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We propose a set of spin system wave functions that is very similar to lattice versions of the Laughlin
states. The wave functions are conformal blocks of conformal field theories and for a filling factor of
v = 1/2 we provide a parent Hamiltonian, which is valid for any even number of spins and is at the same
time a 2D generalization of the Haldane-Shastry model. We also demonstrate that the Kalmeyer-Laughlin
state is reproduced as a particular case of this model. Finally, we discuss various properties of the spin
states and point out several analogies to known results for the Laughlin states.
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Phenomena in strongly correlated systems are generally
hard to understand and describe, and therefore, simple
model systems exhibiting various behaviors are important
guides. Laughlin’s wave functions [1]
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e.g., have played a key role in explaining the fractional
quantum Hall effect, and this has triggered interest in
understanding the nature of these states in depth. [The
complex numbers Z, are the positions of the particles in
the complex plane, v is the Landau level filling factor, and
the product of the single-particle phase factors ¥(Z,) is the
gauge factor.] Finding parent Hamiltonians for wave func-
tions is also very useful because it tells us how the behavior
described by the wave function can be associated to the
interactions between the particles in the system, and it can
guide us to find experimental situations where such a
behavior occurs, even if the Hamiltonian itself cannot be
implemented directly.

In 1987, Kalmeyer and Laughlin (KL) introduced the
v = 1/2 bosonic Laughlin state on a square lattice [2].
Such models are expected to play a crucial role in under-
standing topological phases of lattice systems, in very
much the same way as Laughlin states do in bulk.
Furthermore, they may open up the door [3] for the experi-
mental realization and investigation of Laughlin-like states
under very well-controlled conditions in optical lattices.
The KL state has been further investigated in [4,5], but it
has been a long-standing problem to find a parent
Hamiltonian for the state. Within the last few years,
Hamiltonians have been found that are exact in the ther-
modynamic limit [6-8]. In this Letter, we take a different
approach in which we propose to slightly modify the
Laughlin states. The modification enables us to find a rela-
tively simple Hamiltonian, containing only two- and three-
body interactions, which is exact also for finite systems and
arbitrary lattices. We demonstrate that the modified states
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are very close to the original Laughlin lattice states for finite
systems, while they are exactly the same in the limit of an
infinite square lattice.

As in the spirit of [9], the wave functions we propose are
chiral correlators of conformal blocks. The key element in
the derivation of the Hamiltonian is to exploit that this
structure allows us to apply rules from conformal field
theory (CFT). Using the properties of null fields in CFT,
we have recently derived [10] nonuniform and higher spin
generalizations of the 1D Haldane-Shastry (HS) model
[11,12], and in this Letter, we extend these results further
to obtain a generalization of the HS model to 2D. Previous
work on finding parent Hamiltonians for the KL state on an
infinite lattice has in part been inspired by the original HS
model. Here, we complete this idea by demonstrating that
the HS state and the KL state are in fact two limiting cases
of the same model.

In addition, we characterize the most important
physical properties of the modified states, including
correlation functions, topological entanglement entropies
(EEs), and entanglement spectra. It has been noted numeri-
cally that for some fractional quantum Hall states, the
entanglement spectrum corresponds to the spectrum of
the CFT that defines the wave function on the boundary
[13]. Utilizing the particular structure of the proposed
wave functions, we are here able to show analytically
that the entanglement spectrum for a two-legged ladder
(as defined in [14]) exactly corresponds to the 1D CFT with
central charge ¢ = 1 for v = 1/2, and we trace this back to
the fact that the Yangian symmetry is inherited at the
boundary.

Wave function.—The wave functions we propose de-
scribe the state of N spin 1/2 particles at positions
71, .-+, Zy in the complex plane, where N is even. They
are chiral correlators of products of vertex operators
o (z,) = eN@sue(): [15], where :...: means normal
ordering, « is a positive parameter, s, = *1 is twice the
z component of the nth spin, and ¢(z,,) is the field of a free
mass-less boson, i.e., [15],
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Here, 6, = 1 for 3,5, = 0 and &5 = 0 otherwise, and the
phase factors Xp,s, can be chosen at will, since the chiral
correlator is only defined up to a phase. For a = 1/2, we
shall always choose x,, = explim(p — 1)(s, + 1)/2],
since this ensures that (2) is a singlet [16].

For @ = 1/4, we note that (2) can be written (up to an
overall phase) as a Slater determinant of the single-particle
wave  functions  ¢(z,) = 2 (X1 / X~ D T X
(zy — zn) Y2, k=1,2,...,N/2. [We use the convention
that [,,+,, is the product over m and n, whereas [],,,(+,) is
the product only over m.] The states i,(z,,) are not ortho-
normal, but can be made so without changing the Slater
determinant. We can therefore regard (2) as the state of
N /2 noninteracting fermions. This simplification enables
us to use exact numerical computations rather than
Monte Carlo simulations for ¢ = 1/4 when we compute
properties of the wave functions below. The v =1
Laughlin state can also be written as a Slater determinant,
and indeed we shall see in a moment that « = 1/4 corre-
sponds to v = 1.

Connection to the Laughlin states.—We next investigate
the statement that (2) is similar to lattice versions of the
Laughlin states, which are in turn closely related to the
continuous Laughlin states. We expect the correspondence
to be approximately valid for all lattice configurations for
which the distribution of the lattice points is not too far
from uniform and also if the complex plane is mapped into
other geometries. We shall here consider the case of a
(finite) square lattice in the complex plane since it is
mathematically convenient and the case of an approxi-
mately uniform distribution on the sphere because this
geometry eliminates all boundaries.

It has been speculated in [17] that the KL state is
proportional to the conformal block in (2) with @ = 1/2
on an infinite square lattice. Here, we proof explicitly in the
Supplemental Material [16] for the case of a 2M X 2M
square lattice centered at the origin and with lattice con-
stant b = /47« that the ratio between (2) with appropri-
ately chosen x,,, and (1) with v = (4a)~ ! is given by

4M?

[T 1)/ foolzn)leHsn 3)

n=1

up to an irrelevant overall factor, where f,(z,,) = (z,/b) X
l'[jfgn)(l — 2,/2,)" . In particular, the two wave func-
tions coincide for M — oo. In brief, we prove this result by
transforming the spins into hard-core bosons by writing
s, = 2q, — 1, q, € {0, 1}. This allows us to express (2) in
terms of f,,(z,). We then take the limit M — co, compute
fo(z,) by algebraic methods, and compare the result to (1).

We note that the correct density of particles is obtained by
scaling the lattice constant rather than by changing the
filling factor of the lattice. As a consequence, the lattice
filling factor, which is always 1/2, only coincides with the
Landau level filling factor » for a = 1/2. Figure 1(a)
demonstrates that |f);(z)| = |f«(z)| already for a 10 X 10
lattice, and thus there is a close relationship between Egs.
(1) and (2) even for small systems.

The model can be mapped from the complex plane to the
unit sphere with polar angle # and azimuthal angle ¢ by
the stereographic projection z = v/u, where u =
cos(6/2)e!*/? and v = sin(6/2)e~¢/2. A small computa-
tion shows that p;; = (v;u; — u;v;)”" and also the wave
function (2) are invariant under SU(2) transformations of
the pair (u, v). Note that d;; = 2|p;;|~" is the shortest
distance d;; = |n; — n;| between spin i and spin j, where
n; = (sin(;) cos(¢;), sin(H;) sin(¢;), cos(d;)) is the posi-
tion vector of spin i. Writing s, = 2¢g,, — 1 as before, we
find that (2) is proportional to the Laughlin wave function

on the sphere [TV, pmd?/” [18] with » = (4a)~! except
for an extra factor of [, prel". Figure 1(b) shows that
ITTn(n)Pum| varies only little with n for N = 100, and so
the correspondence between the proposed wave functions
and the Laughlin states is again approximately valid [note
that the phase of [,,(x, p2adn can be absorbed in Xns, |-
Here, and in the following, we choose the distribution of the
spins on the sphere by minimizing Y, jdi;z numerically.
Hamiltonian.—For a = 1/2, the vertex operators can be
regarded as representations of spin 1/2 fields in the SU(2),
Wess-Zumino-Witten (WZW) model. Using properties of
null fields in this model and the Ward identity, we derive
[16] a set of positive semidefinite and Hermitian operators

1 2i _
H; = 3 Z lw;i* — 3 Z WiiwiSi + (S; X Sp)
J(Fi) J#k(Fi)
2 , y R
+§Z|WU| Sl'Sj+§ Z w,jw,ijSk, (4)
J(F0) JEK(FQ)

i =1,..., N, which annihilate the state (2). In (4), Wi =
g(z;)/(z; — z;) + h(z;), where g and h are arbitrary
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FIG. 1. (a) Comparison between —In[|fs(z)|]] and

—1In[|fe(2)|] = 7lz|?/(2b%) + constant. The points almost fall
on a straight line with unit slope (solid line). (b) Plot of
ITTu(%m) Pum| as a function of n for 100 spins on a sphere.
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functions of z;, and S; = (S7, S7, S3) is the spin operator of
the ith spin. It follows that (2) is the ground state of H;, and
thus also of H = 3 ;H,;/4 + (N + 1)3; S, - S,/6.

We note that H reduces to the HS Hamiltonian [11,12]
when z, = exp(27in/N) and w;; = 27;/(z; — z;) — 1, and
the construction is hence a generalization of the HS model
to 2D and nonuniform distributions of the spins. In [16], we
show that if the ground state is degenerate, then the addi-
tional ground states will not satisfy the Knizhnik-
Zamolodchikov (KZ) equation [19]. The KZ equation is
derived from the Sugawara construction that builds the
Virasoro generators in terms of the Kac-Moody currents.
So a degeneracy would indicate theories obeying the Kac—
Moody but not the Virasoro algebra. It would be surprising if
such theories exist, and we therefore expect the ground state
to be unique. Exact diagonalization of H for small systems
[see Fig. 2(a) for examples] also suggests uniqueness.

On the sphere, we can obtain a Hamiltonian, which is
invariant under SU(2) transformations of (u, v) by choos-
ing H=Y,lu;|2[H" + H?], where H" [H?] is (4)
with w;; = 1/(z; — z;) [w;; = z;/(z; — z;)]. Finally, we
note that a Hamiltonian for the case a = 1/4 can be
constructed by summing single-particle Hamiltonians,
each of which is the identity minus the sum of the projec-
tions onto the orthonormalized single-particle states.

Properties.—To further demonstrate the closeness be-
tween (2) and the Laughlin states, we compute various
properties of (2) in the following. We note that all the
numerical results presented below except those related to
entanglement spectra are independent of /s .

Spin-spin correlation function: Since the systems we
consider are too big for exact numerical computations,
we use the Metropolis Monte Carlo algorithm to compute
the spin-spin correlation function
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FIG. 2 (color online). (a) Low-lying part of the energy spec-
trum fora2 X 3 (+ )and a4 X 3 ( X ) square lattice centered at
the origin. (The horizontal axis shows the degeneracy.)
(b) Averaged spin—spin correlation function for 200 spins on
the sphere as a function of the distance between the spins. The
error bars are of order a few times 1075, and so the results are
only converged for d < 1.2. The symbols encode the sign of the
correlations (plus for positive and circle for negative).

For a = 1/2, the state is SU(2) invariant and so (SfS?) =
5ab<Sf-Sj>, a, b = x, y, z. Figure 2(b) shows the average of
the spin—spin correlation function for 200 spins on the
sphere and @ = 1/2 as a function of the distance between
the spins. For a given d, the average is taken over all spin
pairs for which the distance d;; between the spins falls
within the interval [d — €, d + €], where € = 0.005. As for
the Laughlin state with » = 1/2, we observe antiferromag-
netic oscillations and exponential decay of the correlations.

The dependence of the spin-spin correlation function on
« is investigated in Fig. 3. Except for «a close to 0.25, we
find that the correlator decays approximately as
exp(—d/€), where d is the distance between the spins
and ¢ is the correlation length. Numerical estimates of
&1 are shown in Fig. 3(a). We also find that antiferromag-
netic oscillations occur above a = 0.25, but not below.
This observation is consistent with the lack of oscillations
in the correlation function for the » = 1 Laughlin state and
the presence of oscillations for filling factors below unity.
It is also consistent with the conjecture that the transition
occurs precisely at v = 1 [20,21]. The transition is illus-
trated in plots (b)—(d). Finally, an analytical expression for
the correlation function of the continuous » = 1 Laughlin
state on the sphere has been found in [22], and the figure
shows good agreement on intermediate length scales.

EE: The possibility of having quasiparticles with frac-
tional statistics is a very important aspect of the Laughlin
states, and it is therefore very relevant to check whether (2)
also has nontrivial topological properties. Here, we study
the EE, since this allows us to extract the total quantum
dimension D [23]. More precisely, if we divide a system
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FIG. 3 (color online). (a) Inverse correlation length as a func-
tion of & for 100 spins on a sphere. (b—d) Averaged spin—spin
correlation function as a function of the distance between the
spins for (b) a =024, (c) a=0.25, and (d) a = 0.26.
The error bars in (b) and (d) are of order 10~ for all points,
while the results in (c) are exact. The solid curve in (c) is minus
the expression for the correlation function of the continuous
v = 1 Laughlin state on the sphere found in [22].
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into two subsystems A and B and the system is gapped, the
EE has the form aP — vy + ... [24], where a is a constant,
P is (proportional to) the length of the boundary between A
and B, —v is called the topological EE and fulfils y =
In(D) [24,25], and the ellipsis stands for terms that vanish
for P — oo. For Abelian systems, D? is the number of
different quasiparticles one can get by fusing the funda-

mental quasiparticles in the system, and so D = \/I/_V for
the Laughlin states with 1/v € N [23].

The linear increase of the EE with P is confirmed in
Fig. 4(a). We use here the Rényi entropy S(L2) =
— In[Tr(p3)], where p, is the reduced density operator
of the spins in region A, because this quantity can be
computed efficiently using Monte Carlo methods [26,27].
The boundary between A and B is assumed to be the circle
6 = 6;, where 6; is defined such that the area on the
sphere with § < 6, relative to the complete area of the
sphere equals L/N. The length of the boundary is then
proportional to P = (L/N)"/2(1 — L/N)"/2, and the steps
in the EE appear due to the discreteness of the positions of
the spins. For the Laughlin states, there are more ways in
which the system can naturally be divided into two parts,
and previous studies [28,29] have computed EEs for both
orbital partitioning, in which region A involves a subset of
angular momentum eigenstates, and particle partitioning,
in which a particular subset of the spins comprises part A of
the system. We note that such complications do not appear
here, since the spins are fixed at specific positions.

The topological EE cannot be read off reliably from
Fig. 4(a) because small errors in the linear term due to
irregularities in the boundary easily become dominant.
Instead, we use the method proposed in [24], which elim-
inates the linear term by considering a linear combination
of EEs of suitably chosen regions. The results in [24] are
for the von Neumann entropy, but it has been shown in [30]

that y = In(D) also holds for S(LZ) when region A is a
topologically trivial region. For &« = 1/4, we find y = 0,
and for @ = 1/2, we get —y = —0.341 = 0.057 from a
Monte Carlo simulation involving 160 spins on a sphere.
Both results are consistent with the expected values [0 and

a = 0.50 i
—17.080P — 0.317

a=0.2
---11.132P + 0.050

N =200

0 0.1 0.2 0.3 0.4 0.5

P=IL/N\/i-L/N

FIG. 4 (color online). (a) Rényi entropy S(Lz) = —In[Tr(p3)]
for 200 spins on a sphere for @ = 1/2 (blue circles) and a =
1/4 (green crosses) when region A is chosen to be the L spins
that are closest to the North Pole. The solid and dashed lines are
linear fits. (b) The coefficients in (6) for N = 12.

—1In(2)/2 = —0.347, respectively] and with the results
obtained for lattice models in [31].

Entanglement spectrum: It has turned out (typically
from numerical studies) that the low-lying part of the
entanglement spectrum, defined as the eigenvalues of
—In(p,), is often related to some theory on the boundary
of A [32]. Utilizing the particular structure of the wave
functions (2), we can here derive such a connection analyti-
cally for the case of @ = 1/2 and N spins distributed
uniformly on two rings in the complex plane; i.e., the spins
are at the positions exp[27(2in = x)/N], where n =
1,2,..., N/2. Specifically, we prove in the Supplemental
Material [16] that p, (the reduced density operator of the
inner ring) is invariant under Yangian transformations,
which means that — In(p,) is a linear combination of the
invariants in the HS model. More precisely, we can write
—In(p,) as a linear combination of the identity H,, the
tWO—bOdy operator H2 = 22;1¢msn ) sznzm/zirm Zom =
Zy — Zm» the three-body operator Hz = —iY,.,,+,S,
(S, X'S,)2n2mZp/ (ZumZmpZpn)» and operators with higher
body interactions, which we write as H, [33]. Considering
these operators as normalized vectors |H;) with inner
product (H;|H;) = Tr(H,-Hj)/[Tr(H%)(sz.)]l/z, we can
write

| —In(p,)) = colHp) + c3|Hy) + c3|H3) + ¢,|H,). (6)

The coefficients are given for N = 12 in Fig. 4(b). We note
that the above results do not generalize to the case of more
than two rings.

Conclusion.—We have proposed a set of spin system
wave functions that is in many respects analogous to the
Laughlin states. The proposed mapping between spin states
and Laughlin states builds on CFT and demonstrates the
usefulness of CFT as a tool to gain insight into many-body
systems. We believe that similar mappings can be found
also for other quantum Hall states. In particular, one can
obtain spin analogies of the Moore—Read state by general-
izing the higher level 1D spin models proposed in [10] to
2D, which can be done straightforwardly.

The analogy between Laughlin states and spin states can
be carried even further since the method proposed in [9] to
incorporate quasiholes by introducing additional confor-
mal operators can also be used for the state (2). As for the
Laughlin states, one can interpret the square of the norm of
the spin wave function as a particular charge distribution,
and we expect this distribution to screen the quasiholes. It
follows immediately from the construction that the analytic
continuation properties of the wave functions are the same
as for the Laughlin states with quasiholes. It would be
interesting to investigate these ideas further.

The authors acknowledge discussions with N. Read.
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