  Na + 1y
Na — N Na — Ny

1 2 2 1 2 2
sl e el ]
2 Ne — 1B Na — Ny 2 Na — 1B Na — Ny
—1+1+1+2 Boclp 2 Naclly
Mo — 1) Me — 1) (Ma — 1) (M — 1y)

=1 = 2(@apy + Dayp)- (5.5.4)

We now define

i . 1
BS = 3 Z [1(sa x8,)+ (s +1)S, — msw(so,sy)]
y#Fa

(5.5.5)

i S, (S8
= %[i(sa X Siot) + (s + 1)Stor — M]

s+ 1

and its Hermitian conjugate,

st _ 1 : _ _1
B3 = 5 Zﬂ: [msa x Sg) — (s + 1)Sg + o (sasﬁ)sa]
B

Obviously, BS annihilates every spin singlet, and |§) in particular. With (5.5.5),
we may write

1
2s +1 Z (Dg;fDg + BgTBg)

o

o o SaS5)(SeS .
_ Z Wapy + O yﬂ|:( B)( y)+lsa(sﬂxsy)_(s+])sﬁsy]

apy s+ 1
By #a
SaS8)(84S
= — Z(Oaﬂﬂl:(f:_# - SaSﬂ — S(S + 1)2]
a#p
(SaSp)(SaSy) + (SaS,)(SaSp)
J— Z waﬂy /3 ; )4 /3 _ (S + I)SBSV
s+1)
o,py
aFPFEyFa
(Sasﬁ)(SaSy) + (Sasy)(sasﬂ)
=2s+3) Z waﬁﬂSaSﬁ - Z WaBy 2611
aFp a.By
By #a
N(N?+5 1
(s + 2 12+ ) _ SJZF s, (5.5.6)

where we have used (B.15) and (B.20). With the Hamiltonian (5.3.40) and the ground
state energy (5.3.41) derived in Sect. 5.3, we may write
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1 + ¥ s+ 1
- DS'DS+BS'BS)+ —— &2
(2s+1)(2s+3);( o Dot By “)+2(2s+3) tot
_ Sas,s 1 Z (Sasﬂ)(sasy) + (Sasy)(sasﬂ)
- _ 2 - _ 5 _
ooy [ne — ngl 2(s + 1)(2s +3) aBy (Ma — 1) (e — My)
aFEpy
s(s + D% N(N? +5)
25 +3 12
Nz N S
= —[n* - Ed]. (5.5.7)

Since all the operators on the left hand side of (5.5.7) are positive semi-definite,
i.e., have only non-negative eigenvalues, the operator HS — Eg on the right has to
be positive semi-definite as well. Furthermore, since all the operators on the left
annihilate |1//OS ) we have shown that |¢()S ) is a zero energy ground state of HS — Eg .
Exact diagonalization studies [2] carried out numerically for up to N= 18 sites for the
S=1 model and for up to N=12 sites for the S = % model further show that |1/f05 :1)

3
and | 1/f(f 2} are the unique ground states of (5.3.40). We assume this property to hold
for general spin S, but are not aware of any method to prove this analytically.

Note that the derivation using the operators Dg is actually the simplest derivation
of (5.3.40) we are aware of. As compared to our original derivation in Sect. 5.3, it has
the advantage that, except for the tensor decomposition of (S1)>(S7)% spelled out
in Sect.5.3.2, we only needed the formula (D.3.8) for the vector content of 5757573,
but not the significantly more complicated formula (4.5.22) for the scalar component
of T2, TOV derived in Sect.4.5.3. That we have arrived at the same model twice using
different methods gives us some confidence in the uniqueness of the final Hamiltonian
(5.3.40).

5.5.2 A Variation of the Model

The analysis in the previous section suggests that another, closely related Hamiltonian
is positive semi-definite as well. Writing the product of prefactors (5.5.4) as

Na +1p Mo+ 1y
Na — N Na — Ny

1
=-2 (a)aﬂy + Wayp — 5) , (5.5.8)
we can derive a model directly from

> D,

o
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without any need to introduce the operators B ;E and BgT. This yields
1 st s
D, D
25 + 1 ; o e

SaS5)(SeS
= — Z (a)aﬂ'g — 7) [w SaSp —s(s + 1)2:|

azp st
(SaSﬂ)(SotSy) + (Sasy)(socsﬁ)
- (waﬂy - Z) [ TEES — (s+1)SgS,
a.By
aFEBFEY £
1
=2s+3) Z (a)aﬁﬁ — Z) SaSﬁ
aFp
B Z © 1 (SaSp)(SaSy) + (SaSy)(SaSp)
By 2(s + 1)
a.B.y
B.y#a
1
56+ DD wapp — Z6+D >0 S8y
aFtp a.By
B.y#a
1
=2s+3) Z (a)aﬁﬁ — Z) SaSﬁ
oy
_ Z a) 2 (SaSﬁ)(SaSy)+(Sozsy)(sasﬂ)
By 265+ 1)
a.B.y
B.y#a

DNIN?—4) s+ DV -2)

3 . s2., (5.5.9)

+s(s+1)

where we have used (B.15) and (B.20). If we now define the alternative model

~ 27?2 1 1
HS == Z(—)s S
2 — 2 a”p
N= oz \e —mpl® - 4
B Z ( 1 _1) (SaSp)(SaSy) + (SaSy)(SaSp)
by (Ne — 1) (e — 1) 4 2(s +1)(2s +3)
a#py

(5.5.10)
with energy eigenvalue

07 N2 2543 12 T 6 2543

s 2n2s(s + D2 N(N*—4) n2s(s+1)2( 4

N — N) . (5.5.11)
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we may rewrite (5.5.9) as

2
ol arom s et s | -
N2 | 2s+1D@2s+3) & 425 +3)

(5.5.12)
This implies that |¢g ) is also a ground state of HS with energy Eg , as defined in
(5.5.10) and (5.5.11), respectively.

Since the maximal distance of 1, and ng on the unit circle is 2, the shift in
the coefficients in (5.5.10) (as compared to (5.3.40)) effects that these coefficients
go to zero as the sites 1y and ng, n, are maximally separated on the unit circle.
The alternative model (5.5.10) is hence more local than the original model (5.3.40).
It is possible that the alternative model (5.5.10) possesses symmetries (or even an

integrability structure) the original model does not share.

5.5.3 The Third Derivation

Finally, another translationally, parity, and time reversal invariant scalar operator
which annihilates |1//05 ) is given by

> SuAY, (5.5.13)

where AS is given by (5.4.35),

AS =" wapp [Su(SuSp) + (SaSp)Su + 2(s + 1)S4]

B
pa
(SaSﬂ)Sa(SaS )+ (SaS )Sa(SaS/S)
+ Z WapBy |:_ ys+1 z
By
B.y#a

+2(s +2), Soz(SﬁSy) - Sﬂ(SaSy) - (Sotsﬂ)sy:| .

With

Sa(SaSp)Se = Sa [Sa(SaSp) +iSa x S|
=@ +1)—1)8,88,

Sa(S48p)Sy = Sa [Sy (SaSp) — idpySa x Sp]
= (8aSy)(SaSp) +8pySaSp,
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which follows from (4.6.23, 4.6.24) and holds for « # B, y, we obtain

D SaAd=> wapp(25(s +1) = 1+2(s + 1) — 1] SaSp
a atp

SuSp)(SaSy) + (S¢S,)(SaS
+ Z waﬁy[_(5(5+1)_1)( o ﬁ)( o y3+§ o y)( o /3)
a,By
a#By
+2s(s + (s +2)88S, — (SaSp)(SaSy) — (SaSy>(SaS,s)}.
(5.5.14)
With (B.15) and (B.20), we find
N(N? +5) 1
D wupySpSy =s(s + D——(— +2 > wappSaSp — Esfm,
o, B,y a#p

aF#By

and therewith

D SuAS =25(s +2)(25 +3) D wuppSaSp
o ap

s(s+2)
- s+ 1 Z WaBy [(SaSﬂ)(SozSy) + (SotSy)(SaSﬁ)]
oy
a# By
N(N%*+5
+ 25(s +2)s(s + 1)2% —s(s+ D(s +2)82,.
(5.5.15)
We may rewrite this
1 s s+1 5
2s5(s +2)(2s +3) %l Sady + 2(2s +3) Siot
_ Z Sotsﬁ _ 1 Z (Sasﬁ)(SaSy) + (Sasy)(sasﬂ)
= —— —— —
e =gl 26+ D@ +3) S0 G —ip) O — 1)
a# By

s(s + D N(N2+5)

(5.5.16)
25 +3 12

In other words, we obtain the model Hamiltonian (5.3.40) for a third time.
The present derivation is the most complicated one, and does not yield any new
insights, except that it further strengthens the case that there is a certain uniqueness
to our Hamiltonian.
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5.6 The Case S = % Once More

Finally, we wish to demonstrate that the general spin § model introduced and derived
in this section includes the Haldane—Shastry model as the special case S = %

For § = % , the higher order interaction terms in the Hamiltonian (5.3.40) simplify,
as

3

1
(S485)% = —38aSp+ 1o @ # B, (5.6.1)

and
(SaSp)(SaSy) + (SaS,)(SaSp) = %Sﬁsy, a#tBFy#a (562
We can verify (5.6.1) and (5.6.2) with
(SuSp)(SaSy) = SpS,SS)
=S} (%3’7 + %sl’f"S{;) s/
- j-‘sﬂsy + %sa(sﬁ x S,), (5.6.3)

which holds only for § = % and o # B, y. Alternatively, since S 2 =0forS= %
1%, = 0 for all m, and (4.5.22) reduces to

—88Sy +2[(SaSp)(SaSy) + (SaSy)(SaSp)] + 208, SaSp =0.  (5.6.4)
For B = y and B # y, this yields (5.6.1) and (5.6.2), respectively.

Substitution of (5.6.1, 5.6.2), and s = % into the general Hamiltonian (5.3.40)
yields

| 272 1 1 1
H% 2 =" Z—(s Sg+ —SuS ——)
2 — 2 a9 p a”p
N2 | £ e — gl 12 32
24 @By (N — ﬁﬁ)(rla - 77)/)
a#Bty o
272 SaSp 1 NN?-1) 1 _, N
- N2 Z|na—nﬂ|2_3_2 12 48710 64
a#p
1 N(N2+5 1
_phs _ LNV HD) —S2. (5.6.5)

32 12 48
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The energy of the Haldane—Shastry ground state |W§IS> is hence with (5.3.41)
given by

HS s=1 272 1 N(N>+5) 2712 N(N? +5)
Ey” =E, N2 20 19 N2 aj
N+ 32 12 N 48

which agrees with (2.2.5). Note that as the derivation in (5.6.5) stands, we have lost
the information that HHS — E(I)'IS is positive semi-definite, due to the Stzot term. This
information, however, can be recovered if we take the last term on the left-hand side
of (5.5.7) into account. The spin S model we have derived here hence includes the
Haldane—Shastry model as the special case S = %
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Chapter 6
Conclusions and Unresolved Issues

The model—In this monograph, we have presented an exact model of a critical spin
chain with spin S. The Hamiltonian is given by

as =27 [ﬁ: SaSp
N2

2
wzp 1M = mpl
- 1 ﬁ (SaSp)(SaSy) + (SuSy)(SaSp) 6.1)
28+ 1D@S+3) Ty (e — 1) (M — 1y) ' '
aFpy
L2 . . . .
where n, = ¢'N% o = 1,..., N, are the coordinates of N sites on a unit circle

embedded in the complex plane. If we write the ground state of the Haldane—Shastry
model [1, 2], which is equivalent to the Gutzwiller state obtained by projection of
filled bands [3-5], in terms of Schwinger bosons,

|w(1){S>= Z wgls(Zl""’ZM)aZ"'asz$l"'bLMIO)
{z1szmwr e wiy )
= w§S[a’, b7110), 62)

where M = % and the wy’s are those coordinates on the unit circle which are not
occupied by any of the z;’s, then the exact ground state of our model Hamiltonian
(6.1) is given by

=) = (wiS[a", b"'])s 10). 6.3)

The ground state energy is

272 S(S+ D2 N(N? +5
Eg:_l(“ ( +)_ (6.4)
N2 25+3 12
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For § = %, the model (6.1) reduces to the Haldane—Shastry model. Since the model
describes a critical spin chain with spin S, the low energy effective field theory is
given by the SU(2) level k=2S Wess—Zumino—Witten model [6, 7].

The Hamiltonian was constructed from the condition

1 _ _
szg:Zn — (S)¥Ps5.  QS|vg)=0 Ve, (6.5)
p=1 o TP

Pt

which we obtained for § = % and for § = 1 from the two- and three-body parent
Hamiltonians of bosonic Laughlin and Moore—Read states in quantum Hall systems,
respectively, and then generalized to arbitrary spin.

Uniqueness and the quest for integrability—Starting with the defining condition
(6.5), we constructed a total of three translationally, parity, and time reversal invariant
scalar annihilation operator for the state (6.3)—one directly, and two by taking the
scalar products of vector operators. All three operators yielded the parent Hamiltonian
(6.1). This attests are certain uniqueness to the model.

Nonetheless, it is clear that the model is not completely unique. First, the ground
state (6.3) is trivially annihilated by all terms which annihilate every spin singlet.
For example, we could add the term

> (SaSio)’ (6.6)

with an arbitrary coefficient to (6.1). Then (6.3) would remain the ground state as long
as the operator HS — Eg were to remain positive semi-definite. (This ambivalence
was exploited in Sect.5.5.2, when we derived the alternative Hamiltonian (5.5.10).)
Another three-spin term which annihilates every spin singlet is given by (5.4.20),
even though this term is not suitable as it violates both parity and time reversal
symmetry. If we allow for four-spin interactions, there is a plethora of parity and
time reversal invariant scalar operators we could add.

Second, we could construct another parent Hamiltonian from the annihilation
operator

Sy S5S, N (8285
(e —np)?’

— Bl = 0va, (6.7
7701_77/5)(7701_77)/) A=l WIO ) @ 6D

o BF#a

which we derived in Sect. 4.4.2. This Hamiltonian will presumably contain five-spin
interactions.

The issue of uniqueness of the model is relevant to the question of whether the
model, or a closely related model, is integrable. Preliminary numerical work [8]
indicates that the model (6.1) is not integrable for finite system sizes, while the data
are consistent with integrability in the thermodynamic limit.
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Momentum spacings and topological degeneracies—The other highly important,
unresolved issue regarding the model concerns the momentum spacings of the spinon
excitations. In Sect.2.4.5, we proposed that the spacings for the S=1 model would
alternate between being odd multiples of §; and being either odd or even multiples
of . (Recall that odd multiples of % correspond to half-fermions in one dimension,
while even multiples represent either fermions or bosons.) Whenever we have a
choice between even and odd, this choice represents a topological quantum number,
which is insensitive to local perturbations. These topological quantum numbers span
an internal or topological Hilbert space of dimension 2/ when 2L spinons are present.
All the states in this space are degenerate in the thermodynamic limit. This topological
Hilbert space is the one-dimensional analog of the topological Hilbert space spanned
by the Majorana fermion states [9-12] in the vortex cores of the Moore—Read state
[13—15] or the non-abelian chiral spin liquid [16]. In Sect. 2.4.7, we generalized these
conditions for the momentum spacings to the models with arbitrary spin S > 1.

The first unresolved issue with regard to our proposal is whether it is correct.
In view of the established momentum spacings [17] for the spinons in the Haldane—
Shastry model, the construction of the state suggests that it is. Since the model
(6.1) is presumably not integrable, however, the momenta of the individual spinons
will not be good quantum numbers when more than one spinon is present. (This is
always the case, as the minimal number of spinons for the models with § > 1 is
two.) Nonetheless, the topological shifts can still be good quantum numbers. In this
regard, the situation is similar to the Moore—Read state, where, when long-ranged
interaction are present, the state vectors in the internal Hilbert space are degenerate
in the thermodynamic limit only.

Assuming that our assignment of the momentum spacings is correct, the next
question to ask is whether the picture applies only to the exact model we have
constructed in this monograph, or to a whole range of critical spin chain models with
S=1.If it applies to a range of models, as we believe, the topological space spanned
by the spinons may be useful in applications as protected cubits. The internal state
vector can probably be manipulated though measurements involving several spinons
simultaneously, but it is far from clear how to do so efficiently.

To study the spinon excitations systematically, it would be highly desirable to
apply the method reviewed in Sect. 2.2.4 for the Haldane—Shastry model to the general
model (6.1). Unfortunately, this does not appear straightforward. The problem arises
when we write out the S; Se S;‘ S, term along the lines of (2.2.36-2.2.40). When we

evaluated the S Sg term in the Haldane—Shastry model, we used the Taylor series
expansion (2.2.39) to shift the variable ng in the function
Y(Z1s e s Tjm1s By Zjtls -+ 5 ZM)
np

in (2.2.38) to z;. When we evaluate the action of the S; Se S}‘f S, termin the S=1
model, we need to shift “two variables” n, in the function

w(zlv"'azjfla n()lvzj+15""zk717 na5zk+17"'7ZM)

2
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via Taylor expansions, one to z; and one to zx. This yields for z; # zx

W(le-wr/a’--wna’-~-7ZM)

n3
-1 N—1
_ <na—z/~>lz(na—Zk)ma_lﬂw<zl,...,ZM> ©5)
= ! —= m! azlj ozy ZjZk
The sum over @ we need to evaluate is hence
N
> Ma(e =20l =20 ©9)

el (Mo _Zj)(ﬁa - Zk)
Na 722k

In the Haldane—Shastry model, the corresponding sum (2.2.40) is non-zero only for

[=0,1, and 2. In the present case, however, further terms arise for/ +m +1 = N.

These yield terms with very high derivatives when substituted in (6.8). It is not clear

whether an analysis along these lines is feasible.

Static spin correlations—Another open issue is the static spin correlation func-
tions of the ground state (6.3). We conjecture that it can be evaluated via a gener-
alization of the method employed by Metzner and Vollhardt [4] for the Gutzwiller
wave function.

Generalization to symmetric representations of SU(n)—The generalization of
the model to symmetric representations of SU(n), like the representations 6 or 10
of SU(3), appears to follow without incident. If we write the SU(3) Gutzwiller or
Haldane—Shastry ground state [18, 19] in terms of SU(3) Schwinger bosons bt rt, gT
(for blue, red, and green; see e.g. [20]),

[vo°) = ¥ [b7, rT g 10), (6.10)

the generalizations to the SU(3) representation 6 and 10 are given by
k
) = (wS[6". 7. ') 10), (6.11)
with k=2 and k=3, respectively. The generalization of the defining

condition (6.5) is

N

1 kg
Qf = Z Uy, Qlvg) =0 Ve, (6.12)
p=1 'l —nB
B#a
where I~ = r'b is one of the three “lowering” operators for the SU(3) spins.

We assume that the construction of a parent Hamiltonian along the lines of Chaps. 4
and 5 will proceed without incident. The momentum spacings in the SU(n) models
are likely to follow patterns which have no analog in quantum Hall systems, and
have hence not been studied before.
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Generalization to include mobile holes—It appears likely that the model can be

generalized to include mobile holes as well, a task which has been accomplished for
the § = % model by Kuramoto and Yokoyama [21].

Conclusion—We have introduced an exact model of critical spin chains with

arbitrary spin S. For § = %, the model reduces to one previously discovered by
Haldane [1] and Shastry [2]. The spinon excitations obey non-abelian statistics for
S > 1, with the internal Hilbert space spanned by topological spacings of the single
spinon momenta. There is a long list of unresolved issues, including the quest for
integrability and the viability of potential applications as protected cubits in quantum
computation.
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Appendix A

Spherical Coordinates

The formalism for Landau level quantization on the sphere developed in
Sect. 2.1.5 requires vector analysis in spherical coordinates. In this appendix,
we will briefly review the conventions. Vectors and vector fields are given by

r=rep,

v(r) = ver + veeg + vyey,

with
cos ¢ sin 0 cos ¢ cos 0 —sing
e.= | sinpsind |, eg= | sinpcosO |, e, =| cosg
cos 0 —sin6 0

where ¢ € [0,2n] and 0 € [0, 7). This implies

e xXey=e, ey Xe,=e, e,Xe =e,

and
Oe, Deg de,
%—397 W_ €, 80 _0’
g‘; =sinle,, (8,;; =cosle,, %L;;) = —sinfe, — cos O ey.
With
T T 00 T 0 rsin00¢
we obtain

Vo — i@(rzvr) n 1 O(sin Ovy) 1 v, 7
rr Or rsinf 90 rsinf O

M. Greiter, Mapping of Parent Hamiltonians, Springer Tracts in Modern Physics 244,
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B 1 O(sin Ov,) vy
v X”_efrsiw( a5

. 1 0Ov, 10(rvy)
0 rsin0dep r Or

e, (1 a(rvg) 1 6v,>’ (AS)

r Or ro0

, 19/(,0 1 a/. 0 1 &
—— (Pl Bl [ . A.
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Appendix B

Fourier Sums for One-Dimensional Lattices

In this appendix we collect and proof some useful formulas for the explicit
calculations of the Haldane—Shastry model. In particular, we provide the Fourier
sums required for the evaluation of the coefficients A; in (2.2.40) using two dif-
ferent methods, first by contour integration loosely following Laughlin et al. [1],
and second by Feynmanesque algebra.

For 1, = e% witha = 1,..., N the following hold:

(a)
Y =1 (B.1)
(b)
N
> nl = Nouo modN. (B.2)
a=1
©
N
[Ho=n)=n"-1. (B.3)
a=1
Proof The n, are by definition roots of 1. U
(d)
N N—-1
1 N
> T T (B4)
en—n, 0t -1
Proof Take 0% of (B.3) and divide both sides by n™ — 1. O
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(e)

Na
Z - 1'

a=1 n— na
Proof Substitute n, — ni, n— % in (B.4) and divide by (—7).
()

i m _N(N-1)(N-2)
a.fy=1 (na - ny)(nﬂ - 77",') 3 .
wtBrta

Proof Use the algebraic identity

a? b? c?
@a—b)a—o b-ab—0c (c—a)(c—b)

(@
« 1 _(N—1)(N-2)
ot.ﬁZ:I (e —Dmp—1) 3
B

Proof Substitute 1, — n,1,,15 — 11, in (B.6)

(h)

f(z) = , N>2,

with the contours shown in Fig. B.1 yields

N—1

>

Ol:]

ml

N-1
27112%1—11—770[ ¢

N Zm= 1
=— ¢ ————F—dz
27 Je(z—1)(2V = 1)
N m—1

2mi Jo (z—1)(ZV - 1)
N——— ——
=f(2)

(B.9)
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where we have first used (B.5) and then deformed the contour C such that the
radius of circle goes to infinity, used that the circle at infinity does not contribute to
the integral as the integrand falls off as at least 1/z> form <N, and finally
reversed the direction of integration to replace C by C'.

Since f(z) has a pole of second order at z = 1, the residue is given by

Fig. B.1 Contours for
integrations

. d 2 . g(2)
=lim (-1 =1 .
= dzuj._(.z.)/ zlg}gz(z)
=1/g(z)
With
1 ZN — 1 N k z—1
Z = = —m N7 BlO
2(z) T — ;z — (B.10)
'(2) EN:(k m)zkm1 NNAD Ly (B.11)
zZ) = — Z —_—— — 5 .
¢ =1 2
we obtain
N—1
n N+1
Z N :ch_]f( + )7m
a=1 Na — 1 2
Proof by algebra With the definition O
Nl
S, = e«
a=1 Na — 1
we find
N-1
W [—1,  1<m<N-1,
Sm-H Sm—;% {N—l, mzo
and
N—1 N-1
1
So = =) =5,
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where we substituted 1, — ni This directly implies
N -1 _(N+1)

S1:—S0:T and Sm 3 s 1<m§N
()
N—1
1 N-1
B.12
D e e (B.12)
Proof Use (B.9) with m = N. O
()]
N-1 m 2
N-—1 —1)(N — 1
Syt LoDV —m+ ) i<m<n. (B.13)
a=1 (na_]) 12 2

Proof by contour integration In analogy to the proof of (B.9) we write
N-1 " N-1

Z( —1) _Zm

a=1

Z — Ny
N Zm 1
T 2mJe(z - 1PN - 1)

N Zm—l
= }{ 5 dz
2mi Jor (z = 1)7(zV = 1)
—_—

=h(z)
where we have again used (B.5) and replaced the contour C by C'. As h(z) has a
now pole of third order at z = 1, the residue is given by

dz

1 d 3 [ g2 | (€R)
_ lim —(z—1)h =1
1=z (2= 1)7hG) T%( 2¢%(2) * g (2) v
=1/g(2)
With g(1) and g'(1) as given by (B.10) and (B.11) and

N
k=

Z k m_l)km72

1

z__)1>N(N+1)(2N—|—1) N(N+1)

we find after some algebra that —Nc_; equals the expression on the right of
(B.13). O

Proof by algebra With the definition
N-1 m

— Ny

a=1
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we find
N—1 nm
Ryi1 — Ry, = = =Sy
- 20T
and
R N—1 1
0= 2
a=1 (7711 - 1)
B N—1N—-1 1 N—1 1
a=1 p=1 (r/a - 1)(77/3 - 1) a,p=1 (r/a - 1)(77/3 - 1)
(a#B)
_ (N=1)(N-5)
B 12 ’

where we have used (B.12) and (B.8). This implies

Ruri=Ro+ S+ 5

n=1

:_N21;1+§:((N;r1)_n)

n=1
N’—1 m(N—m)
= + i
12 2
for1<m <N. O]
(k)
L G DNV =5) (B.14)
a=1 (na - 1)2 12
Proof Use (B.13) withm = N. U
@
N—-1 2
N-—1 N —
o _mN=m) <, (B.15)
a=1 |77a - l| 12 2
Proof Use (B.13) withm — m + 1. Ul
(m)
N
T, (B.16)
a=1 N — r]ﬂ

atp
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Proof Substitute 7, — nl, ng — nL,; in one of the terms or use (B.9) and (B.12).

O
(n)
N 1 1 2
Yoo -y . (B.17)
o M = Ngle =My Mgy |ng—
a#pB,y
B#y
Proof With
1 1 1 1
- ( - ) (B.18)
(e =) —1y) M=, \Ne =M N — 1y
and
N —
St NoL (B.19)
S Mamp 2 My
a#B,y
B#y
which follows directly from (B.9), we write
N
D B e e
=1 77_77,3%_77«/ a=1 ’7/3_77 77_77,3 not_ny
aFB,y aF#B,y
B#y B#y
Ng—MNy\ Ny =N Ng—1,
2n,
il
’7,3 - n",' 77/3 - ny
n 2
= ﬁ + 2.
Mg =M |ng—m,l
O

(o) For symmetric operators Ag, = A, it holds:

i w5 e Z Ap,. (B.20)

a,By=1 (ﬁa - 77,3)(7)11 - ny) By ‘r]ﬂ ﬁ;é;

Proof Use (B.17). O



Appendix C

Angular Momentum Algebra

In this appendix, we review a few very well known relations for angular
momentum operators [3, 4]. The components of the angular momentum operator J
obey the SU(2) Lie algebra

[J”, Jb] =i J¢ for a,b,c=x, Y, Z. (C.1)

Since [J?,J?] =0, we can choose a basis of simultaneous eigenstates of
J? and J7,

J|j,m)y =2 j(j+ 1) j,m),

7| j.m) = mjm). 2
where m = —j, ..., j. With J* = JX£iJY, we have
[J7,J*] = £J*. (C.3)
We further have
J+J— — (jX)Z + (Jy)z i i[./x, Jy} :Jz o (jz)Z + JZ, (C 4)
JTIt =1 - () - U '
and therefore
[JF,J7]=2J" (C.5)
Equations (C.3) and (C.4) further imply
JEjym)y =V j(j + 1) —m(m £1) | j,m — 1), (C.6)
where we have chosen the phases between J~|j,m) and |j,m — 1) real.
M. Greiter, Mapping of Parent Hamiltonians, Springer Tracts in Modern Physics 244, 187
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Appendix D

Tensor Decompositions of Spin Operators

In this appendix, we will write out the tensor components [3, 4] of all the tensors of
different order we can form from one, two, or three spins operators.

D.1 One Spin Operator

A single spin S transforms as a vector under rotations, which we normalize such
that the m = 0 component equals S* (see (3.5.10) in Sect. 3.5). The components of
V™ are 1

Vie——5s*
\/z ?
& :\%[s—,v‘} =5, (D.1.1)
1 1
Viie—[s,V]=—25".
A=

D.2 Two Spin Operators

Since each spin operator transforms as a vector, and the representation content of
four vectors is given by
191=00102,

we can form one scalar, one vector, and one tensor of second order from two spin
operators S; and 5. The scalar is given by

1 _ _
U =588 = 5(S,*S2 + S785) + 8785 (D.2.1)
M. Greiter, Mapping of Parent Hamiltonians, Springer Tracts in Modern Physics 244, 189

DOI: 10.1007/978-3-642-24384-4, © Springer-Verlag Berlin Heidelberg 2011
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and the vector by —i(S; x S;). Written out in components, we obtain
i 1
V2 V2

VY = —i(S) x §,)" =

Vi, =—=(S; x8)" (8785 —5787),

(S8, —8785), (D.2.2)

N —

i

— 1 — QZ Z O—
ﬁ(slxsz) =— (85785 — 5785).

v, = 7

With regard to the 2nd order tensor, note that ;S is the only operator we can
construct with two spin operators which raises the S, quantum number by two. It
must hence be proportional to the m = 2 component of the 2nd order tensor. As
there is no particularly propitious way to normalize this tensor, we simply set the
m =2 component equal to S;SJ, and then obtain the other components using
(3.5.9). This yields'

T122 = S1+S2+7

1

Tllz = D) [S; +5, T122] - 78%5; - STS;

0 1 — — 1 1 7 QZ + Q- - qt
T12 :76 [Sl + S2 ,T12] - %(4S1S2 - Sl S2 - Sl Sz ),

1

To' = 7[5 +5.Th] = 55, +5,53,

_ | S e
T} = 5 (S + 85,15 =51S,. (D.2.3)

Equations (D.2.1) and (D.2.3) imply

1 2 1
E(STS; +51752+) :gslsz —%Tloz, (D.2.4)
7 QZ 1 1 0
1S5 :§SISZ+76T,2. (D.2.5)
Combining (D.2.4) with (D.2.2) yields
+ o— 2 . z 1 0
Sl S2 :gslszfl(sl XSz) 7%le,
; O (D.2.6)
S;SSL :55152+1(Sl XSZ) 7%le.

! We denote general tensors of order j with T) and 2nd order tensors with 7.


http://dx.doi.org/10.1007/978-3-642-24384-4_3

Appendix D: Tensor Decompositions of Spin Operators 191

For 81 = 8,, (D.2.6) reduces with §; x §; =1iS; to

__2 , 1
Sf&::55f+sl—;%Tﬁ,
2, . (D.2.7)

D.3 Three Spin Operators

Since
10101=0563-162-263,

we can form one scalar, three vectors, two tensors of second order, and one tensor
of third order, from three spin operators S;, S,, and Sj.
The scalar is given by

U123 = —iS](Sz X Sg)
1
=5 St (S;r Sy =85 S;L) + 2 cyclic permutations

1

2(STS2+S; + 878, S5+ S; 858y

— 818, ST — 87 STt — S7SLSy). (D.3.1)

The three vectors are given by
51(5253), Sl(SQ)S3, and (S152)53, (D32>
where the scalar product in the second expression is understood to contract

S| and S3. The components for each m are according to the conventions specified
in (D.1.1). For later purposes, we write for the m = 0 components,

1
Vo iz = S1(85283) = §(Sf52+55 + 8185 S3) + 818553,
Z 1 — QZ Z Q— Z QZ QL
V2,123 =81(83)83 = E(Sl 38y + 818585 ) + S183S5,

1
Vg,m = (SISZ)S§ = E(stgsﬁ + STSELSQ + STSES; (D-3-3)
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To obtain a tensor operator of second order, or more precisely the m =2
component of it, all we need to do is to form the product of the m = 1 components
of two vector operators constructed out of the three spins, like S; and —i(S; x S3)
or —i(S; x S,) and S3. In this way, we construct the tensor operators of second
order

Ta2,123 = —iS{(S2 x 83)",

_ (D.3.4)
T/;2,123 = —I(Sl X Sz)+S+

The other components are obtained as in (D.2.3). As we are primarily interested in
the m = 0 component, we may use (D.2.3) directly to write

51052 x 87 = 57 (52897 = 57 (82 x 82

1 z — - —Qz 7z q—
= %[251 (8785 — 8757) — 578,85 + Sf838;

0 _
Ta,123 -

+ ;S5 SE— 878587, (D.3.5)

and similarly for Tz?, 123> Which can be obtained from Tbo_ 123 by a cyclical
permutation of the superscripts +, —, z. Note that there is no third tensor of this
kind, as the sum of the three tensors obtained from (D.3.5) by cyclic permutations
of the superscripts equals zero.

We obtain the tensor of third order with the method we used to obtain the
second order tensor (D.2.3) formed by two spins:

W1323 = —STS;S;,

2 | S
Wi = 76 Sy 485 + 55, Wi
1
= ——[8;, 5155 S + 2 cycl. permutations
V6 ‘
2 ot gt ;
= §S1 S, 83 +2 cycl. permutations,
1 Ut o o w2
Wix = (S +8; + 55, Win]

([, 818y S§ + S7[S, + S5, S587]) +2 cycl. permutations,

(Sl Sy Sy —487853S7) + 2 cycl. permutations,

- 3-8
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Il o o
Wiy = \/—1—2[51 +8; + 55, Wi
1 — — — — — Z QZ
~ov3 (ST[Sy + 85,85 S3] — 4[Sy + 8, 8783185
—48185[S5,87]) + 2 cycl. permutations
1 4
= v (S Sy S5+ 5 permutations) + %STSES_%,
_ 1
Wiss :—1[51 +8; + 55, Wiy
1
= ——— (88, Sy — 48, 5,5%) + 2 cycl. permutations,
\/ 15
_ 1
Wi = 75“'+S+%,MM
2
= \/; S1S; 85+ 2 cycl. permutations,
_ 1
W133 76[5 +5 +S37W123]
=S85 S5

The permutations here always refer to permutations of the superscripts +,

193

(D.3.6)

— %, as

otherwise we would have to assume again that none of the three spin operators are

identical. In particular, writing out the m = 0 yields

1 — Z Z Q— Z Q—
75(81 STS% 4+ S/ SLS; + 818y St

4
+ 878, S5+ S;S5Sy + 8578 Sy) + ﬁsfsgsg.

0
W123__

Combining (D.3.3) and (D.3.7), we obtain

Z QZ QZ 1
$18,85 = 3 (Vom + V}?m +V, 123) 2\/- W3,
and hence
1 Z — — Z QZ QZ
551 (8785 +8,8) = V2,123 - 51583
4 o s s 0
=3 Vaio — 5 Vi3 — 3 Ve — 2\/— Wins-

From (D.3.1) and (D.3.5) we obtain

(D.3.7)

(D.3.8)

(D.3.9)
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1 o 1 1
3S1(8 S5 = 8,87) =3 Uns v T s (D.3.10)

Combining (D.3.9) and (D.3.10) we finally obtain

1 1
= T0 = W
\/6 a,123 2\/5 123

1 1
= +§Sl(52 X S;) + g [4 ST(stg) — Sl(Sé)Sg — (Slsz)Sﬂ
1 1
4 0 0

7 Ty 103 — WG Wiss,

- 1 1
SiSy Sy = +3 Uios + 5 (4 V£,123 - Vz?,123 - Vé),m) +

(D.3.11)
% T£123 - % Wihs
= _%sl(s2 x 83) +% [4 57(8283) — $1(83)S5 — (5152) 53]
e T =5 Wi

o 1 1
518y Sy = 3 Ut +§ (4 Voo — VI(7),123 - Vc0.123) -

(D.3.12)
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