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Abstract: Recent vigorous investigations of topological order have not only discovered
new topological states of matter, but also shed new light on “already known” topological
states. One established example with topological order is the valence bond solid (VBS)
states in quantum antiferromagnets. The VBS states are disordered spin liquids with no
spontaneous symmetry breaking, but most typically manifest a topological order known
as a hidden string order on the 1D chain. Interestingly, the VBS models are based on
mathematics analogous to fuzzy geometry. We review applications of the mathematics of
fuzzy supergeometry in the construction of supersymmetric versions of VBS (SVBS) states
and give a pedagogical introduction of SVBS models and their properties. As concrete
examples, we present detailed analysis of supersymmetric versions of SU(2) and SO(5)
VBS states, i.e., UOSp(N|2) and UOSp(N |4) SVBS states, whose mathematics are closely
related to fuzzy two- and four-superspheres. The SVBS states are physically interpreted as
hole-doped VBS states with a superconducting property that interpolates various VBS states,
depending on the value of a hole-doping parameter. The parent Hamiltonians for SVBS states
are explicitly constructed, and their gapped excitations are derived within the single-mode
approximation on 1D SVBS chains. Prominent features of the SVBS chains are discussed in
detail, such as a generalized string order parameter and entanglement spectra. It is realized
that the entanglement spectra are at least doubly degenerate, regardless of the parity of bulk
(super)spins. The stability of the topological phase with supersymmetry is discussed, with
emphasis on its relation to particular edge (super)spin states.
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1. Introduction

Strongly correlated systems, such as cuprate superconductors, quantum Hall systems, and quantum
anti-ferromagnets (QAFM), have been offering arenas for unexpected emergent phenomena brought
about by strong many-body correlation. In particular, the study of QAFM bears the longest history since
Heisenberg introduced the celebrated quantum-spin model [1,2] and Bethe [3] found the first non-trivial
exact solution to the quantum many-body problem, and it is still providing us with attractive topics in
modern physics. Generally, in the presence of a many-body interaction, it is very hard to obtain exact
many-body ground-state wave functions, and even if possible, it is rare that we are able to write them
down in compact and physically meaningful forms. Fortunately, in the above mentioned three cases
(superconductivity (SC), quantum Hall effects (QHE), and QAFM), the paradigmatic ground-state wave
functions have been known and greatly contributed to our understanding of the exotic physics of these
systems: the Bardeen-Cooper-Schrieffer (BCS) state [4] for SC, the Laughlin wave function [5] for QHE
and for QAFM, the valence bond solid (VBS) states [6,7], which are the exact ground states of a certain
class of quantum-spin models called the VBS models. In the present paper, we give a pedagogical review
of the VBS models and their supersymmetric (SUSY) extension, i.e., the supersymmetric valence bond
solid (SVBS) models [8-10], with particular emphasis on their relation to fuzzy geometry. The VBS
models had been originally introduced by Affleck, Kennedy, Lieb and Tasaki (AKLT) [6,7] as a class
of “exactly solvable” models that exhibit the properties conjectured by Haldane [11,12], namely the
qualitative difference in excitation gaps and spin correlations in one-dimensional (1D) QAFM between
half-odd-integer-spin and integer-spin cases.

As with other quantum-disordered paramagnets, the VBS states have a finite excitation gap and
exponentially decaying spin correlations. However, the VBS states are not “mere” disordered
non-magnetic spin states; the spin-S VBS states necessarily have gapless modes at their edges or,
more specifically, emergent spin-S/2 edge spins [13,14]. This might remind the readers of the (chiral)
gapless modes at the edge of the QHE systems, where excitations are gapful in the bulk (see Figure 1).
Similar features are found in topological insulators, as well, [15—17] and considered as a hallmark of the
topological state of matter. Furthermore, in 1D, the VBS states are known to exhibit a non-local order,
called the hidden string order [18,19]. What is prominent in the VBS states is that they most typically
exhibit a certain kind of topological order even in 1D, while QHE needs at least 2 D to work. This
is a great advantage for the investigation of the VBS states, since in 1D, most calculations of physical
quantities can be carried out exactly by using the matrix product state (MPS) representation [20-25]
combined with the transfer-matrix method.

Since the topological character of a system is believed to be encoded in the many-body
ground-state wave functions rather than in its Hamiltonian one, the relatively simple structure of the
VBS wave function is suitable to investigate its topological properties by using such modern means as
entanglement entropy [26,27] or the entanglement spectrum [28]. For the above reasons, the VBS states
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or, more generally, the MPS as a class of model states that satisfy the so-called area-law constraint [29]
have attracted renewed attention as a “theoretical laboratory” in the recent study of topological states of
matter. In fact, the MPS representation is now regarded as a natural and efficient way to describe quantum
entangled many-body states and for a given (1D) Hamiltonian, the density matrix renormalization group
(DMRG) [30] provides a powerful tool to find the optimized variational wave function in the form of
MPS (see [31-33] for more details about the MPS method and DMRG). The key idea here is that for
generic short-range interacting systems, only a small part of the entire Hilbert space is important, and
depending on the problems in question, there are variety of ways to parametrize this physically relevant
subspace. Although the Wigner’s 3j-symbol may give a convenient description of SU(2)-invariant
MPS states [34—-36], we adopt in the present paper the Schwinger-particle formalism (see, for instance,
chapters 7 and 19 of [37]) to emphasize the analogies to the lowest Landau level physics. The list of
possible applications includes a convenient description of gapped quantum ground states [29,38,39], as
well as its application to efficient simulations of dynamics [40—45] and variational calculations [46—49].
Due to their simple structure, the entanglement entropy of the VBS states comes only from the bond(s)

cut by the entanglement bipartition [50-53].

Figure 1. (Color online) Physical analogies between quantum Hall effects (QHE) and
valence bond solid (VBS) state. The bulk excitation on QHE is gapful, while the edge mode
is a gapless (chiral) mode. Meanwhile, the bulk excitation on the VBS state is gapful while

the motion of edge spins is a freely rotating gapless mode.

Quantum Hall Effect
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In some “anisotropic” MPSs, it is known that generalized quantum phase transitions (QPT) occur
as the parameters contained in the MPSs are varied [54-57]. However, a remark is in order about the
interpretation of this kind of “quantum phase transitions” in MPS. Normally, these QPTs in MPS are
characterized by the divergence of spatial correlation lengths [57]. In generic lattice models, on the
other hand, the diverging spatial correlation does not necessarily mean the vanishing of the excitation
gap, while in the Lorentz-invariant systems, these two occur hand-in-hand. In fact, by the structure of
MPS, the block (with size L) entanglement entropy never exceeds the L-independent value, 2 1n D [58]
(with D being the dimension of the MPS matrix), while in quantum critical ground systems, whose
low-energy physics is well described by conformal field theories, the block entanglement entropy is
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proportional to In L [58-60]. Therefore, one should take the QPTs in MPS mentioned above in a wider
sense. This kind of phase transition in the VBS-type of states in 2D have been discussed in [54,55].

Finally, we would like to mention the recent application of MPS to the classification of the gapped
topological phases in 1D. As is well-known, there is no true topological phase characterized by
long-range entanglement [61,62]. However, if certain symmetries (e.g., time reversal) are imposed,
topological phases characterized by short-range entanglement are possible. Since this kind of topological
phase is stable only in the presence of certain protecting symmetries, they are called symmetry-protected
topological (SPT) [63]. As has been mentioned above, an appropriate choice of MPS faithfully
represents any given gapped (short-range entangled) ground state. Therefore, the problem of classifying
all possible gapped topological phases reduces to classifying all possible MPSs by using group
cohomology [61,62,64]. This program has been carried out for such elementary symmetries as
time-reversal and link-parity in [65,66] (for the fermionic systems, see [67,68]) and for the Lie-group
symmetries in [69,70]. Topological quantum phase transitions among these SPT phases have been
discussed in, e.g., References [63,71,72].

In a sense, the second important keyword of this paper, fuzzy (super)geometry obtained by
replacing the ordinary (commuting) coordinates with non-commutative ones, is again closely related
to Heisenberg, who made a pioneering contribution in physics when he had built quantum mechanics
on the basis of non-commuting phase-space variables. Snyder first substantiated Heisenberg’s idea
of non-commutative coordinates in his paper “quantized space-time” [73] (see [74] for Heisenberg’s
contribution to the original idea of non-commutative geometry and related historical backgrounds.)
In fact, the VBS models have many interesting connections to QHE and fuzzy geometry. To explain
the interesting relationship among them, let us begin with an analogy between the VBS states and
the Laughlin wave functions of fractional quantum Hall effects (FQHE). Soon after the proposal of
AKLT [6,7], Arovas, Auerbach and Haldane [75] realized that the Laughlin wave function and the VBS
states (generalized to higher-spin cases) have analogous mathematical structures upon identifying the
odd integer, m, which characterizes the filling fraction, » = 1/m, and the spin quantum number, S.
Specifically, the VBS state is transformed to the Laughlin wave function of the electron system on a
two-sphere, i.e., the Laughlin-Haldane wave function [76], by using the coherent-state representation
of the VBS states and assigning appropriate correspondences between their physical quantities. In
such a translation, the ezternal symmetry (or SU(2)-rotation of the spatial coordinates) of the
Laughlin-Haldane wave function for QHE on a two-sphere is translated into the internal symmetry (or
spin-SU (2) symmetry) of the VBS states for the integer-spin chains. This analogy can be generalized,
and one can readily see that the Laughlin-Haldane wave functions with some external symmetry are
generally transformed to give the VBS states with the identical internal symmetry.

In the past decade, there have been remarkable developments in higher-dimensional generalization
of QHE (see [77,78] for reviews). So far, the set-up [5,76] of 2D QHE has been generalized to
higher-dimensional manifolds, such as 4D [79], 8D [80], S?" [81] and CP" [82,83]. There also
exist g-deformed QHE [84] and QHE on non-compact manifolds [85-88]. As is well-known, QHE
is a physical realization of the non-commutative geometry [89], and non-commutative geometry brings
exotic properties to QHE [90-93]. Therefore, for each higher-dimensional QHE, one can think of the
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underlying higher-dimensional fuzzy geometry, such as fuzzy two-sphere [94-96], four-sphere [97], 2n
sphere [98—103], CP" [104-106], g-deformed sphere [107] and fuzzy hyperboloids [108—111].

On the other hand, we have already seen that the Bloch spin-coherent state enables us to relate the
Laughlin-Haldane wave functions to the VBS states. In correspondence with such QHE, a variety
of VBS models have been constructed with the symmetries, such as SO(5), SO(2n + 1) [112-114],
SU(N + 1) [115-118], Sp(N) [119,120] and g-deformed SU(2) [22,23,121-123] [see Figure 2]. The
VBS states demonstrate manifest relevance to fuzzy geometry also, by adopting the Schwinger operator
formalism (see Section 2.1).

Figure 2. Close relations among fuzzy geometry, QHE and VBS. They are “transformed” to

each other with appropriate translations.
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One of the main goals of this review is to illusirate their relations, which have been less emphasized
in previous literature. As an explicit demonstration of the correspondence, we discuss a supersymmetric
(SUSY) generalization of the VBS models. Since fuzzy super-spheres have already been explored
in [124-128] and the SUSY QHE in [129-132] (a variety of super Landau models with super-unitary
symmetries have been constructed in [133—-139] and fuzzy supergeometries have also been investigated
in [110,140-142]), we can develop a SUSY version of the VBS models (SVBS models) based on the
mutual relations [8—10]. For the inclusion of fermionic degrees of freedom, the SVBS states exhibit
particular features not observed in the VBS states with higher dimensional bosonic groups. For instance,
while the VBS states only exhibit a property of quantum magnets, the SVBS states accommodate two
distinct sectors, spin sector and charge sector, due to the inclusion of fermionic degrees of freedom.
Physically, the SVBS states can be interpreted as hole-doped VBS states with superconducting property.
Mathematically, the SVBS states are regarded as a type of “superfield” in terminology of SUSY field
theory. As the superfield unifies various fields as its components, the SVBS states realize a variety of
ordinary VBS states as the coefficients of the expansion with respect to Grassmann quantities.

By investigating topological features of the SVBS states, we address how SUSY affects the stability
of topological phase or entanglement spectrum. As concrete examples, we discuss topological feature of
the SVBS states with UOSp(1|2) and UOSp(2|2) symmetries, which we call type-I and type-II SVBS
states, respectively. To perform detailed analyses of the SVBS states on a 1D chain, we develop a SUSY
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version of the MPS formalism (SMPS) [21,24,25]. MPS formalism is now regarded as an appropriate
formalism to treat gapped 1D quantum systems [29,38]. Since the MPS formalism naturally incorporates
edge states, MPS provides a powerful formalism to discuss relations between topological order and edge
state. Taking this advantage, we can obtain general lessons for SUSY effects in topological phases.
Specifically, the robustness of the topological phase in the presence of SUSY is discussed in light of the
modern symmetry-protected topological order argument, with emphasis on the edge superspin picture.
We also generalize the lower SUSY analyses to the case of higher SUSY: fuzzy four-superspheres and
UOSp(1|4) SVBS states.

The following is the organization of the present paper. In Section 2, we give a brief introduction to
the original SU(2) VBS states and explain its relations to fuzzy two-sphere and the 2D QHE through
the Schwinger-operator representation and the Hopf map. In Section 3, the SUSY extensions of fuzzy
two-sphere are presented in detail. The corresponding SVBS states and their basic properties are
reviewed in Section 4. In Section 5, the SMPS formalism is introduced for the analysis of SVBS
states. Gapped excitations of SVBS states are derived with use of SMPS formalism within single
mode approximation. We investigate topological properties of the SVBS states in Section 6, where
the entanglement spectrum and entanglement entropy are derived (unpublished results for UOSp(2|2)
SVBS chain are also included here). The stability of topological phases in the presence of SUSY is
discussed, too. In Section 7, we extend the discussions to the case of fuzzy four-superspheres and the
UOSp(1|4) SVBS states. Section 8 is devoted to summary and discussions. In Appendix A, we provide
mathematical supplements for the super-Lie group, UOSp(N|2K). Fuzzy four-superspheres with an
arbitrary number of SUSY are described in Appendix B.

2. Fuzzy Geometry and Valence Bond Solid States

In this section, we give a quick introduction to fuzzy two-spheres and the (bosonic) VBS states. Their
mutual relations will be discussed, too.

The original idea of quantization of two-sphere was first introduced by Berezin in the 70s [94]. In
the beginning of the 80s, Hoppe [95] explored the algebraic structure and field theories on a quantized
sphere, and subsequently in the early 90s, Madore [96] further examined their structures, coining the
name “fuzzy sphere”. Unlike the ordinary sphere, the fuzzy sphere has a minimum scale of area, while
respecting the SU(2) continuum (rotational) symmetry as the ordinary two-sphere. This is a remarkable
property of the fuzzy sphere, when we consider the field theories on it. In fact, in the other regularized
field theories, such as lattice field theories, the extrinsic cut-off cures the UV divergence at the cost of
continuous symmetries, and the resulting theories only respect the discrete space-group symmetry of the
lattice on which they are defined. On the other hand, field theories defined on the fuzzy manifolds contain
an intrinsic “cut-off” coming from the minimum area of the fuzzy sphere, and the non-commutative field
theories constructed on it were expected to have the innate property that might soften the UV divergence
to be appropriately renormalized in conventional field theories.

In the middle of 90s, Grosse et al. [97] generalized the notion of the fuzzy two-sphere to construct
four-dimensional fuzzy spheres and supersymmetric fuzzy spheres, i.e., fuzzy superspheres [124,125].

In the late 90s, fuzzy geometry was rediscovered in the context of the “second revolution of string
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theory” and attracted a lot of attention. Researchers began to recognize that the fuzzy geometry is closely
related to the geometry that the string theory attempts to describe: the geometry of multiple D-branes is
naturally described by fuzzy geometry (see [143—145] as reviews), and fuzzy manifolds are also known
to arise as classical solutions of Matrix theory (see, e.g., References [98,146]). Similarly, field theories on
fuzzy superspheres provide a set-up for SUSY field theories with UV regularization [124,147,148], and
the fuzzy superspheres were also found to arise as classical solutions of supermatrix models [149,150].
For details and applications of the fuzzy sphere, interested readers may consult References [151-154].
Non-commutative geometry and fuzzy physics also found their applications in gravity [155-157] and in
condensed matter physics [90-93].

2.1. Fuzzy Two-Spheres and the Lowest Landau Level Physics

The fuzzy two-sphere [94-96] is one of the simplest curved fuzzy manifolds (The fuzzy spheres also
play a crucial role in studies of string theory; see [158—160] for reviews). The coordinates of the fuzzy
two-sphere, X; (i = 1, 2, 3), are regarded as the operators that are constituted of the SU(2) generators

X = =2 (M
Here, R denotes the radius of the sphere, and d is the dimension of the SU(2) irreducible representation:
d=25+1 (2)

with the SU(2) Casimirindex j (j = 0,%,1,2,2,---),and J; (i = 1, 2, 3) are the SU(2) matrices of the

) 99 ) 9
corresponding representation that satisfy:

[Ji, J]] = iéiijk (3)

and
Jidi =37+ 1)1 4)

where 1, denotes d X d unit matrix. The “coordinates”, X;, defined in Equation (1), satisfy:

2R 1
[Xi Xl = i X, XiXi = R? (1 — ﬁ> 14 (5)
Since J3 takes the eigenvalues, j,7 — 1,7 — 2,--- , —j, the eigenvalues of X3 are given by:

e e

Each “latitude” of X3 corresponds to a patch of width, 2R /d, i.e., the minimum state, on the fuzzy sphere
( here, two different viewpoints are possible; one assumes, as is done here, R to be fixed and, in the
large-d (or large-7) limit, the width of the patch, 2R /d, becomes zero to recover the continuous space).
The other fixes the width, 2R/d, and the radius of the fuzzy two-sphere, R ~ d, diverges in the large-d
limit. The former is reminiscent of the scaling limit of lattice field theories upon identifying R with the
physical mass. If the limit of large SU(2) representation, d — oo (with fixed radius R), is taken, the

patches become invisible, and the discrete nature of the fuzzy sphere is smeared off. In fact, one readily
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sees [X;, X j] = 0and X;X;|g00 = R?, and the discrete spectrum (6) of X3 becomes continuum raging
between —? and R. In this sense, the fuzzy sphere reduces to the ordinary (commutative) sphere with
radius, R, in the limit, d — oo.

As a realization of the fuzzy two-sphere, a convenient way is to utilize the Schwinger operator
formalism [153,161] and introduce the following operator:

P = (a, b)’ (7
whose components satisfy the following ordinary bosonic commutation relations:
[a,a'] = [b,b'] =1, [a,b] = [a,b] =0 (8)

By sandwiching the Pauli matrices with the Schwinger operators, ®, one may simply represent the
coordinates X; of the fuzzy two-sphere as:

X, = %qﬂa@ 9)

where o; (i = 1,2, 3) are the Pauli matrices:

01 0 — 1 0
01=<1 O>, agz(i OZ>, 03=<0 _1> (10)

This is the well-known construction of the SU(2) angular momentum operators introduced by
Schwinger [162]. In fact, one can easily check that J; = (1/2)®70;® satisfies the standard SU(2)
commutation relations (3) and that the Schwinger-operator representation (9) coincides with the original
definition (1). The square of the radius is given by:

R 2

where n denotes the eigenvalues of the number operator for the Schwinger bosons, 1 = ®'® = afa+bb.

Comparing this with Equation (5), one sees j = n/2 and:
din)=n+1 (12)

Since we utilize the Schwinger operator, the irreducible representation is given by the fully symmetric

representation of SU(2):

1 n n
————a™""b" |vac) (13)

|n17n2> -
TL1! 712!

where n; and ny are non-negative integers that satisfy n; + ny = n. Physically, |ny,ns) stand for
a finite number of basis states constituting fuzzy two-spheres, which are the eigenstates of X3 with

the eigenvalues:

R R
where £ = ny = 0,1,2,--- ,n. The dimension of the space spanned by the basis states (13) is given by

d(n). From the expression, (14), it is not obvious that the definition (9) respects the SU(2) rotational

symmetry of the fuzzy two-sphere. However, this is an artifact of the particular choice of the X3-diagonal
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basis states (13). Any other complete sets of the basis states of the fuzzy two-sphere can be obtained
by applying SU(2) transformations to the basis set (13). In this sense, the whole Hilbert space of fuzzy
two-sphere is “symmetric” with respect to the SU(2) transformation, and hence, the fuzzy two-sphere is
SU(2) (rotationally) symmetric, like the ordinary (continuum) sphere.

Another description of fuzzy two-sphere is to utilize the coherent state (the coherent state here is
usually referred to as the Bloch spin coherent state in the literature.) formalism, which will be useful
in understanding the connection with the VBS states. The coherent state, ¢, or, more precisely, the
Hopf spinor, that is labeled by a point on the two-sphere, (x1, 22, x3) (z;x; = 1), is defined as a
two-component complex vector satisfying (the usual coherent “state” |¢) (for S = 1/2), defined as
|p) = ®T-¢|0), satisfies

(2zi-Ji)|9) = |9)

Expressing the above in the basis a'|0) and b'|0), we obtain Equation (15)).

(25 - 03)p({zi}) = o({i}) (15)

In general, the (normalized) coherent state is represented in terms of the Euler angles as:

o (v oL (LHm ) e [eost ) s
o({xi}) = (1}) B 2(1 + x3) (xl —l—ixz) € o (siﬂgeiso) € (16)

where (21, 22, x3) = (sinf cos ¢, sinfsinp,cosd) (0 < o < 27,0 <0 < 7,0 < x < 27) and e~ 3X
denotes an arbitrary U (1) phase factor. The relation between the point, (xy, z2,x3), on a two-sphere
and the two-component Hopf spinor (u, v) is given by the so-called first Hopf map (for construction of

higher dimensional Hopf maps, see Reference [77], for instance):

zi = ¢loig 17
which maps the three-sphere, S®, onto the two-sphere, S

st L g (18)

In fact, a space of normalized two-component complex spinors, ¢ = (u,v)!, subject to ¢'¢p = 1 is
isomorphic to S3, and Equation (17) gives the mapping onto S2:

rir; = (pT9)? =1 (19)

The Hopf spinor, ¢, is regarded as the classical counterpart of the Schwinger operator, ¢
[Equation (7)] that satisfies:

X, ®lg; = %(n +2)®f (20)

If we note that R(n + 2)/d — R, X; — Ruz; in the limit, d — oo, the resemblance between (15) and
(20) is clear. Multiplying (R/d)® from the right to both sides of Equation (20) and using ®'® = n,
we reproduce Equation (11). By replacing the Schwinger operator with the Hopf spinor, one sees that
the Schwinger operator construction (9) of fuzzy coordinates is an operator-generalization (z; — Xj,
¢ — ®) of the Hopf map (17) [163].
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The fully symmetric, SU(2), representation in terms of the Hopf spinor (u,v) is obtained if the
Schwinger operator in (13) is replaced with the Hopf spinor (a', b") — (u,v):

u" ™2

Unqin, =
’ /1) |
ni: no: (21)

0 0 1 0 0
+ o T = B — Z:— _— _—
JT=u—, J v—, J 2(u8u U&})

with ny + no = n, ny,ny > 0.

Figure 3. (Color online) One-body-level relationship among fuzzy two-sphere (upper left),
Haldane sphere (upper right) and local spin states of the VBS state (lower middle). The
fuzzy two-sphere consists of a finite number of patches, i.e., the basis states, with width,
2R/(n + 1). The Haldane sphere is a two-sphere with a Dirac monopole at its center. The
S = n/2 is the monopole charge quantized as a half-integer or an integer by the Dirac
quantization condition. In the local spin state of the VBS state (lower center), each blob
denotes spin-1/2 degrees of freedom, and n blobs amount to .S = n/2 local spin by a large

Hund coupling on each site.

Fuzzy Sphere 1st Hopf map r\ / Haldane Sphere

number of — e = Monopole charge :
patches: 7 / H \ S =n/2

Schwinger—bos\ ﬂeyl representation
construction
oty
Local spin states

Spin magnitude: .S = n /2

So far, (u,v) are just the two auxiliary variables needed to realize the fuzzy two-sphere. However, if
we regard them as the physical coordinates of the usual two-dimensional sphere [via the Hopf map (18)],
we may think that u,, ,, represents the wave functions of a certain kind of quantum-mechanical systems
in two dimensions. In fact, the wave functions, u,, », (21), coincide with those of the lowest eigenstates
of the Landau Hamiltonian on a two-sphere (with radius ?) in the Dirac monopole background, (i.e., the
so-called Haldane’s sphere [76]): .

where A; (i = 1,2, 3) are the covariant angular momenta:

in the presence of the gauge field, A;, generated by the Dirac monopole at the origin:

n X,
Ai:—G J

2 R(R + 23) .
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In the fuzzy geometry side, the monopole charge, n/2, corresponds to the quantized radius of the fuzzy
two-sphere (11) (see also Figure 3). Thus, the lowest Landau level eigenfunctions (on a two-sphere)
can be “derived” from the fuzzy two-sphere by switching from the Schwinger operator formalism to the
coherent state formalism (or the Weyl representation). This is the key observation of correspondence
between fuzzy geometry and the lowest Landau level physics [77].

2.2. Valence Bond Solid States

In order to translate the above features to those of QAFM, we first express the spin, 1/2, state in terms
of the Schwinger bosons:
1) =allvac), |]) = bf|vac) (25)

The fully symmetric representation (13) constructed out of n Schwinger operators automatically realizes

the local spin defined on each site with the spin magnitude:

7 N\

1 n
R ® = = _ 26
2 2 fully symm. 2 ( )

—_
~—

Physically, this bosonic construction realizes the ferromagnetic (Hund) coupling among n spin-1/2s to
yield the maximal spin, S = n/2, at each site. We have already seen that the spin wave function, written
in terms of the Hopf spinor (u,v), coincides with those of the non-interacting electrons moving on a
two-sphere in the presence of the monopole magnetic field.

Now, we demonstrate that a similar analogy exists even when we switch on strong interactions.
Specifically, the exact ground-state wave functions of a class of interacting spin models, called
the valence-bond solid (VBS) model [6,7,75], closely resemble the Laughlin wave functions on a
two-sphere. The ground states of the VBS models (dubbed the VBS states) on a lattice with coordination
number, 2 (see Figure 4), are constructed as follows. As the first step of the construction, we prepare
n (= z) local S = 1/2 spins (auxiliary spins) on each vertex (site) of the lattice. Next, we connect
every pair of two spin-1/2s on the nearest neighbor sites by spin-singlet bonds (since the spin-singlet
state of the two spin-1/2s maximizes the entanglement entropy, the pair is sometimes called maximally
entangled in modern literature.) called the valence bonds (VB) (see Figure 4). Last, we project the entire
2"-dimensional Hilbert space of n spin-1/2s onto the subspace with the desired value of the (physical)
spin S (S < n/2) on each site to obtain the spin-S many-body singlet state. Depending on which
irreducible representation we use to realize the physical spin, we obtain different states even for the
same lattice structure (some examples may be found in, e.g., Reference [114]). This kind of construction
(valene-bond construction) applies to any lattice in any dimensions (see Figure 4 for typical examples
in 1D and 2D), and the state obtained thereby is called the VBS state or, in modern terminology, the
projected entangled-pair state (PEPS) [164,165].

It is also possible to construct the VBS states for other symmetry groups (e.g., SU(N) [115,116] and
SO(N) [112,113]), with due extension of the notion of the singlet valence bond. In these examples,
the VBS states thus constructed are constrained by specific symmetry groups, and normally, they do
not have any tunable parameter (however, the parent Hamiltonians (i.e., the VBS models) may have
tunable parameters. For instance, the parent Hamiltonian of the spin-2 VBS state (in 1D) allows one
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free parameter to tune even after we fix the overall energy scale.) However, if we use the matrix-product
representation [21] in 1D or, in general, tensor-product representation (or, equivalently, the vertex-state
representation [54,55]) in higher dimensions to express the VBS states and consider their “anisotropic”
extensions of the tensors, it is possible to obtain parameter-dependent states. These generalized VBS
states are known to have interesting properties; see, for instance, References [21,23,56] for 1D and
References [54,55] for 2D honeycomb and square lattices.

Figure 4. (Color online) VBS states on 1D and 2D lattices. Filled circles denote auxiliary
spin-1/2 objects, which are finally symmetrized to form S = M z physical spins at each site.

Solid lines stand for singlet valence bonds between the spin-1/2s.

7=2 M=1 7=2 M=2
AD 4D N o
S=1 NN N 5=> - —— e —— —
z=4 M=1 z=3 M=1
_ N N _
5=2 (P 5=3/2
N N
W
N N
0

Now, let us come back to the SU(2) VBS states. If we represent the up and down degrees of freedom
of auxiliary spin-1/2 by the Schwinger bosons, a' and b' (see Equation (25)), the singlet valence bond
on the bond (ij) reads:

(afbf —blal) 27)

Physically, the spin singlet bond denotes the state with no specific spin polarization made of two
spin 1/2 states, and hence, the valence bond represents a non-magnetic spin pairing between the two
neighboring sites.

Of course, we can promote the power of the singlet bond from one to an arbitrary integer, M:

(afbl — blal)M (28)

to represent M valence bonds between the sites, 7 and j. Thus, one sees that the original
valence-bond construction [6,7] of the VBS states is equivalent to the following representation in terms

of the Schwinger bosons [75]:

IVBS) =[] (aldf —blal)™|vac) (29)
(iF)EN.N.

where (ij) € N.N. implies that the product is taken over all nearest-neighbor bonds, (ij), and |vac)

denotes the vacuum of the Schwinger bosons. From [S 4 S, a}b; - b!a}] = 0(a = z,y, 2), it is obvious

that the state Equation (29) is spin-singlet. As z bonds emanate from each site of the lattice (for instance,
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z = 2 1is for 1D chain and z = 2D for D-dimensional hypercubic lattice), we have Mz Schwinger
bosons per site in the VBS state (29):

al i + bTb =M (30)
and, hence, the local spin quantum number, .S; = (a a; + bTb i), is given by:
1
Si=5=M €19

In particular, for the 1D (i.e., z = 2) M = 1 VBS state, we have:
S;=1 (32)

and the local Hilbert space is spanned by the following three basis states:

= %aﬁvac% 0) = albf|vac), |—1) = %bﬁvac) (33)

We were a bit sloppy in writing down Equation (29). When considering a finite open chain (with
length L), we should be careful in dealing with the edges of the system, while, for the VBS states on
a circle, the expression (29) is correct without any modification. In fact, in (29), the number of the
Schwinger bosons at sites 1 and L is M (half of that of the other sites), and we have to add the extra edge
degrees of freedom represented by the M -th order homogeneous polynomials in a' and b to recover the

correct spin-M's at the edges. The edge polynomials for M = 1 are given by:
fila® ) =al, fi(ah b1) = ! (34)

This representation naturally incorporates the physical emergent edge spins [13,14] localized around the

two edges. For general M, the precise form of the VBS states on an open chain reads as

[VBS) = H (albl,, —blal, )M (a])M (b)) vac) (0 <p,q < M) (35)

Since the VBS Hamiltonian is defined as the projection operator for the Hilbert space of a pair of
neighboring spins (see Section 4.3 for detail), the state of the form (29) is the ground state regardless
of the edge polynomials. Therefore, there appear (M + 1) x (M + 1) degenerate ground states for
the spin-S(= M) VBS state on a finite open chain (see Figure 5) [7]. From similar considerations,
it is obvious that the higher-dimensional VBS ground states (e.g., those in Figure 4) have degeneracy
exponentially large in the size of the boundary. In the following, unless otherwise stated, we implicitly
assume that the VBS state is defined in 1D and will focus on the spin-1 case.

Let us look at some key features of the VBS states in more detail. Classically, AFM on a bipartite
lattice assumes the Néel-ordered state, where any pair of neighboring spins point the opposite directions.
To be specific, in the Néel state of (classical) spin-1 AFM, the z-component .S, of local spins at the site,
1, takes either +1 or —1, depending on to which sublattice the site belongs. (without loss of generality,
we may assume that ordered spins are parallel to the z-axis). The spin configuration described by the
VBS state is totally different from that of the classical Néel state described above. First of all, we note
that the VBS state is SU(2)-invariant (being a product of singlet bonds between pairs of adjacent sites;
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see Equation (29) and Figure 4) and is non-degenerate (this is true for a periodic chain and the bulk
in a infinite chain; on a finite open chain, the ground state may not be spin-singlet and, hence, may
show degeneracy corresponding to the edge states), while the classical ground state, i.e., the Néel state,
is infinitely degenerate with respect to the SU(2) rotational symmetry. This implies that though the
magnitude of the local spin is S; = 1, its expectation value is zero, (S;)vgs = 0, in the bulk (on a finite
open chain, (S;)yps may take a non-zero finite value near the two boundaries and decays exponentially
to zero toward the center of the system; in this sense, magnetism revives near the boundaries, and this is
the manifestation of the emergent edge states), and the system is non-magnetic. In this sense, the VBS

state is purely quantum-mechanical and does not have any classical counterpart.

Figure 5. (Color online) For the S = 1 VBS state on a finite open chain, there exist spin-1/2
degrees of freedom at each edge. By construction, the VBS state is the ground state of the

VBS Hamiltonian, regardless of the spin states at the edges.
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For better understanding of the VBS state, let us expand the spin-1 VBS state in the S*-basis:

vBS) = (@b, — ol lvac)

%

=000 )4 ] 00—- )| O—F-)]-0—=0--")
S O | N P ) | P
e 400 O— Y [ — e [ =0 )
+ 040 4|04 —-)+]---004---)+|---000---) (36)

where the coefficient in front of each term on the right-hand side is omitted for simplicity. What is
remarkable with the above VBS state is that all the states appearing on the right-hand side have a very
special feature; the states, S* = +1 and —1, appear in an alternating manner with intervening S* = 0
states. Namely, the ground state exhibits an analogue of the classical Néel order, called the string
order [18,19], albeit “diluted” by randomly inserted zeros (see Section 6.1 for further detail). Unlike
in the case of the classical Néel order, by the SU(2) symmetry of the state, the existence of the string
order does not rely on the particular choice of the quantization axis (z-axis, here).

For the sake of later discussions, we introduce here a concise representation of the VBS state and point
out remarkable similarity [75] to the Laughlin-Haldane wave function [76] for FQHE on a two-sphere.
First, we note that by using the SU(2) ~ USp(2) invariant matrix given by the 2 x 2 antisymmetric

0 1

matrix (see Appendix A):
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the VBS states (29) on generic lattices can be rewritten compactly as:
VBS) = [ (®IR.2;)"|vac) (38)
(ij)EN.N.

where ®; denotes the Schwinger operator on the site i:

®F = (al, b)) (39)

Then, we rewrite the VBS state (38) into the form of the wave function on a two-sphere. Specifically,
by replacing the Schwinger operator with the Hopf spinor:

d* = (af, b — ¢ = (u,v)’ (40)

we obtain the coherent-state (or Weyl) representation of the VBS state (precisely, if we use the
coherent-state basis

Q;) = w;al + v;b! )M |vac
) = o ) vac)

for the local spin-M z/2 states and expand the VBS state in these basis, we obtain the “wave function”
<{Q]}|VBS> XX (I)VBS({u% v ))

Pyps ({ui, vi}) = H (¢ Ra 0)" = H (uiv; — viu)™ (41)
(ij)EN.N. (zj)EN.N.
Now, the formal similarity to the Laughlin-Haldane wave function of QHE:
b = [ [ (6 R2 6))™ = [ [ (wiv; — vi)™ (42)
i<j 1<j

on a two-sphere [75] is clear. By the stereographic projection from a two-sphere to a complex plane:

b= (“) s 2= vju (43)
v
®py (42) is, in the thermodynamic limit, reduced to the celebrated Laughlin wave function:
O = [[(zi — 2z)me == (44)
i<j
Though the physical interpretation of the quantities appearing in these wave functions are different
(Table 1), mathematical similarities between the VBS model and QHE may be manifest from the above

constructions. Similarities between topological properties of VBS and QHE have also been discussed in
References [166,167].

Table 1. Correspondences between physical quantities of many-body wavefunctions of QHE
and quantum anti-ferromagnets (QAFM).

QHE QAFM
Many-body state Laughlin-Haldane wave function VBS state
N m z
Oy = Hi<j(uivj — Vi) |®) = H@j)(ajb} — bI@})M|VaC>
Power m: inverse of filling factor M: number of VBs between neighboring sites

Charge S = mN/2: monopole charge S = M=z/2: local spin magnitude
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3. Fuzzy Two-Supersphere

Next, we proceed to the SUSY version of fuzzy two-sphere (fuzzy superspheres are also realized as
a classical solution of supermatrix models [149,150].) and generalized VBS states. We mostly focus on
the cases of the SUSY numbers, N’ = 1 and 2.

3IN =1

First, we introduce A/ = 1 SUSY algebra, UOSp(1|2) [168-170], which contains the SU(2) algebra
as its maximal bosonic subalgebra. The UOSp(1]2) algebra consists of the five generators, three of
which are SU(2) (bosonic) generators, L; (i = 1,2,3), and the remaining two are SU(2) fermionic

spinors, L, (o = 61, 65), which amount to satisfy:

: 1 L.
[Li, Lj] = i€ijiLy, [Li, La] = E(O-i)ﬁa[/ﬁa {Lay Lg} = §(ZU2U¢)aﬁLz‘ (45)
The UOSp(1|2) Casimir is constructed as:
K = LiL; + eapLaLy (46)

and its eigenvalues are given by j(j + 1/2): j is referred to as the superspin taking the non-negative

integer or half-integer values, j = 0,1,1,1,3,.... The UOSp(1|2) irreducible representation with the

superspin index, j, consists of the SU(2) j and 7 — 1/2 spin representations, and hence, the dimension
of the UOSp(1|2) representation of superspin j is given by:
(27 +1)+(2§) =45 +1 (47)

The fundamental representation (j = 1/2) matrices of the UOSp(1|2) generators are expressed by the

o, 0 _1 0 To
(0 0) =3 <_(wgra) 0) (48)
1 0
() - ()

Equation (48) may be regarded as a SUSY extension of the Pauli matrices. They are “Hermitian” in

following 3 x 3 matrices:

where 7, (oo = 1, 2) are:

the sense:

=1, I} =eupls (50)

where I signifies the super-adjoint defined by:

1
A B At ct
(C D) - (-BT DT> Gb

Similar to the case of fuzzy sphere (9), the coordinates of fuzzy two-superspheres [124,125] are
constructed by the graded version of the Schwinger operator formalism [127-129]. The graded

Schwinger operator consists of two bosonic components, a and b, and one fermion component, f:

U= (a,b, f)' (52)



Symmetry 2013, 5 135

with satisfying:

[a,a'] = [b,0] = {f, f1} =1
[a,0] = [a, f] = [b, f] = [a,b'] = [a, fT] = [b, f1] = 0 )

With the use of W, the coordinates of a fuzzy two-supersphere, sz 12 (two on the left to | denotes the
bosonic degrees of freedom, while two on the right to | denotes the fermionic degrees of freedom), are
constructed as:

2R 2R

X, ==v0',v, o,=="ulv 54
g ; g (54)

which satisfy:

2R R R .
(X, X;] = ZFEiijka (X, 04 = E(Ui)ﬁagﬂa {64,053} = E(Wzai)aﬁXi (55)

where d = n + 1 with n = UIWU = ng + ngp = a'a + b'b + f7f. The square of the radius of fuzzy

supersphere is given by the UOSp(1|2) Casimir:

R 2
XzXz + ew@a@ﬁ = (3) n(n + 1)12n+1 (56)

Notice that the zero-point energy in (56) reflects the difference between the bosonic and fermionic
degrees of freedom. The basis states on fuzzy supersphere consist of the graded fully symmetric

representation specified by the superspin, j = n/2:

1

_ s

|ny,me) = ma b" " |vac) (57a)
1 mi,+m

|m1,m2) = W(IT 1bT 2fT|VaC> (57b)
1: :

where nq, ny, m; and my are non-negative integers that satisfy ny +ns = my +ms+1 = n. |mq, my) is
the fermionic counterpart of |n, ny), and thus, |n;, ne) and [mq, ms) exhibit N = 1 SUSY. The bosonic
and fermionic basis states are the eigenstates of the fermion parity, (—1)"¥, with the eigenvalues, +1 and

—1, respectively. Their degrees of freedom are also respectively given by:
dg=d(n)=n+1, dg=dn—1)=n (58)
and the total degrees of freedom is:
dr =dg+dp =2n+1 (59)

The eigenvalues of X3 for (57) read as:

R
Xs = —(n—k) (60)
where £ = 0,1,2,--- ,2n. Even k (k = 2n,) correspond to the bosonic states (57a), while odd &

(k = 2ms + 1) to the the fermionic states (57b). Compare the X3 eigenvalues of fuzzy supersphere (60)
with those of the fuzzy (bosonic) sphere (14): the degrees of freedom of fuzzy supersphere for even k

are accounted for by those of a fuzzy sphere with radius, n, while those for odd & are by a fuzzy sphere
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with radius n — 1. In this sense, the fuzzy two- supersphere 52|2( ), of radius, n, can be regarded as a

“compound” of two fuzzy spheres with different radii, 2 gnand 7 B < (n —1) [Figure 6]:
S (n) = 5¢(n) & SE(n — 1) (61)

The first S?(n) accounts for the bosonic degrees of freedom (57a), while the second S?(n — 1) does so

for the fermionic degrees of freedom (57b).

Figure 6. (Color online) N = 1 fuzzy supersphere is a “compound” of two fuzzy
two-spheres with radii, & gnand 7 (n — 1). This figure corresponds to n = 2.
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SiPm) o SE( SE(n—1)

2

Similar to the first Hopf map, we can construct a graded version of the first Hopf map [171,172]:
Vo= a =20 L, O, = 20F Loy (62)

where [; and [, are the UOSp(1]2) matrices of fundamental representation (48) and ¢ denotes a
normalized UOSp(1|2) superspinor:

u
Y= 1v (63)
Ui

with:
v =uwu+vtv —ntn =1 (64)
Here, the super-adjoint of the superspinor is defined by 1* = (u*,v*, —n*) [see, also, Equation (51)],
and * represents the pseudo-conjugation (the pseudo-conjugation is defined as (n*)* = —n and
(mn2)* = nins for Grassmann odd quantities; see Refernence [173], for instance). The first two

components of ¢ are Grassmann-even. and the third component is Grassmann-odd. The 1) subject
to the normalization (64) can be regarded as a coordinate of the manifold S®2. From (62), we find that
x; and 6, satisfy the condition of 522;

T;T; + ea59a6’5 = (’g/)i@D)Q =1 (65)

Consequently, the map (62) represents:
53‘2 52‘2 (66)

The bosonic part of (66) exactly corresponds to the first Hopf map. Note that ¢ satisfies the
super-coherent state equation:

1
T i+ €qplat) - 0 = 521) (67)
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and ¢ is referred to as the super-coherent state or spin-hole coherent state [37] in the literature. z; are
Grassmann even, but not usual c-numbers, since the square of z; is not a c-number, x;z; = 1 — €,30,03,

as seen from (65). Instead of x;, one can introduce c-number quantities, {y;}, as:
1

P = T
Y \/1 —Eaﬁ{@aeg

which denoting coordinates on S?, the “body” of S22 as confirmed from yiy; = 1. With the use of the

(68)

coordinates on S2/, 1) can be expressed as [129]:

1 14+ ys
V= Y1+ 1y2 e
2(1 1+6,0 .
V2L 1)1+ 616) (L4 ys)0h + (y1 + iy2)02
(1 + Ll'g)(l - 2(1—51—903)6192) '
= (:El + ixz)(l + %lea)eleg) eiX (69)

21 + =z

( 3) (1 + ZE3)91 + (1‘1 + ix2)92

where ¢X stands for the arbitrary U (1) phase factor. The last expression on the right-hand side manifests
the graded Hopf fibration, S%? ~ S%2 ® S (here, ~ denotes local equivalence): the S'(~ U(1))-fiber,
e'X, is canceled in the graded Hopf map (62), and the other quantities, z; and 6, in (69), correspond to

the coordinates on S22,

322N =2

As the geometric structure of S ? is determined by the UOSp(1]2) algebra, the N' = 2 fuzzy
supersphere, S2*, is formulated by the U OSp(2|2) algebra. The UOSp(2|2) algebra contains the
bosonic subalgebra, usp(2) @ o(2) ~ su(2) @ u(1l), and is isomorphic to SU(2|1). The dimension
is given by:

dim[uosp(2|2)] = dim[su(2[1)] = 4|4 =8 (70)

Denoting the four bosonic generators as L; (i = 1,2,3) and I" and the four fermionic generators as L,
and L/, (o = 61, 05), we can express the UOSp(2|2) algebra as:

) 1
[Li, Lj] = %ijkLk, [Li7 Laa] = Q(O—i)ﬁa[fﬁa
1
[Fa L’L] - 07 [Fy Laa] = _ETJLaT
2
1 1
{La07 LBT} = iaaT(iUQUi)aﬁLi + §€UT€a,BF (71)

where Lo, = (La, L.). L; and L, form the UOSp(1]2) subalgebra. There are two sets of fermionic
generators, L, and L/ , which bring ' = 2 SUSY. The UOSp(2|2) algebra has two Casimirs, quadratic:

K = LiLi + €apLaLs + €apLl L)y + TT (72)

and cubic ones [169].
To specify a fuzzy manifold, an appropriate choice of irreducible representation is crucial as well.

The irreducible representation of UOSp(2|2) is classified into two categories: typical representation
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and atypical representation [169,170]. Since the quadratic Casimir (72) is identically zero for atypical
representation, we adopt typical representation for the construction of Sf2 4 [128]. The UOSp(2|2)
matrices for typical representation for minimal dimension are represented by the following 4 X 4 matrices:

1 0 0 1 02 N
) 2 .

L. = L = _ t

% 2 ( ) 9 o 9 (ZO-2704) 0

0y 0
2 2 0 0 0
1 0 0 7 1{0, 0
Il =- 0 00|, y=-(2 " (73)
2 . 2 \0y ic?
—(zagra)t 0

Applying the Schwinger construction, we introduce the coordinates of Sf2 " as:

2R 2R 2R 2R
X, = =VULv 0,="vLw, e, ="UL Vv G=="-0Tv (74)
d d d d
where V signifies the four-component, UOSp(2|2), Schwinger operator:
U = (a,b, f,9)" (75)

and d = n + 1 withn = T = afa + bTb + fTf + g'g. Here, a and b are bosonic operators, while f
and g are fermionic operators that satisfy:

[avaT] = [b>bT] ={/, fT} = {g’gT} =1

[aab]:[aaf]:[a7g]::{fag}:{fagT}:O (76)
It is straightforward to evaluate the square of the radius of Sf 1,
R\ 2
XiX; +€450a05 + €,50,0; + GG = (E) n? (77)

With a given n, the basis states of Sf2 * are constituted of the graded fully symmetric representation of
the UOSP(2]2):

1 n n
Ini,no) = — 'aT 51" |vac) (78a)
1+ Noy-
Imy,mg) = at™ b ftlvac) (78b)
m1! mQ!
1 mly  +m/
|mf,my) = ,—|/'aT 1" gt vac) (78¢)
ml- m2;
1 I, 402
|1, 1ls) = mcﬁ b1 figt|vac) (78d)
1- b2°

where 11, no, my, ms, my, mj, I and [, denote non-negative integers that satisfy nq +ny = my +mso +
1 =mj+mh+1=10+I1+2 = n. The dimension of bosonic basis states, |ny,ns) and |l1, [5), and that

of fermionic basis states, [mq, ms) and |m}, m}), are found to be equal:

dg =d(n)+d(n—2)=2n
dr =2 x d(n—1)=2n (79)
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and the total degrees of freedom amount to:

The square of the radius of Sf2 4 (77) does not have the zero-point, “energy”, since the bosonic and
fermionic degrees of freedom are canceled exactly (in the cases of fuzzy superspheres based on the
UOSp(2|N) algebra for N > 2, the dimension of fermionic basis states is larger than that of the bosonic
basis states, and the zero-point “energy” becomes minus; in other words, the radius of fuzzy supersphere
would become minus for the UOSp(2| ) representations with sufficiently small dimensions; thus, we
only deal with the fuzzy superspheres for N* = 1,2). The four sets of the basis states (78) forms the
N = 2 SUSY multiplet and suggests the following geometrical structure of ng 1,

Si'(n) ~ SE(n) ® SE(n — 1) ® SF(n— 1) ® S{(n — 2) (81)

The latitudes for the the basis states (78) are given by:
Xy = %n — k) (82)
with £ = 0,1,2,--- ,2n. The even ks (k = 2ny, k = 2, + 2) correspond to the bosonic basis states,

(78a) and (78b), while odd ks (kK = 2my + 1, K = 2m + 1) to the fermionic basis states, (78c) and
(78d) (Figure 7). Except for non-degenerate states at the north and south poles X3 = +£n, all the other

eigenvalues of X3 (82) are doubly-degenerate.

Figure 7. (Color online) Sf2 *is a “compound” made of four fuzzy two-spheres that are

considered as N = 2 superpartners. The above picture corresponds to n = 2.

)
: @
S =
Sf2|4(n) ~ D SZ(n—1) @&  Sin-1) D SZ(n-2)

4. Supersymmetric Valence Bond Solid States

In this section, we review the basic properties of the SVBS states [8,9] and discuss its intriguing
connection to the SUSY QH wave function and BCS function.

4.1. Construction of SVBS States
41.1. N =1

Here, we consider the SVBS states with UOSp(1]2) SUSY (N = 1), which we shall call the type-I
SVBS states. We apply the mathematical procedure of the constructions of the VBS states described in
Section 2.2. The first we prepare is the UOSp(1]2) invariant matrix (see Appendix A):

0 1 O
0 0 -1
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with the parameter dependent Schwinger operator:

U(r) = (a,b,v/rf) (84)
the type-I SVBS state is constructed as:
SVBS-I) = [ [(Wl(r) Rypp 3 (r))M|vac) = [ J(afb] — blal — rf] £1)" |vac) (85)
(i) (i)

The operators ,a;, b; and f;, are components of the graded Schwinger operator defined on each site, ¢,
and satisfy the commutation relations, [a;, a;] = [b;, bj] = 0;; and {f;, f; } = ;. Physically, the three
fundamental states, a'|vac), bf|vac)and fT|vac), are interpreted as spin 1, | and spinless hole states (see
Table 2) (in Refernece [174], such a UOSp(1|2) triplet is dubbed the superqubit). Since the fermions
always appear in pairs of the form f; f; (¢, 7 are adjacent), the SVBS states can be regarded as hole-pair
doped VBS states, and r stands for a hole doping parameter.

Here, some comments are added. The UOSp(1]2)-specific feature does not enter the local Hilbert
space on each site. For instance, (57) can also be regarded as an irreducible representation of SU(2|1).
Meanwhile, in the construction of the type-I SVBS states (85), the UOSp(1]2) invariant matrix was
utilized, and then the UOSp(1|2) structure explicitly enters in the many-body states. This implies that
(super)spin interaction between adjacent sites reduces the SU(2|1) symmetry on each site to the lower

symmetry UOSp(1|2) in many-body physics.

Table 2. The physical interpretation of the local states made by the Schwinger operators. fT
denotes the hole degrees of freedom.

Schwinger operator SU (2) quantum number  Spin state

af 172 |1) = a'|vac)
bf —1/2 |}) = bf|vac)
f1 0 |h) = fT|vac)

In the type-I SVB states (85), the total particle number of the Schwinger particles at each site is
given by:

M = azai + bgbi + f;fi (36)

Since the fermion number ff takes either O or 1, the following two eigenvalues are possible for the

local spin quantum number S; = %(azT a; + bjbz-):

1
S; =M, M — 3 87)
In particular, for M = 1, each site can take two spin values:
1
SZ' - 1, = 88
5 (88)

and the local Hilbert space is spanned by the five (4M+1, in general) basis states:
1 42
1) = 5a

1) = al fl]vac), |1) = b]ff|vac)

1
vac), |0) = albl|vac), |—1) = —=bi’|vac)

V2 (89)
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These constitute a A'=1 SUSY multiplet with the UOSp(1|2) superspin S = 1. Similarly, the edge
states consist of A/ = 1 SUSY multiplet with the UOSp(1|2) superspin S = 1/2:

|1) = aflvac), [])) = bl|vac), [0) = fT[vac) (90)

As we will see in Section 5, the ground state of a finite open chain is nine-fold degenerate (corresponding
to 3 X 3 matrix-components of the M = 1 type-I SVBS states).

Intriguingly, the M = 1 type-I SVBS chain interpolates two VBS states in the two extreme limits of
the hole doping: in the limit r — 0, |[SVBS-I) reproduces the original spin-1 VBS state |[VBS):

[SVBS-I) — [VBS) = [ [(alb],, — blai.1)|vac) 91)

1 7i+1
)

while in the limit, » — oo, |[SVBS-I) reduces to the Majumdar-Ghosh (MG) dimer state [175,176] [MG),

ISVBS-I) — {H fj} IMG) (92)

where [MG) is either of the two dimerized states of the MG model (the open boundary condition has
been implicitly assumed here; if the periodic boundary condition had been used, the two states would
have been summed up with a minus sign, due to the anti-commutating property of the holes) [Figure 8]:

’q)A> = Hi:even(ajblrl - b;faz+1)|vac>

IMG) =
|®p) = Hi:odd(albj+1 - bjaj+1)|vac>

(93)

For larger M, [IMG) should be replaced with the inhomogeneous VBS states [75], where the number of
valence bonds alternates from bond to bond.

Figure 8. (Color online) Two MG dimer states related by translation.

D0 OGO 6O
@S-

In the super-coherent state (63) representation (in the following discussion, the explicit form of the

.

superspinor is not important; only the Grassmann property of the components matters), the SVBS state
is expressed as [8]:
Ygyps.r = H(Uz'vj — vgu; — rom;) M %94)
(ig)
From the Grassmann (odd) property of 1, Wsyps.1 (94) can be rewritten as:

Vsyps.r = exp (—MT Z L) - Dyps({us, vi}) 95)

— WiVj — ViU
(i5) ! !

where ®ypg is the coherent state representation of the original VBS state (41). We can deduce a nice

physical interpretation of the SVBS states from this expression. Since the SVBS states are written as a
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“product” of the exponential and the original VBS wave function ®ygg, all physics inherent in the SVBS
must be included in this exponential factor:

eXp( MTZ omin ) _ H {1 _ MrL} (96)
UiV — ViUy (i7) U V5 — ViU
Since every time when the factor:
UV — ViUy
acts to the VBS wave function, the VB between the adjacent sites, ¢ and 7, is replaced with a hole-pair

(see Figure 9):

ninj

UV — ViU AN nin; (98)

one sees that the SVBS wave function (95) may be expanded as:

2
NiMi+1 1 2 1iTlj
WUeypss = Pyps — M - @ 5 (M
SVBS.I VBS r Z Ui — Utgy VS + 2( r) (Z Ui — Uiui+1) +

—Mr) L2 Hﬁz H H WaVirs — 0; - Dygs 99)

(v
i:even 4:0dd i+l

Thus, the SVBS chain is expressed as the superposition of many-body states on the right-hand side (r.h.s.)
of (99). The first term on the r.h.s. is the original VBS chain (which is consistent with (91)). The second
term is the VBS chain with one hole-pair doped, and the third term is the VBS chain with two hole-pairs
doped. In general, the nth term represents the VBS chain with (n — 1) hole pairs doped. As the last
term, partially dimerized chains, i.e., the VB chains whose half sites are occupied with hole-pairs, are
realized (see Figure 10) (for general M and the arbitrary lattice coordination number, z, the last term of
the expansion realizes a resonating valence bond (RVB) state [177]; for instance, on a 2D square lattice,
the M = 2 SVBS state with ' = 3 SUSY gives the Rokhsar-Kivelson RVB state [178] as the last term).
For M = 1, the last term gives rise to the Majumdar-Ghosh dimer states:

1
: (s =1L~ Vil — Villis1) = —Pa + @ 100
(H H)uile — Vilis VBS (H H)(uv+1 Villis1) A+ g (100)

i:even i:0dd 7:0dd 1:even

where @, and Py are the coherent state representation of |®,) and |Pg) (93). Now, the physical meaning
of the SVBS states is transparent: the SVBS states signify a superposed state by all possible hole-pair
doped VBS states, which can be viewed as a generalization of the resonating valence bond state [177]
(see Section 4.2 for more details).

Figure 9. (Color online) When the exponential factor (97) acts on the VBS state, the factor
breaks the VB between ¢ and 7 + 1 sites and creates a hole-pair instead. The figure and

caption are taken from [8].

e -06
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Figure 10. (Color online) The type-I SVBS is a superposed state of hole-pair-doped VBS
states. With the finite hole-doping parameter, r, all of the hole-pair-doped VBS states are
superposed to form the SVBS state, and the SVBS state exhibits the SC property. At r = 0,
the SVBS state is reduced to the original VBS state (depicted as the first chain), while for
r — o0, the SVBS state is reduced to the MG dimer state (depicted as the last two chains).
The figure and caption are taken from [9].
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As in the original correspondence between VBS and QHE, the super-coherent state representation of
SVBS (94) shows striking analogies to the SUSY Laughlin-Haldane wave function [130]:

N N
Psin = H(%‘(T)t Rapp v (r)" = H(Uﬂ)j — viug — ron;)™ (101)
i<j 1<J

Furthermore, for one-particle mechanics, there exists apparent relations between the SVBS and the
SUSY Landau problem. Indeed, the super-coherent state representation of the basis states (57):

1
B __ - o mi,n
(pnl,nz /—nl!nQ!u v (1023)
1
PN iy = "0 (102b)
’ mqlms!

gives the lowest Landau level eigenstates of a SUSY Landau Hamiltonian [129]. Here, nq, ns, my and
Mg are non-negative integers that satisfy n; + ny = m; + mq + 1 = I. By the stereographic projection,
z; = v;/u; and & = n;/u;, the SUSY Laughlin-Haldane wave function, ®g 4 (101), is transformed to
the SUSY Laughlin wave function defined by:
N
Ot = [ (i — 2 — r&igy)me 2zt (103)

i<j
By expanding the polynomial part (z; — z; — r§;€;)™ in the Grassmann odd quantities, we have:

1

Zi j

<I>SL:<I>L—er gzgj <I>L+~~~+%mg(—r)N§1,§2~~§N'Pf<

) 104
i n-5 (V72) Ju a0y

where NV is the total number of particles (which we assumed to be an even integer) and ®; coincides
with the Laughlin wave function on a 2D plane (up to the Grassmann factor e~ 2 &&0):

N
(I)L — H(Zz _ zj)me_ 2 i(zizf +6ig) (105)

i<j
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Interestingly, the Pfaffian wave function, Pf (zli%) HZ]\L]( z; — zj)™e~ 2 %% for the ground state of the

non-Abelian QHE [179] appears in the last term of the expansion (104) at m = 2.
412.N =2

The N/ = 2 SVBS states, which we call the type-Il SVBS states, are constructed as UOSp(2|2)
invariant VBS states. With the UOSp(2|2) invariant matrix:

0 1 0 0
-1 0 0 O
Roio = 106
22 0 0 —1 (106)
0O 0 0 -1
and UOSp(2|2) Schwinger operator:
U(r) = (a,b,/rf,\/rg)' (107)

we introduce the type-II SVBS states:

ISVBS-II) = [ [(U!(r) Rap W;(r))" |vac) = [ [(albl — blal — v {1 = rglgh)™|vac)  (108)
(i5) (i5)

The inclusion of two species of holes, f and g, allows us to write down a wave function more symmetric
with respect to the bosonic and fermionic degrees of freedom. The new fermionic degrees of freedom,
gi, are interpreted as another species of a (spinless) hole, and satisfy the standard anti-commutation
relations, {g;, g;} = 0;j, {fi,g;} = 0, etc. In the type-II VBS states, there appear local sites, such as

flglvac), with spin-0, which are not realized in the type-I SVBS states.
We have two species of fermions, and the total particle number of the Schwinger particles at each site

1 reads as:

eM = ala; +bib; + fl fi + glg; (109)
T

7

Since the eigenvalues of ns(i)= f1f; and ngy(i)=g; g; can take either O or 1, in the type-II SVBS chain

(z = 2), the following four eigenvalues are allowed for the local spin quantum number, S; = %(alai +

bib;):

1 1
In particular, for the M = 1 SVBS chain, the local spin values are given by:
11
Si=1, =, =, 111
5 5 (111)
and the local Hilbert space is spanned by the following nine basis states:
1 2 1 42
1) = —a! |vac , |0 = alb!|vac . |—1) = —b!" |vac
1) ﬂz| ), 10) = a;bifvac), |-1) \/§Z|>

1) = al ffjvac), |1) = bl ff|vac)
1) = algl|vac), [1') = blgl|vac)
0) = g! fl|vac) (112)
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The edge states are now given by

1) = allvac), [L1) =bl[vac), [0) = fTlvac), [0) = g'|vac) (113)

and correspondingly, there appear 4 x 4 = 16 degenerate ground states for the M = 1 type-II
SVBS chain.
The M = 1 type-II SVBS chain has the following properties. As in the type-I SVBS state, the type-II
SVBS state reproduces the original VBS state for » — 0:
[SVBS-II) — [VBS) = [ (afb],, — blal,)[vac) (114)

z 141
A

On the other hand, when r — o0, it reduces to the torally uncorrelated fermionic (F) state filled
with holes:

ISVBS-II) — |E-VBS) = iH flgi|vac) (115)

Here, we have assumed the open boundary condition (if the periodic boundary condition is used, we have
a zero state for odd-length chains; the sign factor depends on both the parity of the system size and the
edge states). Note that, unlike type-I, type-II SVBS states have no spin degrees of freedom for r — oc.
The super-coherent state representation of |SVBS-II) is given by:

1 I\NM
Ysyps-ir = | | (uvj — viuj —rnm; — 7"77i77j)
<ij>

ini + i i
:exp(_Mrz M) .exp(_Mrz S )q) (116)
S5 wavy — vy (wv; — viuj)

By expanding the exponentials in terms of r, the type-II SVBS states can be expressed as a superposition
of the hole-pair doped VBS states, as shown in Figure 11.

4.2. Superconducting Properties

In both Wgypsy and Wgypsq, the fermions always appear in pairs, and the wave functions can be
expressed by a superposition of fermion pairs. We can point out interesting similarities between the
SVBS states and BCS state of SC [180]:

(1+ grelel,)|vac) (117)

IBCS) =
,g V1+ !g \2

with electron operator, ¢, and coherence factor, g;. |BCS) can be expressed as:

IBCS) ocH (1+ grelel)|vac) = exp ngckc )| vac)
k>0 k>0

1
= |vac) + (Z grekel ) |vac) + E(Z grehel )2 |vac) + - - + HgkchT_kWac) (113)

k>0 k>0 k>0
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This expansion may remind us of the hole-pair expansion of the SVBS state (99). Furthermore, in the
limit, g — 0, the BCS state reduces to the electron vacuum (no fermions), and for g, — oo, it coincides
with the filled Fermi sphere |Fermi):

IBCS) %7 |vac) (119a)
IBCS) #=5° \Fermi)EHchT_kWac) (119b)

k>0

These also show apparent similarities with the asymptotic behaviors of the type-II SVBS chain, (114)
and (115), under the correspondence:

lvac) <« |VBS) (120a)
e, o flgl (120b)

From the analogies to the BCS state, the SVBS states are expected to exhibit a SC property in the
charge sector by the immersion of hole-pairs to (insulating) VBS states (see Figure 12). This is quite
similar to the mechanism of the Anderson’s RVB picture of high Tc SC [177]: a finite amount of
hole-doping transforms the insulator of resonating valence bond state to a high Tc SC state. In the
following, we explore qualitative arguments for the SC aspect of the SVBS states.

Figure 11. (Color online) Like the type-I SVBS chain, the type-II SVBS chain is also
expressed as a superposition of the hole-pair doped VBS chains. What is different to the
type-I SVBS chain is the appearance of the spinless sites, depicted by the large white circles
with double holes. The MG states are realized in the “middle” of the sequence. The original
VBS state and the hole-VBS state are respectively realized in the first and last lines. The
figure and caption are taken from [9].
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Figure 12. The SVBS states exhibit a superconducting property in the charge sector with

finite 7 in addition to a quantum AFM property in the spin sector.

Doping Parameter 7| (¢ o0
Charge-sector Insulator Superconductor (SSB) Insulator
Spin-sector Disordered quantum anti-ferromagnets (no SSB)
421.N =1

Since the naive SC order parameter, such as ( f,I f,l +1)» vanishes due to the violation of particle
number conservation at each site, as the SC order parameter of the type-1 VBS state, we adopt the

following quantity:
A= (ay b1 — by ak-&-l)fl;r f11+1 (121)
which is calculated as:

1\2
(A) = 2M (M + 5)°r 122)

(MO + 1+ 204 )) s+ 42

It takes the maximum value:

B 2M (1 +/5)
|Apax| = (V5 = 2) i (123)
at:
B 1 1+5
= (v 5\ T 124

rl = %\ / %5 ~ 1.10. The expectation values for the boson and fermion

numbers, ny(i) = aga,; + bZTbZ- and ng(i) = f;' fi» are respectively calculated as:
2M + 1
VAM (M + 1)1+ |r[?) + 1
2M + 1
CVAMM A D+ P +1

In particular, for M = 1,

(nb>:2M—1+

(ne) =1 (125)

As expected, with an increase of the hole doping, |r|, (ny) monotonically decreases, while (ng)
monotonically increases. The fluctuations for the boson and fermion numbers, oni = (n?) — <nb)2
and on? = (n?) — (n¢)?, are given by:

2M +1 (2M +1)?
on? = on? = - 126
D T T DT B TT  AMOT 4 {1+ [P 4 1 (120

and their maximum ony, = ons = % is met at

1
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The behaviors of such quantities are depicted in Figure 13.

Figure 13. (Color online) Plot of O,. = (A), the hole density, (n¢), and the hole-number
fluctuation, 5n%, as a function of r. Here,the bulk values are plotted. Inset: pProfile of the
hole density (r = 0.5) for a finite system (L = 20) with different left edge states (1, | and
“hole”). Only the left edge state is changed with the right one fixed to sg =7. The hole

density approaches exponentially to the bulk value as we move away from the edge. The

figure and caption are taken from [9].
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While the BCS state (117) has the particle-hole symmetry (for (117), the order parameter,

AL = (chi .)» the electron number, 1y, = chk, and its fluctuation, dn;, are calculated as:

* 1
L+l g +gj
\%’2
ng) = ———
A A
2 o0 |9k|2 o 1
ong = (g — (nx))") = = (128)

L+ 1g®? (g6 + 95 (g + 00"

Ay and ény, are symmetric under g <> 1/g;, due to the particle-hole symmetry. The SVBS state does

not show an exact particle-hole symmetry, r <> 1/r (see the SC order parameter (122), for instance).

This is because of the unequal properties between boson and fermion operators, (a;b; — b;a;) <+ fif;.

422.N =2

We define the order parameter for the type-II SVBS state (108) as follows:

A; = (aibiyr — biai+1>(szsz+1 + giTg;rH) (129)

In Figure 14, we plotted its expectation value:

O = (A)) (130)
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the hole-number (n¢), and hole fluctuation, dnyope:

(ne) = (f1 1) = (glg) = (ng)

2 2 2 (131)
5nhole = <nhole> - <nh01e> (nhole =ny + ng)

The SC order parameter, Osc takes its maximal value at || ~ 1.05 for M = 1. Comparing Figure 13
and Figure 14, one may find that the behavior of the order parameter of the type-II SVBS chain is more
symmetric with respect to || = 1 than that of the type-I SVBS chain. This is because of the almost
compensation of the contributions from the equal number of the boson and fermion species in the type-1I
SVBS states.

Figure 14. (Color online) Plot of Oy, = (A,), the hole density, (nyo()) = (f)f;), and the
hole-number fluctuation, dn? ., as a function of r. Inset: profile of the hole density (r = 0.5)
for a finite system (L = 20). Only the left edge state is changed with the right one fixed to

sg =7T. The figure and caption are taken from [9].
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4.3. Parent Hamiltonians

The VBS state is the exact and unique ground state of a many-body Hamiltonian, which we call
the parent Hamiltonian [6,7]. The relation between the VBS state and its parent Hamiltonian is quite
unique. Usually in quantum mechanics, Hamiltonian is firstly given, and then we solve the eigenvalue
problem of the given Hamiltonian. In most cases, particularly in the presence of many-body interaction,
it is formidable to exactly solve the eigenvalue problem, and so, we need to rely on some appropriate
approximation method. Interestingly, in VBS models, the procedure is completely inverse: the
many-body state (VBS state) is firstly given, and next the parent Hamiltonian is constructed, such that
its ground state is exactly given by the VBS state.

We briefly review the procedure for the construction of the parent Hamiltonian. Consider the VBS
chain with bulk spin 1. The SU(2) decomposition rule of two spin 1 gives the total spin J = 0, 1, 2:

11=001®2 (132)
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However, the values for the bond spin of the VBS chain does not take J = 2, since in that case, all four
1/2 spins are aligned to a same direction and do not form the spin-singlet bond between neighboring sites
(see Figure 15).

Figure 15. (Color online) The bond spin, J = 2, cannot be realized in the S = 1 VBS chain.

%%%,@@,

® J 32
Hence, the VBS state satisfies the condition:
Pj_s(i,i+ 1)[VBS) =0 (133)

where P; denotes a projection operator to the bond spin, J = 2. Since the eigenvalue of the projection
operator is either 0 or 1 for arbitrary adjacent sites, the minimum eigenvalue of the “many-body
operator”, > . P;_»(i,i + 1), is zero. This simple fact is the key observation for the construction of
the parent Hamiltonian. We then construct the parent Hamiltonian for the VBS chain as:

H=> ViaPrs(i,i+1) (134)

where V;_, denotes a positive coefficient (V;_, can depend on the lattice site, 7, but here, we postulate
lattice translation symmetry and drop the lattice index, ). It is obvious that the eigenvalues of the parent
Hamiltonian (134) are semi-positive definite, and its ground-state energy is zero. Furthermore, remember
that the VBS state vanishes by the projection operators in the parent Hamiltonian, and hence:

H|VBS) =0 (135)

Therefore, the VBS chain is a zero-energy ground state of the parent Hamiltonian (134). There is
uniqueness to the ground state (on a finite-size chain, the ground state is, by construction, either unique
(for a periodic chain) or degenerate with respect to the edge states (for an open chain)). In order to prove
the uniqueness in the infinite-size system, one has to define the infinite-size ground state carefully [7].)
for the parent Hamiltonian (up to the degeneracy coming from the edge degrees of freedom), which can
also be proven [7]. The projection operator is explicitly derived as:
-1 <S<Z’>J@Sf;§”>j,(‘j’j{)+ )
J#T

2S(1 z+1)+25(5+1) J'(J +1)

=11 J(J+1) = J(J +1)

(136)

JI£]
In the present case, S = 1, P;_5(i,i + 1) is given by:

2S(i) - S(i + 1) + 4 — J(J + 1)
[ B

Pro(ii+1) =

_! <s<¢) S+ 1)+ (8-S + D) + 2) (137)
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After all, for the S = 1 VBS chain, the parent Hamiltonian takes the following form:
H= VZ S(i+1)+ 1(S(i)-S(i+1))2+g (138)
3 3

where the overall proportional factor, 1/2, has been absorbed in the coefficient, V. The parameter,
V', simply determines the energy scale of the system and is not important in the dynamical behaviors
of the system. The construction of the parent Hamiltonian is rather technical, but the resulting parent
Hamiltonian (138) appears to be “physical”: the spin-spin interaction represents the Heisenberg AFM,
though it contains the quadratic term whose coefficient is one-third of the first Heisenberg AFM term.
It may be obvious from the above discussion that the VBS state is the exact ground state of the parent
Hamiltonian, but if the Hamiltonian (138) was firstly given, one might think that it is almost impossible
to derive its exact energy spectra and corresponding many-body states. However, at least for the
ground-state, we know the exact form of the wave function and its energy. Taking this advantage,
we can develop precise discussions about physical quantities relevant to the ground-state, such as
entanglement spectrum. For excitations, we need to rely on some approximation technique to extract
useful information from the parent Hamiltonian (see Section 5.3.2). It should also be emphasized that
the present construction can be generalized to higher spin VBS states on an arbitrary lattice in any
dimensions. Generally, the parent Hamiltonian is given by:

zM
H=Y Y ViPsij) (139)

(i,7) (z—1)M<J
where V; denotes a positive coefficient and P, (i, ) is given by:
11 (S(i) +8(4)* = J'(J'+ 1)
iy J(J+ 1) —JI(J'+1)

2S(i) - S(j)+25(S+1)—J(J +1)
=11 J+1) J(J +1)

PJ(Zaj) =

(140)

JI#T

In QHE, the parent Hamiltonian for the Laughlin-Haldane wave function is called the Haldane’s

pseudo-potential Hamiltonian [76]. As discussed in Section 2.2, the mathematical structure of the

VBS state and the QHE is similar to each other, and the pseudo-potential Hamiltonian for QHE can

also be obtained by applying the translations between QHE and VBS (Table 1). Indeed, the resultant
pseudo-potential Hamiltonian for the Laughlin-Haldane wave function takes the form similar to (139):

H=3 Z ViPy(i.j) (141)

i<j m(N—2)<J

where P; denotes the projection operator to two-body angular momentum, J.
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43.1.N =1

By replacing the SU (2) operators with UOSp(1]2) ones, we readily construct the parent Hamiltonian
for the type-I SVBS states, which are invariant under UOSp(1|2) transformations generated by the
SU (2) bosonic generators, L;:

1 o; 0O
Li=-U(r)| ' U(1/r 142
V) (0 0) (1/7) (142)
and the parameter-dependent fermionic operators, K :
1 0 T,
Ko = Ul(r “w(L/r 143
: <><_(Z.%)t 0) (1/7) (143)

where V(r) is defined by (84). Notice that L, and K, satisfy the UOSp(1|2) algebra (45). With use of
the UOSp(1|2) generators, it is straightforward to construct the parent Hamiltonian for the SVBS states
with the arbitrary value of the parameter, r. First, we need to derive the projection operators to the

subspaces of bond-superspin, J. The decomposition rule for the two superspins S is given by:
J=S®S§=00120103/202¢---®2S (144)

Note that the UOSp(1]2) decomposition rule is similar to that of the SU(2), except for the
bond-superspin decreasing by 1/2. The SVBS state does not contain any UOSp(1]|2) bond superspins
larger than J;,,x = (2 — 1)M and is the exact zero-energy ground state of the parent Hamiltonian:

28
Hyper=> Y ViPy(i,j) (145)
(i) J=Jmax+3

where V; are positive coefficients and P;(i,j) are the projection operator onto the superspin-.J

representation of UOSp(1|2), written in terms of the Casimir operator as:

28 . .
o (Ka(i) + Ka(5))? = J'(J + 1)
]P)J(Z’ ) - 1 / / 1 2
! Jl’;[J J(J+3) =T +3)
7 2KA()Ka(j) +28(S+3) = J'(J' + 3)

B JEIJ JJ+H =T +1)

(146)

which projects to the two-site subspace of the bond superspin, J. Here, K 4(i)K4(j) = Li(i)L;(j) +
€apKo(i)K5(j) and K4(i)Ka(i) = Ka(j)Ka(j) = S(S + 3 ). Since the projection operators (146) are
UOSp(1|2) invariant, the parent Hamiltonian is (145), as well. Following similar discussions about the
uniqueness of the VBS state in Reference [7], we can prove that the SVBS state is the unique zero-energy
ground-state of the parent Hamiltonian (145).
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For concreteness, we demonstrate the derivation of the parent Hamiltonian for the S = 1 SVBS chain
(z =2, M =1 and then J,,x = 1). From (144), we obtain the parent Hamiltonian (145) for the type-I
SVBS chain as:

H hain1 = Z {Vg ]P%(ivi + 1)+ VoPy(i,i + 1)}

)

B Z{%“VQ 63V Ka()Kali +1) + (95 — TV (KA Kali + 1)) (147
+ i—g(‘/ﬁ — 5Vg)(KA(i)KA(i + 1))3 + %(V2 — 7Vg)(KA(i)KA(i + 1))4 i VS}

Here, we add several comments. Since the Casimir operator, (K 4 (i) + K 4(j))?, contains pair-creation
terms of fermions, such as f; f; (a;b; — bja;), the Hamiltonian (147) does not preserve the total fermion
number, Ny = ZZ f;r fi (though the total particle number, i.e., the sum of boson number and fermion
number, is conserved). This fermion number non-conserving term is a particular structure of the BCS
Hamiltonian, and this is in agreement with the SC property of the SVBS model (see Section 4.2).

The fermionic generators, K, are non-Hermitian, and then the type-I parent Hamiltonian (145) is
non-Hermitian, as well. As a reasonable Hermitian extension of the type-I Hamiltonian, one may adopt:

28
Hiyper =Y Y ViPi(i,j)P,s(,j) (148)

<Z]> J:Jmax'f‘%

The definition (148) is a natural generalization of the original type-I parent Hamiltonian, since, if the
projection operators were Hermitian, from the property P2 = P;, Equation (148) would be reduced to

the original one (145).
432. N =2

The irreducible representation of the UOSp(2|2) group is specified by (j,b), which signify the
indices of the largest bosonic subalgebra, SU(2) & U(1) (we denote the eigenvalues of the SU(2)
Casimir operator, 8%, as j(j +1) (j = 0,1/2,1,---.) and arbitrary complex number eigenvalues of
the U(1) operator, B, as b.) The irreducible representation is classified into two categories: the typical
representation and atypical representation. For b # =+, the irreducible representation is called the typical
representation with dimension, 87, while for b = £, the irreducible representation becomes the atypical
representation with dimension 4; + 1. The eigenvalues of the UOSp(2|2) quadratic Casimir operator
(72) for (j, b) representation are generally given by:

C = 5% —b? (149)

Then, for the atypical representation, (b = j), the Casimir eigenvalues identically vanish. Since the
Casimir corresponds to the square of the radius of fuzzy manifold, it may not be probable to explore

fuzzy geometry based on the atypical representation. Meanwhile, the typical representation consists of
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b, 7, J3), b, j — 1, j3), each of which

carries the SU(2) spin index S as:

four SU (2) representations, b+1/2,5— 3,730, [b—1/2,5— 3, j3),

() S = j o (2j +1)-dim

N o

)S=j-1/2 2j-dim (150)
(i) S = j — 1/2 ... 2j-dim

(V) S =j—1 (2 — 1)-dim

For instance, an eight-dimensional typical representation, (j,b) = (1,0), is constructed with the use of
the components of the UOSp(2|2) Schwinger operator (107):

Q) [+) = yol’lvac),  10) = afbivac),  |-) = bl Jvac)

(ii) 1) = al f]|vac), 1) = bl f][vac) (151)
i) [1') = alg!|vac), |11/ = bl g |vac)

(iv) 0') = gl £f]vac)

They give rise to a A/ = 2 SUSY multiplet. The UOSp(2|2) superspin operators can also be given by:
S;=U(r) LU (r), Ko=U'(r)l,¥(r), D,=V"(r),0(r), B=U(r)y¥(r) (152)

with I;, {,, I/, and 7y (73). Obviously, S; and —iB are the generators of the subalgebra su(2) @ u(1). The
basis states (151) carry the SU(2) & U(1) indices as:

():b=0,j=1), (ii)Fd(ii): [b=+1/2,5=1/2), (iv):[b=0,j=0) (153)

For a two-site system, the UOSp(2|2) bond superspin operators are constructed as S = S(4) +S(j),
K = K, (i) + Ko (j), D" = D, (i) + Do(j), B = B(i) + B(j), and the quadratic Casimir operator

is expressed as:
Ci,j — Stot N Stot _I_ EaﬁKg)tKg)t _ Eoz,BDto?th’)t _ BtotBtot
= )+ C)+ 2{8()80) + asKalDFA) ~ eas D)D) ~ BOB() |

= C(i) + C(5) + 2L(3) - L(j)
= 28% + 2L(3) - L(j)

(154)

where C'(i) = C(j) = 8* (8§ = 0,1/2,1,3/2, - - - ) (the graded fully symmetric representation made of
the UOSp(2|2) Schwinger operator carries the SU(2) @ U(1) indices, (j,b) = (S,0)), and L(i) - L(j)
is defined as:

L(i) - L(j) = S(i) - 8(j) + €asKa(1) K3(j) — €apDa(i)Ds(j) — B(i) B(j) (155)
The tensor product of two identical typical representations is decomposed as:
=@25," (28 —n,0) @22, (28 —1/2—n,1/2) (156)
@2t (28 —1/2 —n,—1/2) @*57' (28 —n,0)

n=1
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For instance, (on the right-hand sides of (157) and (156)) (1/2,1/2) & (1/2,—1/2) is replaced by a
not-completely reducible atypical representation consisting of a semi-direct sum of atypical
representations, (0,0), (1/2,—1/2), (1/2,1/2), (0,0) (for details, see Section 2.5.3 in [173]).

(1,0)®(1,0) = (2,00 ®(3/2,1/2) ® (3/2,=1/2) ® (1,0) ® (1,0) & (1/2,1/2) ® (1/2, =1/2) (157)

Similar to the UOSp(1]2) decomposition (144), the UOSp(2]2) bond superspins decrease by 1/2 [see
the right-hand side of (157)]. As also observed in (157), B is specified by J: for integer, J, B = 0, while
for half-integer, J, B = 1/2 or —1/2. Hence, the square of B is uniquely determined as a function of J:

B(J)* = <(1—(-1)*) (158)

Invoking the usual arguments of constructing the parent Hamiltonian, we derive the type-II parent

Hamiltonian as:
28

Hypen = »_ > ViPy(Ciy) (159)

(1-1/2)28<J <ij>

where P; stand for the projection operators of the bond superspin J:

Cij— (J* = B(J")?)

(J2 — B(])Q) _ (J/2 _ B(J/)Q) (160)

Pi(Ciy) =11

J£J

Here, B(J)? and B(J')? are given by (158). For a L. = 1 type-II SVBS chain, the parent Hamiltonian is
given by:

Henain-nt = Z{%ﬁpfi/?(ci,wl) + VoPs(Ciiv1)} (161)
where the projection operators are:
Ciiv1 — (J? = B(J)?) 1
Ps3/5(Ciiv1) = H 2+1 T2 _ B(J)? = _§02i+1<0i,i+1 —1)(Ciis1 —4)
J'=2,1,1/2,0 o ( - ( ) ) (162
Cizn —(J*=B(J)") 1 _,
PG = ]I == 7 = oo C2(Chann = D)(Cir —2)
J'=3/2,1,1/2,0 4 - (JI - B(J/) ) 96

With the use of C; ;41 = 2L(i) - L(i + 1) + 2, the type-II parent Hamiltonian (161) can be rewritten as:

Hepaint = Z{%(Vz +36V3/2)(L(i) - L(i + 1)) + %(VQ +3Vao) (L(3) - L(i + 1))

(5% = 30V) (L) LU+ D+ (Ve 12V (L) - LG+ 1)+ Ve
(163)

It is noticed that, unlike the type-I parent Hamiltonians (145), the type-1I parent Hamiltonians (159)

themselves are Hermitian, since the UOSp(2|2) Casimir itself (154) is given by a Hermitian operator.
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5. Supersymmetric Matrix Product State Formalism

This section reviews the MPS formalism and its supersymmetric version, SMPS. In the formalism, the
edge degrees of freedom are naturally incorporated. Practically, the MPS formalism provides a powerful
method to calculate physical quantities, such as excitation gap, string order and entanglement spectrum.

5.1. Bosonic Matrix Product State Formalism

As we have discussed above, the VBS state is expressed as a product of valence bonds defined on
two adjacent sites. In 1D, the VBS state (29) can be rewritten as a product of matrices defined on local
site [21,24]:

L-1
[VBS)as = (Ra®])” [ [(@IR2®7,1)(@7)7 |vac)
1

i=

= (Ry &)1 - (HR2<D <1>T> (Ry®% &%) |vac)
= (A1 Ay AL) g (164)

where the “state-valued” matrix A; is given by:

I (b))2 0); V2|1
Ai = Ry®; - ®fvac); = (_CE;{)Q f;g,;) |vac); = (—‘ﬂ>|1>i —’|o>i>> (165)

It is clear, by the Schwinger-boson construction, that the row and the column of the matrix, A;,
correspond, respectively, to the valence bonds going from the site, ¢, to its adjacent left and right sites.

Sometimes, it is convenient to write (165) in a slightly different way:

= Z A(m)|m); (representation-(i)) (166a)

m=—1
or
Z A'(a)|a); (representation-(ii))

s (166b)

1
I$>=—E(I+1>—I—1>) > )= (|+1>+|— ) 1z =10)

In the first representation, the c-number matrices, A(m

0 0 1 0 0 V2
-0 a0-(0) a0 e

while, in the second, A’(a) is given by the Pauli matrices o, (a = x,y, z). Using these representation, we

= o

, are given by:

can recast (164) into the form where the c-number coefficients and the basis part are separated explicitly:

(./41./42 < 'AL>aB == Z {A(ml)A(mQ) cee A(mL)}aﬂ |m1>1®|m2>2® e ®|TTLL>L (168)
{m;}



Symmetry 2013, 5 157

The state (164) or (168) represents a collection of the D? states (with D being the matrix size) specified
by the matrix indices, («, 5). In the above case, («, §) have a clear physical meaning that they specify
the states of the two emergent edge spins.

It is convenient to represent A(m) [and A*(m)] by the following simple tripod diagrams:

[Am)ag =, é ’ [A*(mz-nd,a:a;?ﬁ e

where the thick and the thin lines, respectively, denote the d-dimensional physical Hilbert space (here,
d = 3 spin-1 states labeled by m = —1,0,1 or a = =z,y, ) and the D-dimensional auxiliary space
(D = 2-dimensional space spanned by the spinors a' and b); the matrix multiplication amounts to
connecting open thin lines on the adjacent sites. Then, the Bra and the ket vectors may be depicted by
strings of these tripods (Figure 16). Quantum states, which can be written in the form of (164) or (168),
are in general called matrix-product states (MPS). As has been mentioned in Section 1, any gapped
short-range states fall into this category. We refer the readers to recent readable reviews [32,33] for more
details and the applications.

Figure 16. Diagrammatic representation of MPS and its dual.

|MPS>aL,aR |m1> |m2> |mj—1> \m]> |mj+1> ‘mL>
N QL . . aR
: 2 j—1 J Jj+1 L
<MPS|06L aR
! 2 J—1 J Jj+1 L
- @LW---F—T—?---?@
(ml gmal gl (mgl mga] (sl

We would like to comment on an interesting property of MPS (168). When SU(2) rotation acts on
the state in (166b) as |a) — Ry,|b), the local MPS matrix, A4;, transforms, like:

A= 3T Rud@b)i= Y0 Ruodlb)i= Y UlaUlb) = UTAU (170)

a,b=x,y,z a,b=x,y,z b=x,y,z

where R is a three-dimensional rotation matrix and U 1is the corresponding spinor representation.
Namely, the original SU(2) symmetry for the local spin-1 objects “fractionalizes” into that for the two
spin-1/2 objects (spinors). From this, it is evident that the spin-1 VBS state on a finite open chain
[represented by the MPS (164)] transforms, under SU (2) rotation, as if there were two spin-1/2 objects
(“‘quark” and ““anti-quark™) at the ends of the chain. The above is the simplest example of more general
symmetry fractionalization property of MPS, which will be extensively used in Section 6.4.

We can generalize the strategy to construct the parent Hamiltonian for the VBS state in Section 4.3 to
any MPS. The idea is to prepare a cluster Hamiltonian and tune the parameters, so that the Hamiltonian
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annihilates all the D? states (i.e., matrix elements) of the MPS on that cluster. In fact, it can be shown
that for any given MPS, there exists the parent Hamiltonian for which the MPS (164) or (168) gives
the (degenerate) ground states [25]. By construction, the degree of degeneracy is equal to the number
of matrix elements (D?). For example, the ground state of the parent Hamiltonian of the spin-S VBS
state (the VBS model) is shown to have (S+1)x (S+1)-fold degeneracy, when the model is defined on
a finite open chain [6,7]. This exact degeneracy on a finite chain is peculiar to the VBS model and, if we
slightly deviate from the solvable VBS point, the emergent edge spins (S/2) start interacting with each
other with a coupling constant exponentially small in system size to (partially) resolve the degeneracy.

For a periodic chain, on the other hand, we have to take the trace over the matrix indices:

L

=1
and hence the ground state is not degenerate.

5.2. Supermatrix-Product State (SMPS) Formalism and Edge States

The Schwinger boson construction described in the previous section can be generalized to SUSY
cases by using the Schwinger operator, which contains both bosons and fermion(s).

521. N =1

Now let us consider the MPS representation for the type-I VBS chain [9]. The SVBS chain (85) is

written as a string of 33 matrices (a g =1273):

ISVBS-I)0s = (Ryja W1 (r) H (M) Ry W1 (r)*) T ()7 |vac)
(172)
(R”Q\IJ ( <H Rl‘g\lf )T> . (R1|2\IJL(T)*\IJL(T)T)5‘V3.C>
= (A1 Az AL)ag
where:
Ai = lellz(r)* . \Pi(r)”vac)i
alb] ®h? ol
= —@)? —alt] —yralff | Ivac);

rtlal R0 (173)

0 V2[=1)i VTl
= —V2)i  —0) =Vl
=Vt =Vl 0

From the expression (172), it is clear that the nine-fold degenerate ground states correspond to different

possible choices of the edge states:
‘SL_ \1/7 SR= T> ’SL: \l/v SR= \l/> |SL \l/u SR_O>
ISVBS-1)gpen = ® Ai= | lsi=Tise=1) [si="Tisg=1) [s1=1;sr=0) (174)

|s=0;sr=1) [sL=0;sr=1]) [sL=0;sr=0)
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The row index specifies the left edge states and the column one the right. On the left (right) edge, the
matrix indices {1, 2, 3} correspond respectively to {J, 1, hole} ({1, ], hole}).
By looking at the form of .A; (173), one sees that the matrix has a block structure:

B(2,2) F(2,1)
<F(1, 2) B(1, 1)) (175)

where B(m,n) and F(m,n) respectively denote “bosonic” and “fermionic” (i.e., anti-commuting)
matrices of the dimension, mxn. Therefore, it is convenient to regard A; as a supermatrix. Thus,
the SVBS chain can be expressed in the form of a supermatrix-product state (SMPS), and the matrix
size of the SMPS is directly related to the number of edge degrees of freedom. The (S)VBS states with
different edge states have finite overlaps with each other, which exponentially decrease by the system
size, L. That is, two (S)VBS states with different edge states are orthogonal to each other only in the
infinite-size limit.

In constructing the SVBS state on a periodic chain, one has to treat the fermion sign carefully, and
one sees that the trace operation used in the standard MPS representation (171) should be replaced with

the supertrace: .
ISVBS-1) periodic = STr {@ Az} (176a)
=1
where the supertrace is defined as:
STr(M) = My + Moy — Ms;s (176b)

From these A-matrices, we obtain the following 9x9 T-matrices (transfer matrix):

10 00 20 00 7

0 -100 00 00 0

00 00 00 0 —r 0

00 0 -100 00 0
Taugs=A(@BA@B) =120 00 10 00 r -

00 00 00 7+ 0 0

00 00 0 —r 00 0

00 0 00 00 0

r0 00 r0 00 0

(a,a, 3,6 =1,2,3)

Here, A* is obtained from A by |-) — (-] and complex conjugation.
Using the matrices, A(m), and the diagrammatic representation introduced in Section 5.1, the transfer
matrix may be expressed as:

d d
Tougs = D 1A (M) s5[AM), .= > |m (178)
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The transfer matrix naturally appears in the calculations of the MPS formalism. For instance, by using the
diagrammatic representation in Figure 16 and the orthogonality of the local basis states, (m|n); = 0mn,
one can show that the overlap of the two (S)MPSs with edge states {ay, ar } and {ay, ar } can be written
as (for the bosonic MPS, this is straightforward; for the SMPS, one has to treat the fermion sign carefully,
but at the end of the day, we can check that the final result is the same) (see Figure 17a):

(ar.ax) (MPSIMPS) (4, o) = [T7] (179)

QaL,aL;0R ;R

where the matrix multiplication is taken over the tensor index (&, «).

Figure 17. (a) Diagrammatic representation of overlap of two supermatrix-product states
(SMPSs); (b) more general boundary conditions, which are linear combinations of different
(e, ar)s may be used. In those cases, edge states are expressed by D?-dimensional
vectors, “L” and “R” (for instance, in the simplest case (a), the edge-state vector has the

components, dg a, Oa,a; )-

In the periodic case, the above expression is modified:

(SVBS-I|SVBS-T)psc = » _ sgn(a)sgn(B) {T"} odas) (180)
a,p
where:
1 fora=1,2
sgn(a) = (181)
—1 fora=3

Notice that the transfer matrix directly appears in the right-hand side of (180), and hence, the calculation
is boiled down to that of the power of the transfer matrix. The eigenvalues of the transfer matrix (177)

are computed as:
. . 1 1
{—1(><3), —in(x2), ir(x2), <3 — Vet 9) 5 (3 VRt 9)} (182)

and plotted in Figure 18. The largest eigenvalue of the transfer matrix, % (3 +V8r2 + 9) , will be relevant

in the thermodynamic limit.
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Figure 18. (Color online) Plot of absolute values of the five different eigenvalues of 7'. The
largest eigenvalue is always unique and non-degenerate (except for r — oo). The figure and

caption are taken from [9].

522.N =2

Similar to the type-I SVBS chain, we can express the type-II SVBS chain (M = 1) in the form
of SMPS:
ISVBS-I) o5 = (A1As -+ AL)as (183)

where:
alb] wh? bl bl
—(al)?  —afb]  —ralfl —/ralg
_\/7_7‘1;@1T _\/Ffini 0 -r ingT
—Vrglal —rgltl vl 0

As in the type-I SVBS state, the supertrace is necessary for the periodic system:

L
ISVBS-II) = STr {@ A,} (185)

AZ' = RQ‘QQ? (T)\Iji(T)T|VaC>Z' = |VaC>Z' (184)

=1

where STr(M) = My + May — M3z — My,y. The corresponding transfer matrix is a 16 x 16 matrix and

has seven different eigenvalues:

{=1(x3), —ir(x4), +ir(x4), —r*(x2), r*, (r+3+f(r))} (186)

N | —

(7’2 +3 - f(r)),

N | —

where f(r) = v/r* 4 10r? + 9. Regardless of the value of 7, the largest eigenvalue is: § (1> + 3 + f(r)).

5.3. Excitations

In this section, we delve into dynamical properties, i.e., low-lying excitations on the SVBS chain. In
Section 4.3, we have already obtained the parent Hamiltonian from the VBS state. Given the form of
the Hamiltonian, we can, in principle, investigate dynamical properties of the system. Unfortunately,
however, even though we have the exact ground state in hand, only limited (exact or rigorous)

information about the excitations is available [181,182]. Nevertheless, when the explicit form of the
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(whether exact or approximate) ground-state wave function is known, the single-mode approximation
(SMA) gives reasonably good results [75,91,92]:

VBS state 2%  Parent Hamiltonian -~ Excitation (187)

The SMA not only provides us with a simple transparent way of calculating (approximate) excitation

spectrum, but also sets a rigorous upper bound for the true spectrum.
5.3.1. Fixing Parent Hamiltonian

Since the type-I Hamiltonian (147) contains one extra parameter up to the overall factor, i.e., the ratio
of V3,5 to V5, we begin with fixing the form of the parent Hamiltonian. One way to fix the remaining
coupling is to require that the SUSY parent Hamiltonian (147) should reduce to the original SU(2) VBS
Hamiltonian (138) in the limit » — 0. This naturally fixes the two coupling constants in the type-I parent
Hamiltonian (147) as:

Vajo = tanhr, Vo= V2 (188)

and we have:

H = Z{tanh(r)PL (i, + )P (i, + 1) + V2PL(i, i + 1)Py(i,i + 1)} (189)

Some of the matrix elements in the fermionic sector have a factor, 1/r, and in the limit, » — 0, they
are divergent. However, they are harmless in the limit, since the ground states contain no fermion in the

r — 0 limit. Consequently, the type-I parent Hamiltonian projected onto the bosonic sector coincides
with the spin-1 VBS Hamiltonian (138).

5.3.2. Crackion Excitation

Now, we are ready to derive the excitation spectra by using SMA. The paradigmatic picture of the
low-lying excitations in the half-odd-integer-spin chains 1is provided by the so-called
Lieb—Schultz—Mattis construction [183], where we apply a slow twist along one of the symmetry
axis (say, the z-axis) of the spin Hamiltonian. Physically, this boosts the quasi-particles in the system
and thereby creates low-lying excitations [with energies of the order of ~ (chain length) '] at a special
momentum determined solely by the total magnetization. Unfortunately, this construction does not
work in the usual VBS state [24]. Instead, as we will see, an excited triplet bond (crackion [184], i.e., a
“crack” created in a “solid” of valence bonds; see Figure 19) in the VBS gives, to good approximation, a
physical low-lying excitation. Due to the simple structure of the VBS states, the excitations considered
in the SMA essentially coincide with the crackions [24,184]. In the Schwinger-boson construction of
the VBS states (29), the crackion excitation is obtained by replacing one of the singlet valence bonds,

Ia} or (aj-b;r- + 0! a;) or bj-b;). Since a single Schwinger boson af

(a;rb; - bja;), by a triplet one (either a
or b describes a spin-1/2 spinon, we may thought of the triplet crackion as the confined triplet pair of
two spinons. The notion of crackion excitations can be generalized in other VBS-type models (states)
with higher symmetries (e.g., SU(N)), where an intriguing picture on the relation between spinon

confinement and the existence of “Haldane gaps” has been proposed [116,118].



Symmetry 2013, 5 163

Now, let us consider the crackions in the SVBS chains [9]. Since we are dealing with a SUSY system,
we consider two different types of excitations (see Figure 19) that may be regarded as super-partners of
each other:

e Spin excitation:
Spin triplet excitation (S = 1) created by UO.Sp(1|2) bosonic operators
e Spinon-hole excitation:
Spin doublet excitation (S = 1/2) paired with a hole created by UO.Sp(1]2) fermionic operators

They are schematically represented in Figure 19.

Figure 19. (Color online) Action of bosonic (spin) operator, S* (a), and fermionic generator,
K, (b), onto the SVBS state. The local operators, S(i) (¢« = x,y,2) and Kj(i),
respectively, create a triplet bond and a spinon-hole pair on either of the two adjacent bonds,
(¢ —1,7) and (4,4 + 1). The figure and caption are taken from [9].

i—1 0 i+ 1 . P
(a) 1 (l,]'bl_’_l + [)J”v'—kl
- _{ I I T }
2 i1 3 i i+l
K,
g Ty e
i —1 7 1+ 1 o .
(b) \/7—” spinon-hole pair ”')47L'/,r+1 + flaigq
=Y )= ans[@ OASND @urnns o - owa Il T }
[t st

In the SMA, the (unnormalized) excited-state wave function is assumed to be given (for the spin
excitation) by:
|k,a) = S*(k)|SVBS) (190)

where S%(k) denotes the Fourier transform of the local spin operator S%. Then, the excitation spectrum
(or the Bijl-Feynman frequency [185,186]) is obtained by calculating the following quantity:

v = Ml k- B)lka)
SMA (k,alk,a) (k,alk,a)

—Ey = (191)

where H is given by (189) and Ej, is the ground-state energy. We can consider other types of excitations
by changing S®(k) to other operators.

5.3.3. Spin Excitation

Let us start by investigating the action of local spin operators:

1
STG) = alb;, S™(i) = bla;, S*(i) = §(ajai —bib;) (192)
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on the SVBS state. A little algebra shows that these spin operators create triplet bonds around the site ¢
(see Figure 19):

S ISVBS-I) = W” ) — V) (193a)
S#|SVBS-I) = { @) + |¢§°)>} (193b)

where ]zpi(l)> and |¢§0 ) are obtained by replacing the SUSY valence bond, (a}a! 41 — blb! =T i le),
by triplet bonds, aZaj 41 and (a TbT i1 T blaz +1) respectively. By taking the Fourier transform of
Equations (193a) and (193b), one immediately sees that the triplon-crackion equivalence (except for
the momentum-dependent form factor) found in the ordinary VBS states [24,184] holds in the SVBS
case, as well. By simple algebra, it is easy to show the following bound for the true spin-excitation

spectrum wie (k):

RO (SVBS-I|S%(k)(H — Ey)S*(—k)|SVBS-I)
SMA (SVBS-I|Se(k)S(—k)|SVBS-I)
_ 1(SVBS-I|[S*(~Fk), [#, S*(k)] SVBS-I) (194)
2 (SVBS-1|Se(k)Se(—k)|SVBS-I)
> Wie (k)

The last inequality is proven by noting that the left-hand side can be rewritten as the following average:

Jo dwwS* (k, w)
JoS dwSae(k, w)

(195)

and using the spectral decomposition of the dynamical structure factor, S®*(k,w). The spin-excitation
spectrum obtained [9] in this way is shown in Figure 20. At » = 0, the dispersion reduces to the
well-known result of the original VBS chain [75]:

oy _ 10
Wiia(K) = 52 (5 + Bcosk) (a=1,y,2) (196)

In the limit, » — oo, on the other hand, the spin excitation loses its dispersion. This is easily understood
by noticing that the ground-state reduces to the Majumdar-Ghosh dimer states on which excitations

cannot move.
5.3.4. Spinon-Hole Excitations

The dynamics of doped holes in the spin-gapped background is in its own right interesting [187].
In the context of the VBS models, some (both exact and approximate) results have been obtained. For
instance, in [188], the motion of spin-0 holes in the spin-1 VBS background is considered and the
exact one-hole spectrum is obtained. Motivated by the experiments carried out for hole-doped spin-1
compound, Penc and Shiba [189] introduced a realistic model and investigated the motion of a single

spin-1/2 hole immersed in the gapped spin-1 VBS background.
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Figure 20. (Color online) The spin excitation (triplon) spectrum wgy;, (k) obtained by SMA.
At r = 0, it reduces to the well-known dispersion wsya (k) = 10(5 + 3 cos k) /27 of the
spin-1 VBS model. When r — oo (Majumdar-Ghosh limit), dispersion becomes flat. The

figure and caption are taken from [9].

A similar strategy can be used to obtain the spectrum of the charged (hole, fT) excitation, which is
always paired with the S = 1/2 spinon (a' or b"). These excitations are created by applying the two
fermionic generators of UOSp(1/2):

K\ (i) = 1(\1[fza - rfib)
11 (197)
KQ(i) 2(\/—fsz \/FfiTai)

to the VBS ground state. By using the explicit form of the ground-state wave function, it is easy to show:
. r
K (i)|SVBS-T) = § {1w2) 1)} (198)

where the crackion state, ]wfl/ 2)), is obtained by replacing the SUSY valence bond,

(alb! 41 — blal T f fiT—i-l)’ with a spinon-hole pair, (a/ f/ Lyt flal +1) (see Figure 19b). The

excited state, K5|SVBS), is defined similarly with a’ in the above expression replaced with bf. For

r = 0, the spectrum is given by:
8
h = — —
“sa (k) 3(2 — cosk)

The behavior of the spectrum as a function of r [9] is plotted in Figure 21.

(199)

We add some comments about distinctions between wiy;, (k) and wiy, (k). Since SUSY relates the
bosonic generators, S, and the two fermionic generators, K, one might naively expect the same spectra
for their corresponding excitations. However, this expectation relies on the existence of a “unitary”
transformation, which linearly transforms the set of the SUSY generators onto themselves. Since no
such transformation exists in the present SUSY, the spectra for the spin and charge sectors indeed exhibit
different behaviors.
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Figure 21. (Color online) The excitation spectrum, wiy, (), of a spinon-hole pair obtained
by SMA. This spinon-hole pair state is created by fermionic generator, /7, except at r = 0,
where the transition matrix elements of /; from the ground state vanish. The figure and

caption are taken from [9].

6. Topological Order

As has been discussed in Section 1, no true topological order is possible in 1D systems [61,62].
However, if we impose a certain kind of symmetries, there can be topologically non-trivial phases
protected by the symmetries dubbed symmetry-protected topological phases. One of the typical
examples would be a non-trivial topological phase with the Majorana edge mode in 1D interacting
fermions [190]. We already know that there exists an analogous “topological” phase with (almost)
free edge spins (S = 1/2) at the edges in 1D spin systems, as well. In this section, we give detailed
discussions about the topological properties of the SVBS states [9,10]. In particular, we investigate the
string order and the entanglement spectrum of type-I and type-1I VBS states. Then, we generalize the
MPS argument of the symmetry-protected topological order [65,66] to SUSY cases to understand the

degeneracy structure in the entanglement spectrum.

6.1. Hidden Antiferromagnetic Order and String Order Parameter

Before proceeding to the SUSY cases, we briefly recapitulate the hidden non-local order in 1D spin
systems. The concept of hidden order is an isotropic generalization of the Néel order. As we have seen
in Section 2.2, the Néel order for S = 1 antiferromagnetic spin chains looks like (if we assume that the

ordering occurs in the z-axis):
-+ =+ =+ = + - (200)
Here, + stands for S* = +1 and — for S* = —1. Clearly, the spin-spin correlation:

(5757) (201)
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depends on the parity of the number, n, of sites between ¢ and j. A simple way of turning this
position-dependent (or alternating) correlation into the smooth ferromagnetic one would be to insert
a phase factor, (—1)", between the two spins:

(5757 4n) = (55 (=1)"5540) (202)

Jj~j+n

in order to cancel the sign factor coming from the alternating +1 and —1 between the sites, j and
J + n. Namely, the Néel antiferromagnetic correlation translates to the ferromagnetic correlation in
(S5 (~1)"S510).

On the other hand, as is seen in the expansion of the VBS state [see (360)], a typical S* sequence
appearing in the state reads as:

-+ - 4+0—-+ -00+ -0+ - (203)

As has been pointed out already in Section 2.2, by removing zeros in the sequence, we can reproduce
the usual Néel order. In this sense, there still exists a certain kind of Néel order, though “disordered” by
randomly inserted zeros, called the hidden string order (however, there is a striking difference from the
usual Néel order. As has been mentioned in Section 2.2, the string order exists regardless of the choice
of the quantization axis, while the Néel AF order is observed only in a particular direction) [18,19].
However, the trick used above does not work, since, due to the intervening zeros, the positions of +1
and —1 are random (though they still appear in an alternating way) and the phase (—1)" cannot cancel

the sign factor. Nevertheless, a little thought tells that the following choice will do the job:
exp (MTSM(]’ ] + n)) _ (_1)#of:|:1 between j and j + n (204)

where:
Sian(i: ) ZSk (205)

stands for the partial sum of S} between an arbitrary pair of sites, ¢ and j. Therefore, it is suggested that
we should use instead of Equation (202), the following pair of non-local order parameters:

(’)ftrfrfg = hm <S exp{inSg, (7 +1,7+n)} ]+n>
(206)

n—oo

Ofring = 1l <5§ exp{imSg(j, 7 +n—1)} j+n>

known as the string order parameters [18,19], in order to characterize the non-trivial spin order in the
(S = 1) VBS state. In the first line, ST, (j + 1,7 + n) is defined similarly to SZ, (7,7 +n — 1) [see
Equation (205)].

The above expressions have been guided by a simple physical intuition. However, as has been pointed

out in [191,192], the string order parameters have in fact a deeper meaning than we expect from the
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above simple argument. To see this, first we note that the string correlation functions can be recasted in

a suggestive way:

Oftring(%j +n) = <S$ exp{Zﬂ-Stmot( +1 ] +n)} j+n>

= (57%) (207)
(’)fmng J,j+mn)= <S exp{irSZ, (7,7 +n—1)} J+n>
— (35,
where S* and 57 are defined as:
§f = Sj exp{inSio(j + 1, L)}, § = exp{imSg (1,7 — 1)}55 (208)

The physical meaning of these operators may be best understood by considering the “height plot” of the
VBS spin configurations [18,24], where the value S

tot

(1, 7) is represented by the “height” between the
sites, j and j+1 (hence, S7 itself is a “step” at the site j). Figure 23a is a plot of a typical S*-configuration
of the spin-1 VBS state when the left edge state is 1. One can clearly see that the meandering steps are
always confined between the heights 0 and +1. A similar analysis in the case with the left edge state
| shows that the heights are either 0 or —1. From these observations, it is concluded that the string
exp{imSE,(1,j — 1)} attached to the left of the operator, S?, somehow suppresses the strong fluctuations
in S* and that S* takes either 0 or +1 (0 or —1) when the left edge state is 1 ({). Similarly, one can show
that S* becomes weakly ferromagnetic depending on the right edge states. In short, non-zero string
order parameters translate to the existence of a certain kind of weakly ferromagnetic order in the = and
the z directions (i.e., <§“) # 0 fora =z, 2).
Remarkably, the following unitary transformation [193]:

Uxr = exp {m > S,ij} = [ exp{ins; S} (209)

k<j k<j
relating the two operators, S and S ¢, as:
S? =Ukr S} Ugy , S; = Ukt S; Uy (210)

transforms the original [SU(2)-invariant] Hamiltonian into the one, Uxr H Ulle, which is invariant only
under the dihedral group, D, (or Zs x7Zs), consisting of two 7 rotations with respect to the = and the
z axes [191,192]. Therefore, we can interpret the existence of the string order (both in z and z) in
the original system as a consequence of the spontaneous breakdown of the ZsxZ,-symmetry in the
transformed system, Ugr H Uyt and the resulting (weak) ferromagnetic order in Sz,

The 1idea of non-local hidden order and edge states has been to some extent
generalized [24,167,193—-195] to other values of integer-spin-.S, although the hidden Z, x Zs-symmetry
is never broken [193] in the case of even-S (see Figure 22) (this does not mean that Zs X Zo-symmetry

never breaks down in any even-S chains. In fact, even when S =even, one can construct the model
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ground states that have non-vanishing string order parameters.) In the course of these studies, it has
been recognized that there are some differences [24,193] in the ground-state properties according to
the parity of S. Nevertheless, by analogy with the quantum-Hall systems [166], the ground state of
generic integer-spin antiferromagnetic chains, including the original VBS state and its higher-spin
generalizations [75], characterized by certain kinds of non-local correlations and emergent edge states,

have been called “topological” in a rough sense.

Figure 22. (Color online) The behaviors of string order parameters in correspondence with
magnitude of bulk spins. In particular, at § = 7, the string order parameters of even spin
VBS (S = 2,4) vanish, while those of odd spin VBS, (S = 1, 3), have finite values.
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To illustrate distinct behaviors depending on the parity of spin, S, we may introduce the following

generalized (angle-dependent) string order parameter [193]:

Olime(6) = lim <S; exp{i0Sz(j,j +n 1>}S;+n> (211)

where the parameter, 6, has been introduced for convenience (the introduction of the # parameter is
mainly motivated by the idea that the intermediate string might somehow cancel the fluctuations between
the two spins, S*(z) and S*(i + n); for 6 = 7, this works perfectly in the S = 1 VBS state; except
for # = 0 (ordinary spin-spin correlation) and § = 7 (string correlation), no symmetry-related reason
has been found so far). When # = 0, it reduces to the usual spin-spin correlation, and when 6 = ,
it coincides with the string order parameter discussed above. The behaviors of the generalized string
order parameter (211) are shown for several values of bulk spin, S, in Figure 22 [24]. The string order
parameters are symmetric with respect to § = 7 and generally have S peaks for the spin-S VBS state.
As is expected from the ground state being magnetically disordered, the infinite-distance limit of the
usual spin-spin correlation function (f# = 0) vanishes regardless of the value of S. On the other hand,

2,00

swing takes finite values for the odd-S VBS states, while it vanishes for

Figure 22 demonstrates that O
even-S. Therefore, in the sense of the ZyxZs-symmetry argument [191,192] mentioned above, this

hidden symmetry is never broken [193] in the even-S VBS models.
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6.2. Generalized Hidden String Order in SVBS Chain
62.1.N =1

Unlike the original VBS chains, S* = 1/2 and —1/2 generally appear in the S* sequence of the
SVBS chain, and a typical S* sequence of the SVBS chains is given by (it may be worthwhile to give
some comments on the relation to the ferrimagnetic spin chains that also consist of alternating spin 1
and spin 1/2 [47]) Though both the ferrimagnetic chains and the present SVBS chains contain spin-1 and
spin-1/2 degrees of freedom, in the SVBS chains, the spin 1 and spin 1/2 are not necessarily alternating
(see (212) and Figure 10). More importantly, while the ferrimagnetic spin chain can exhibit a long-range
magnetic order as the order parameter commutes with the Hamiltonian, the ground state of the SVBS

chain itself is spin-singlet and the SU(2)-symmetry is never broken (spontaneously).
-0t 100 L+ 001t L+ L 1) LO-- (212)
—~ =~ —~ =~ =~

From the sequence, one can “derive” the ordinary hidden order. First, we search the spin-half sites from
the left, and whenever we encounter a pair of spin-half sites, we sum the two S* values to have the
effective S%(= +,0,—) (e.g., } | — —):

-0+00—-+ —-—000+0—-20--- (213)
Next, we remove the zeros in the sequence to recover the standard Néel pattern:
T (214)

This observation leads to the existence of a (generalized) hidden order of the SVBS chain. Figure 23
shows a typical height configuration corresponding to the usual VBS chain and its SUSY counterpart.
Reflecting the existence of hidden order, the height configuration is always meandering between the
height 0 and the height 1 (the same reasoning applies to the general spin-S VBS cases, and the
height configurations are confined within a region of width S [24]). It should also be noted that the
height-configuration (205) is directly reflected in the components of the SMPS (174):

[Sa(=0)  [SaD)=—1) [Sa(i)=—1/2)
[Sa(9)=1) S (1)=0) |Sa(1)=1/2) (215)
Sa(1)=1/2) S (D)= —1/2)  [85(i)=0)

To substantiate the existence of the hidden order, we explicitly calculate the string parameter for the
SVBS chains. The behaviors of the string order are depicted in Figure 24 with respect to the hole
doping parameter.

From Figure 24, one can find distinct behaviors of the string parameter in terms of the parity of
bulk superspin. The string parameters of odd superspin SVBS chains generally decrease with increase
of the hole doping, while those of the even superspin SVBS chains increase. Since the hole-doping
simply reduces the spin degrees of freedom on the spin chain, the decrease of the string order of the odd
superspin SVBS chains may be naturally understood. On the other hand, the string order behavior of the

even superspin SVBS chains is quite interesting, since the string order revives with the hole doping. An
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intuitive explanation may go as follows. For instance, consider S = 2 SVBS chain. Atr = 0, the S = 2
SVBS chain is exactly identical to the S = 2 VBS chain, which is essentially constituted of two S = 1
VBS chains, upper and lower chains. By doping the holes to the S = 2 VBS chain, the spin degrees of
freedom, say, on the upper S = 1 VBS chain, decrease to have deficits in the chain. Below the deficits on
the upper chain, the spin degrees of freedom on the lower S = 1 VBS chain emerge and come into effect.
In this way, the spin degrees of freedom of the lower S = 1 VBS chain contribute to generate the finite
string order with the increase of hole doping to the S = 2 VBS chain. This intuitive explanation can be
applicable to the revival of the string orders of general, even superspin, SVBS chains. Consequently, the
SVBS states bear a finite string order with a finite amount of hole-doping regardless of the parity of the
bulk superspin. This is the salient SUSY effect to the topological stability of quantum spin chains. We
revisit this effect in the context of the symmetry protected topological order in Sections 6.3 and 6.4.

Figure 23. (Color online) Height plot of typical spin configurations in S = 1 VBS chain
(a) and S = 1 SVBS chain (b). Note that heights are confined within a region of width
1. Although a simple “diluted” Néel picture does not hold, because of the presence of hole
pairs, still, we can find a string order when hole pairs are grouped together in (b). The figure
and caption are taken from [9].
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Figure 24. (Color online) The string correlation function O =~ (206) of the SVBS

string

infinite-chain for several values of the superspin, S = M, is plotted as a function of r.
Notice that, in the limit » — 0, the string order parameter, O , for the S = M SVBS
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chain reproduces that of the S = M VBS chain. The figure and caption are taken from [9].
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6.22. N =2

For the § = 1 type-II SVBS infinite chain, the string correlation is computed as:

4
strine = 216
string (TQ + 1) (TQ + 9) ( )

which is plotted in Figure 25. The string order (216) takes the value of the S = 1 VBS chain, 4/9, at
r = 0, like the S = 1 type-I chain, while approaches to zero in the » — oo limit, unlike the S = 1 type-I
chain. Since spin degrees of freedom completely disappear from the type-II chain in the » — oo limit
(Figure 11), the string order of the type-I and II chains shows qualitatively different behaviors.

Figure 25. The infinite-distance limit of the string correlation function (206) as a function
of . The value of string correlation smoothly decreases from the original VBS value, 4/9,

to 0 (no spins left). The figure and caption are taken from [9].

0.5 ;
«4/9
0.4+

e
W

O
string
o
N

0. ‘ ‘ ‘ ‘
0o 02 04 06 08 10

1+ 12

6.3. Entanglement Spectrum and Edge States

As discussed above, the string order of type-I SVBS chains with even bulk-superspin S revives upon
hole doping. This suggests that, in contrast to their bosonic counterpart, even the SVBS states with
even superspin can host the stable topological phase. Though the string order parameter is appealing
in its similarity to the order parameter in FQHE [166] and its relation to the hidden Zs X Zy-symmetry,
its fragility under perturbations has also been discussed recently [63,196], and the alternative “order
parameter” has been sought.

Recent development in quantum-information-theoretic approaches to quantum many-body problems
enables us to extract information on the bulk topological order from the entanglement properties of
the ground-state wave function [28,197,198]. The topological states in one-dimensional (1D) spin
systems have been reconsidered [63,65,60] from the modern point of view, and the precise meaning
of the topological Haldane phase has been clarified. In these studies, the string order parameters and
the edge states, which in general are not robust against small perturbations, are replaced by more
robust objects (i.e., the structure of the entanglement spectrum or the structure of tensor-network). In
particular, it has been shown in [65,66] that the existence of (at least one of) the discrete symmetries
(time-reversal, link-inversion and Z, X Z, symmetry) divides all states of matter in 1D into two
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categories: topologically-non-trivial ones and the rest. Generic odd-integer-S spin chains belong to
the former, while even-S chains to the latter. The hallmark of the topological phase protected by the
above discrete symmetries is that all entanglement levels are even-fold degenerate. In this formulation,
the difference between the odd-S VBS states and the even-S ones are naturally understood in terms
of the entanglement structure, the degenerate structure exists only for odd-S cases (this does not mean
that all the odd-S spin chains have the degenerate entanglement spectrum. We can construct an odd-S
spin state without the even-fold degeneracy.) It should also be mentioned that the topological phases
of one-dimensional gapped spin systems have been classified by group cohomology [61,62,64] and the
detailed analyses based on the Lie group symmetries are reported in [69,70].

Following the proposal of Li and Haldane (Li and Haldane proposed to take the degeneracy of
entanglement spectrum as the hallmark of topological phases, which can be applicable to general
topological phases beyond QAFM) [28], we use the structure of the entanglement spectrum (e.g.,
degeneracy of the entanglement levels) as the fingerprint of topological phases. Then, the problem
of the topological stability of the SVBS chains translates to the stability of the degenerate structure of
the entanglement spectrum. Before proceeding to the details, we briefly introduce characteristic features
of the entanglement entropy of the original SU(2)-invariant VBS states. It has been reported that the
entanglement entropy of the SU(2) spin-S VBS state on an infinite chain is given by a constant (on the
other hand, for gapless spin chains, the entanglement entropy diverges as log(L) with L the length of
a subsystem for which entanglement entropy is defined [58]) determined essentially by the degrees of
freedom of the edge spins S/2 [51,52]:

Corresponding to the parity of the bulk spin of the VBS chains, there appear either integer or half-integer
spin at the edge. Meanwhile, in the presence of SUSY, there necessarily appears both integer and
half-integer spins at the edge, since SUSY relates integer and half-integer spin degrees of freedom
(Figure 26). Such a particular feature of the edge spins is crucial in understanding the salient structures

of the entanglement spectrum of the SVBS chains.

Figure 26. (Color online) SUSY relates the edge spins with different parity.
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6.3.1. Schmidt Decomposition and Canonical Form of MPS

Before going into the detailed discussion, it would also be worthwhile here to give the derivation of
the entanglement spectrum using MPS. Suppose we divide a system into the two parts, A and B (see
Figure 27). Then, we can express any wave function (state) | W) as [26]:

X
[T) =) " Aala)a @ o) (218)
a=1

with non-zero coefficients A,(> 0). Here, {|a)a} (1 < a < dimH; Ha: Hilbert space of A) and
{|8)B} (1 < 8 < dimH3p) are orthonormal basis states in the subspaces, A and B, respectively:

(a]aYa = baer , (BB =0pp (219)

The expansion (218), called the Schmidt decomposition, defines the Schmidt coefficients A\, and
describes the entanglement between the two subsystems. The Schmidt number x is the number
of non-zero Schmidt coefficients and never exceeds the minimum of the dimensions of the Hilbert
subspaces. From the normalization of |¥); the Schmidt coefficients satisfy > X_ A2 = 1. The
“spectrum” of the entanglement energy €, defined by:

Ao’ =€ (€4 >0) (220)

is called the entanglement spectrum [28]. In terms of the Schmidt coefficients, the (von Neumann)
entanglement entropy is given by [26]:

Spp.=—» Aloghl = e (221)

67

It is interesting to observe that Sgg may be viewed as the ordinary thermodynamic entropy if we
introduce a fictitious “temperature”, 7', and “partition function™ as:

Z(T)=Y e, Z(I'=1)=1 (222)

and define: 5
SEE. = _6’_T{_T10g Z(T)} (223)

T—1

Figure 27. The VBS state is divided into two parts and the edge degrees of freedom emerge
at the cut.
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In the MPS formulation, the derivation of the Schmidt coefficients are rather straightforward. Since
the MPS is represented as the product of matrices, .4;, defined on each site, one can easily write
down an analogue of the Schmidt decomposition (218) (see Section 5.2 for the physical meaning of

the matrix indices):

D
(A1 As - AN)ag.on = E;AV%X Do (Air1 - AN)wan (224)
- B

where D is the size of the matrix, A;, and each state-valued matrix, A, is expanded explicitly in terms

of the c-numbered matrices, A(m), and the orthogonal local basis states, |m); as:

d
Aj =) Aj(m)|m); (225)

m=1

(d: dimension of local physical Hilbert space). For simplicity of argument, we assume that the system is
uniform [A;(m) = A(m)] and defined on an open chain.

One may think that Equation (224) already completes the Schmidt decomposition (218) with
the identification:

|04>A = (Al-AZ . 'Ai)aL,a
) = (Aig1 - '-AN)a,aR

However, the orthonormality condition (219) are not always satisfied for the above choice. Normally, we

(226)

use “gauge ambiguity” [25,32] to find an appropriate set of edge states in such a way that the following

overlap matrices may equal to identity:

s = (ATA; - Af)apa(ArAz - Ai)ay g
Raﬁ = ( ;‘k-s-l o 'A}k\/)a,ak (Ai-i-l o 'AN>/B704R

This procedure can be carried out both for finite systems and for infinite-sized systems by using the

(227)

singular-value decomposition (SVD) [40,41,45]. As a result, we obtain, instead of a single matrix, A(m),
two different MPS matrices, AL'(m) for the left subsystem A and I'(m)A for the right subsystem B. The

(diagonal) matrix elements of the D x D diagonal matrix A coincide with the Schmidt coefficients:
[Aoa = Ao (228)

The MPS characterized by the set of matrices {A,T'(m)} (m = 1,...,d) is called canonical [25] and
automatically completes the Schmidt decomposition (218) as [40,41,45]:

=3 ol @ o)

—EZEZA - AL(mi— )AL ()], D )AL (mi2)A -, 0

a= 1 {mz}

(229)

X [my)@|ms)® - - ®[my)

(For a rather comprehensive account of the use of SVD in MPS, see, for instance, [33].)
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Figure 28. (Color online) Norm of MPS on a semi-infinite system. If the MPS is pure,
the norm is essentially determined only by the dominant eigenvector, V(Ll) (except for the
boundary factor, which depends on the boundary condition imposed on the edge states).
Similar relation holds for the right semi-infinite system.
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In infinite-size systems, the overlap calculation, (227), simplifies a lot, since £ (R) reduces essentially
to the left (right) eigenvector, VI(}) (Vg)), with the largest eigenvalue (dominant eigenvector; see
Figure 28 for a diagrammatic representation; when the MPS is not of the canonical form, we can take
['(m) = A(m) and A = 1 (and hence, Ty = TR).) of the transfer matrix, 7T} (), defined by:

(Tt)saps = (AT (m))55(AL(m))ag (230a)
(TR)aazp = Y (T (M)N)az(L(m)A)as (@ 5,05 =1,....D) (230b)

Specifically, except for the unimportant factors determined solely by the edge states, the overlap
matrices (227) coincide with the (D?-dimensional) eigenvectors, VI(}) and Vg ) of 11 and Tk, respectively
(see Figure 28):

Lap x [V(Ll)]aﬂ , Rap [Vg)]a,ﬁ (231)

If our infinite-size MPS (iMPS) assumes the canonical form, [L]ss X dap = (1p)as and [R]sp
dap = (1p)ap, by definition (with 1 being the D-dimensional identity matrix), and therefore the two
transfer matrices satisfy (by the assumption of pure MPS, the largest eigenvalue is unique [21,199]; MPS
is called a pure MPS when transfer matrix has non-degenerate maximal eigenvalue; in the infinite-size
limit, the pure MPS is reduced to a pure state, and hence, the name, pure MPS). When the value of
the largest eigenvalue is not 1, we can rescale the matrices, A(m), so that it may be 1) [21,199] (see
Figure 29).

(232a)
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and:
Z [TRlaap,s(10)5s =D D [T (M)Al 5 [D(m)A], 5
o e (232b)
- Z [{F(m)AQFT(m)}t} = (1p)an (right action)

Notice that these equations can also be regarded as the eigenvalue equations for the transfer matrices:
1p is the left (right) eigenstate of the transfer matrix, 7 (7)), with the eigenvalue, 1. Equation (232)
may be thought of as the conditions in order that the iMPS is of the canonical form.

Figure 29. (Color online) Graphical representation of the two conditions, (232a) and (232b),
for canonical iMPS. In Reference [199], the action of the type (a) ((b)) is denoted by
EX(A?) =A% (E(1) =1).

[TL}&,(,x:ﬁ,ﬁ [TRLx NG

On the other hand, when the MPS in question satisfies (this is the case for all the (S)MPSs treated in
this paper):
Eag X 50{’5 y Rag X (Saﬁ (233)
in the infinite-size limit, the Schmidt decomposition for the infinite chain is obtained very easily, just by
rescaling the MPSs for the subsystems. The normalized state, | V), is constructed as:

1
v S o Ax)a 234
W (a, B)) Ao ) (At Az - Ax)a s (234)
where A(q, 3) is the magnitude of |V («, 5)):
Ale, ) = [(Arda - An)asl” = (Al - AFADs.a(Ards - An)ass (235)

With these normalization constants, the normalized MPS is written as:

W(0s, ) Z AL gy, ) - 90, an) 236)

Comparing this expansion with (218), one may read off the Schmidt coefficients as:

= \/A(aL,a)A(a,aR) (237)

A(CYL, OéR)

In the infinite limit, A\, is not relevant to the polarization of the edge spins, o, and ai. Therefore, for
the infinite (S)VBS chain, we only need to evaluate the magnitude of the matrix product to obtain the
Schmidt coefficients, and thus, the derivation of Schmidt coefficients is boiled down to the computation
of the normalization constants, A(«, 3) (235).
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632.N =1

To substantiate the topological stability of the SVBS chain, we investigate two type-I chains with
distinct bulk superspins, S = 1 and § = 2.
(i) Superspin S =1
From the formula (237), the entanglement spectrum of the S = 1 type-I state (on an infinite chain) is

derived as:
2= N2 =)\ = 1 + 3 (238a)
4 449 + 8r2
1 3
A=Al = 2 - — = 238b
e N T 25

They are shown in Figure 30a with the entanglement entropy (right-figure). At r = 0, the SVBS state

reduces to the S = 1 VBS state and reproduces both the entanglement spectra and entanglement entropy
of the S = 1 VBS chain, i.e., \gZ — 1/2 and Sgr — In2, which should be compared with (217) for
S = 1. Similarly, in the limit, » — oo, the SVBS chain reduces to the MG chains, and the entanglement
entropy of SVBS chain also reproduces the finite entanglement entropy of the MG chain (Figure 30b).

Figure 30. The change of the entanglement spectra as a function of r (a) and entanglement
entropy (b) of the S = 1 type-I chain. The insets are the results for the bosonic-pair VBS

chain. The figure and caption are taken from [10].
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As in the entanglement spectra of the left of Figure 30, we have two distinct entanglement spectra,
one of which is doubly degenerate spectrum (blue curve) for the “bosonic” Schmidt coefficients
corresponding to those of the original S = 1 VBS chain (238a), and the other is the non-degenerate
spectrum (red curve) for the “fermionic” Schmidt coefficient (238b).

The existence of such two types of entanglement spectra is a salient feature of the SUSY state and
can be readily understood based on the following edge state picture. For S = 1 SVBS chain, its edge
superspin states are given by the UOSp(1]|2) multiplet with superspin Seqee = 1/2 that consists of the
ordinary SU (2) states with spin, 1/2 @ 0 (Figure 31):

(Sedge = 1/2) = (Seage = 1/2) @ (Sedge = 0) (239)

or:
3=201 (240)
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The S = 1/2 SU(2) edge spin states generate the double degeneracy in the entanglement spectra, while
the S = 0 SU(2) edge spin state gives the non-degenerate one. Due to the existence of 1/2 spin
edge degrees of freedom, the double degeneracy is guaranteed (we will give a detailed discussion in

Section 6.4), and hence, we find that the type-I SVBS chain is in the topological phase.

Figure 31. (Color online) There always exist half-integer and integer edge spin states as
the super-partner of the SUSY. The half-integer edge spin states play a crucial role in the

— Sedge = 1/2
Edge superspin /\
Sedge =1/2 SusY |
. 1%
Bu‘lgsuirs;)_m E _@ Sedge — 0

stability of topological phases.

To highlight the effect of SUSY, we consider the non-SUSY (i.e., purely bosonic) cases and replace
the fermion operator, f;, with the boson operator, ¢; ([c;, cj] = 9;;), to define the following boson-pair
VBS chain:

o) = [ (albl,, = blal,, —refel,,)lvac). (241)

As the insets of Figure 30, we depicted the entanglement spectra and entanglement entropy. The crucial

difference to the SUSY case will be apparent in the limit, r — o00; |®y,) is reduced to a simple

product state:
|Pop) — [ ] cllvac) (242)

and the entanglement entropy vanishes (the inset of the right figure of Figure 30).
(ii) Superspin S = 2
Next, we examine the entanglement spectrum of the S = 2 type-1 SVBS chain. Though the topological
phase of its bosonic counterpart, S = 2 VBS chain, is fragile under perturbation [196], the S = 2 type-I
SVBS chain itself is topologically stable with a finite amount of hole doping. As we shall see below,
SUSY plays a crucial role for the stability of the topological phase. At r = 0, the S§ = 2 SVBS chain is
reduced to the S = 2 VBS chain, while in the limit, » — oo, the SVBS chain is reduced to the partially
dimerized chain. We have the following five Schmidt coefficients for the S = 2 SVBS chain:

W N DU T I | G el (2432)

6 6(25 + 2472 + 41/25 + 2412)
1 5(4 4 /25 + 2472)

)\ZEAZZ)\2:__ 243b
ETO T T 425+ 2402 + 44/25 + 2402) (2430)

Thus, the five Schmidt coefficients are split into the triply degenerate (243a) and doubly degenerate

(243b) spectra showing distinct behaviors in Figure 32. Again, such splitting of the Schmidt coefficients
are readily understood by the edge state picture for the SUSY chain. For the S = 2 type-I SVBS chain,
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the edge superspin is given by Seqee = 1 that consists of the SU(2) edge spin Seqee = 1 and Segee = 1/2
(Figure 33):
(Sedge = 1) - (Sedge - 1) S (Sedge - 1/2) (244)

or.
=352 (245)

The Seqee = 1 degrees of freedom generate the triple degeneracy in the entanglement spectra, while the
Sedge = 1/2 degrees of freedom give the double degeneracy. Due to the existence of SUSY, the S = 2
SVBS chain necessarily contains the Seq,e = 1/2 edge spin degrees of freedom that do not originally
exist in the S = 2 VBS chain (Figure 33), and they guarantee the double degeneracy in the entanglement
spectra, i.e., the stability of the topological phase [65,66].

Figure 32. The behaviors of the Schmidt coefficients (243) and the entanglement entropy
(inset) of the S' = 2 type-I SVBS chain. The figure and caption are taken from [10].
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Figure 33. (Color online) Seq,e = 1/2 generates the stability of topological phase of the

S = 2 type II SVBS chain.
Edge superspin :€E Sﬂdg;\: 1
SpeT [T
Bulk superspin :@ g v_l
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From the above demonstrations for S = 1 and § = 2 type I SVBS chains, one may see that regardless
of the parity of bulk superspin, the SUSY introduces the half-integer edge-spin states that necessitate at

least double degeneracy in the entanglement spectrum.
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6.33. N =2

It is also straightforward to calculate the Schmidt coefficients for the type-II SVBS chain:

1 3—1?

4 4v/9+ 1002 + 4

1 3 —r?

L 4 (246)
4 49+ 1072 +r

The four Schmidt coefficients are split into two groups showing distinct behaviors (Figure 34) according
to the SU(2) decomposition of the UOSp(1]2) edge superspin state:

(Sedage = 1/2) = (Seage = 1/2) ® (Seaze = 0)  (Seage = 0) (247)
or:
2
4=24616¢1 (248)

The first 2 on the right-hand side of (248) corresponds to the doubly degenerate blue curve in Figure 34,
while the remaining 1 & 1(= 2) represents the doubly degenerate red curve.

Figure 34. The behaviors of the Schmidt coefficients and the entanglement entropy (inset)
of the S = 1 type-II SVBS chain.

E,=—-2In)\,

6.4. Supersymmetry-Protected Topological Order

In this section, we clarify the relation between the structure of the entanglement spectra discussed
in the previous sections and the symmetry-protected topological order [63]. To this end, we use the
MPS representation established in Section 5. Because of its simplicity in the entanglement structure and
the wide applicability to gapped states in 1D, the MPS approach provides us with a powerful tool in
investigating the topological phases in 1D [61,62,64-68].
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6.4.1. Symmetry Operation and MPS

For later convenience, we give a quick summary of some tools used in the MPS approach. As has
been discussed in Sections 5 and 6.3.1. , any MPS on an open chain may be written as:

IMPS) = Q) A= @A 1@ ARA A (249)

1=—00

or in terms of the c-number matrices, A(m) (A; = Y% _| A;(m)|m);, d being the dimension of the local
physical Hilbert space), as:

IMPS) = >~ {- - A(m_1) A(mo) A(m) A(my) - -+ } [ma) @|ma) @ - - - @|my) (250)
{mi}

As has been mentioned in Section 6.3.1, we can “gauge-transform” this into the canonical form, which
conforms with the Schmidt decomposition; on the left of the entanglement cut, we use the MPS matrix,
Ap(m) = AT'(m), and on the right, Ag(m) = I'(m)A. In the following sections, our arguments will be
based on the canonical form characterized by the MPS data {A,I'(m)} (m = 1,...,d).

Now, let us consider unitary operations on MPS. A given MPS (|Wyps)) is said to be invariant under a
unitary operation if the product of local unitary operators @ leaves the MPS invariant (up to an overall
phase) [199,200]:

U (9 U X IAL|\I[MP3> = emg‘s' \I/Mps> (251)

The local unitary operation, 4, acts on A in a site-wise manner:

Ai AL =" AT (m)jm); = > A {Z(mmln)if‘(n)} Im); (252)

where we have used the completeness relation on each site, > |m);(m|; = 1. If the symmetry
operation is anti-unitary (like time-reversal), the complex-conjugation, I'(m) — I'*(m), should be taken
in Equation (252).

Then, it can be shown that the above unitary invariance is equivalent to the existence of the following
unitary operator, U, acting on I'(m) [199]:

d
Uyps) < Y _(m|@n)[(n) =’ UT(m)U (253)

n=1

ﬁ“ ® ﬁ' ® te ® ﬁ|\DMPS> = eiag-s-

where 0, denotes a u-dependent phase. Once the unitary « is given, U is uniquely determined [199] up

to an overall phase. To be more precise, if we define a generalized transfer matrix
d
[T 5= Z [AT*(m)], 5 [AT(n)], 5 (mlan) (254)
the D-dimensional unitary matrix, U, is given essentially by its left eigenvector with the largest

eigenvalue (we have assumed that ['(m) is rescaled in such a way that the largest (or dominant)

right-eigenvalue of 7j y is unity), "= (see Equation (270) and the explanations around it). Since U
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leaves the MPS |Wyps) invariant, it is natural to assume that U does not change the physical entanglement
spectrum, A, i.e.,
U,A]=0 (255)

Physically, the above relation (253) implies that the original symmetry operation (acting on the physical
Hilbert space at each site) “fractionalizes” into the ones (U and U), which act on the edge states on both

ends of the system. The equation (253) plays a crucial role in the following discussions.
6.4.2. Case of SMPS

Now we extend the arguments developed by Pollmann et al. [65,66] for the bosonic MPS to the
SUSY case. First remember that degeneracy in energy spectra of quantum mechanical Hamiltonian
can be attributed to some symmetry of the Hamiltonian. Meanwhile, since the entanglement spectrum is
solely determined by a ground-state wave function, the degeneracy of entanglement spectrum is expected
to stem from some symmetry of the ground-state wave function. Indeed, several discrete symmetries
are identified to guarantee degeneracy in the entanglement spectrum. Since the degeneracy of the
entanglement spectrum is the hallmark of the topological order, it is said that the topological order is
protected by the symmetry of the ground-state wave function and, hence, the name symmetry protected
topological order. In the following, we will show that the SUSY guarantees the existence of at least
two-fold degeneracy of entanglement spectrum, regardless of, the parity of superspin, provided that at
least one of the three symmetries, inversion, time-reversal and Zs X Zs is present. We will also find that
the (S)MPS formalism plays a crucial role in the discussions.

As has been discussed in Section 5.2, the SMPS is generally represented as [9]:

W) = A Az A (256)

where A; (i = 1,2,..., L) are supermatrices defined on the sites, i. Then, we follow the same steps as
in Section 6.4.1 to transform the SMPS into the canonical form. When a given unitary operation leaves
the MPS invariant [in the sense of Equation (251)], the unitary operation, u, fractionalizes into U and

U', and acts like:
d

> (mlan)T(n) = UTT(m)U (257)
n=1
In fact, the local symmetry operation need not be unitary (as will be in the following sections). In this
case, the left-hand side may be replaced with the general form, I''(m). Therefore, the most general form
reads as:
I'(m) = e Ul (m)U (258)

where the phase, 0;;, depends on the symmetry operation considered. In the above equations, m labels
both bosonic and fermionic states, i.e., m = i, , and I'(m) are given, for UOSp(1]2), by:

(M) 0 o
P(Z)_( 0 Mz(l)) (Z—ZL‘,y,Z)

(259)



Symmetry 2013, 5 184

where M, Ms, N1 and N, are c-number matrices.
Here, a remark is in order about the form of U. The (c-number) unitary matrix, U, in (257) may be

U = (Ul O) (260)
0 U,

where U; and U, are unitary matrices that act on the two bosonic subspaces having different fermion

postulated as:

numbers. The reason for choosing the above form may be seen as follows. First, we note that

Equation (257) implies that the MPS on a periodic chain transforms like:
W) 2% STr(UT A1 Ay -+ - Agy 1 U) (261)

where the supertrace STr is defined for general supermatrices as [see also Equation (176b)]:

Ay Ay () (2)

STr <A(2) A(2)> =TrAy’ — TrAg (262)
F B

We expect that for a periodic chain, which does not have edges, is fully invariant under the unitary

operation, i.e., the expression (261) coincides with the original MPS (up to an overall phase). While

in the case of bosonic MPS, this, combined with Tr(AB) = Tr(BA), immediately implies ®@u|¥) o

|W); the relation STr(AB) = STr(BA) holds only when A and B are super-matrices (that contain the

Grassmann-odd blocks in their off-diagonal parts):
1) E% STr(UTA Ay - -+ Agy 1 U)ZSTr( A As - - - Aoy UUT) (263)

In fact, if an arbitrary pair of two super matrices, A and B, were merely c-number matrices, A
and B, in general, would not commute inside STr(-): STr(AB) # STr(BA). In order to satisfy
STr(AB) = STr(BA) only with c-number matrices, either A or B is forbidden to have c-number
components in the off-diagonal blocks.

For later convenience, we derive a useful property of pure canonical MPSs [25,45]. In the following
sections, we assume that the MPS in question is defined on an infinite-size system. The Equation (258)
is the most general statement about how a given symmetry of MPS is realized by a projective
representation. However, sometimes it happens that IV(m) = I'(m) for a certain symmetry operation,
and in these cases, we can draw an interesting conclusion about the properties of U [10,65,66]. Suppose
that we have a pure MPS whose canonical form is characterized by the MPS data [25,45], {A,I'}, and

that it satisfies the following relation for some unitary matrix U:
I'(m) = &% UT(m)U (264)
Since the MPS is canonical, the following holds [see Equation (232a)]:

> T (m)A’T(m) = 1p (265)

Physically, it states that the D?-dimensional vector, V(Ll):

(V=6 (1<a,b< D) (266)
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is the dominant left-eigenvector of the left transfer matrix (see Figure 29):

(TW)aaps = O (AT (m))a5(AT(m))as (267)

m

Plugging I'f(m) = e~ UTT'T(m)U into (265), we obtain:

e Y U (m)UNT(m) = 1p (268)

or equivalently:
> T (m)AUAT (m) = '™ U (269)

This implies that the D x D unitary matrix:

Do =Y {100} iy = D 0u(U)at (270a)

when viewed as a D?-dimensional vector, is the left-eigenvector of 77, with the eigenvalue, eV':
UTy, =€™U (270b)

Since, by assumption of canonical MPS, 1, is the only left-eigenvector having the eigenvalue |A| = 1,
we conclude:
e =1, U=¢"1, (271)

Since, in deriving the above, we have only assumed that the (infinite-system) MPS in question is pure
and takes the canonical form, (271) holds for any MPS (including SMPS) satisfying the assumption.

6.4.3. Inversion Symmetry

Now, let us look at what inversion symmetry, Z, with respect to a given link, implies the structure of
the entanglement spectrum. It is convenient to consider an inversion transformation on a circle:

W = STr(A1As - - Asn ) (272)
The inversion on a given link transforms the SMPS chain as:

IV = STr( A 1Az, -+ - Ap) (273)
By the relation, STr(M; My) = STr((M; Ms)*) = STr(MS'M;'), (273) can be rewritten as:

TV = STr(AYAY - - A5, L) (274)

where “st” stands for supertransposition, defined by:

M, N, st
Ny My

My Vs (275)
—Ny M,
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It is easy to verify that applying the supertrace twice does not return a supermatrix to the original one:

sty St
M, N M, —N M, N
1 1 _ 1 1 _p 1 1 P (276)
NQ M2 _N2 M2 N2 M2

(1, o0
P:(O _12) (277)

has been defined in such a way that its adjoint action, P(-) P, multiples the fermionic blocks by a factor,

where the matrix:

(—1) (1, and 1, correspond to the unit matrices of two bosonic subspaces and should not be confused
with the D X D unit matrix 1p).

Therefore, at the level of the local MPS matrix, the inversion, Z, is realized as:
Aj 5 A (278)

Finally, from Equation (258), one sees that when W has the inversion symmetry, the .4-matrix should
satisfy the relation: [10]
I'(m)* = 1 UT(m)U; (279)
Note that at this stage, we can not apply the argument in Section 6.4.2, since Equation (279) does not
assume exactly the same form as Equation (264) (the LHS is not I'(m)).
In order to obtain the relation of the form (264), we combine Equation (279) with the fact that the
link-inversion squared to unity, Z? = 1. Applying supertransposition, (-)*, to (279), once again and using
(At = PAP (Equation (276)), we obtain (in the bosonic case, the matrix, P, is not necessary [65,66]):

I'(m) = ¥ (U, PU;)'T(m) (U, PU}) (280)
This is of the form of Equation (264) and then (271) immediately implies that:
(UPU;) =e®11p, ¥ =1 e =41 (281)
After multiplying U} from the right and making transposition, we deduce:
Up=e""PU = e M PUr =e U & e = =1 (282)
(note: PU; = U; P by Equations (260) and (277)). Therefore, we obtain [10]:
Ut = +PU, (283)

Equation (283) states that when U; is symmetric (anti-symmetric), Us is anti-symmetric (symmetric). It
should be noted that unlike in the bosonic case [65,66], the symmetry constraint is imposed on each of
the spin-S “bosonic” sector, Uy, and S — 1/2, the “fermionic” sector, Us, in the case of SUSY.

When U, is anti-symmetric, for instance, the sector with (—1)" = +1 must have a special structure
in its entanglement spectrum. In fact, by computing the determinant of Uy :

det Uy = det Ut = det(—U;) = (1) det U, (d; : dimension of U;) (284)

one can immediately see that d; should be even (the same argument applies to U, as well). From
this, one can conclude that either the fermionic (when the sign + occurs) or bosonic (—) sector has
even-fold degeneracy in each entanglement level, which we can be used as the fingerprint [63,65,66] of
the SUS Y-protected topological order [10].
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6.4.4. Time-Reversal Symmetry

We can draw a similar conclusion for the time-reversal symmetry 7. Let us recall the time-reversal

operation for the superspin, S; and S,:

S; Ly (e™Sv ) S (Kem™Sv) = — 8,

T

» | (285)
Se — (e yK)Sa(Ke_”Sy) = €,3953

with complex conjugation operator, K. The set of equations (285) implies that, for integer superspins,
S, T = Ke "™ satisfies (recall that, in the SU(2) case, T2 = +1 for integer S). When superspin, S,
is a half-odd-integer, the time reversal-operator satisfies, 72 = — P (this is indeed a generalization of
T? = —1 for the SU(2) half-integer spin case):

T?=P=(-1)F (286)

where the d-dimensional matrix, P, which acts on the physical Hilbert space and multiples a minus sign
when the state is fermionic (i.e., when the fermion number F' = odd), is analogous to the D-dimensional
matrix, P (see Equation (277)) acting on the auxiliary space.

From (285), one sees that, in terms of the canonical matrix, the time reversal transformation is

represented as:

[(m) = D(m)' = Y[R ()]l (n)° (287)

n

where m,n = i, and RY(7) = €™, For instance, RY(r) is given, for superspin S = 1, by:

~10 0 0 0
0 1 0 0

RV(m)=]0 0 -1 0 0 (288)
00 0 0 1
00 0 —10

Again, by Equation (258), the time-reversal invariance implies that there exists a unitary matrix Urp
that satisfies:
m) 5 3" R (1) (n) = T ULT (m) Uy (289)

o ffrerel

[RY (7)) { ™7 U™ (m)U7 }

- _ZeTUT{i )}UT

m=1

= {UrU;} T (1) {UrU; }
& T ={UU3} (P)uT () {UrU;}

Applying this twice and using 72 = P, we obtain

M&

(P)ll F(l) =

IIM&

—

m

I
&)

3

(290)
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Using the relation, (P);'(I) = PI'(I) P, we may rewrite (290) into the following form:
(1) = {Ur PUF} T (1) {Ur PU; } (291)
to which we can apply the argument presented in Section 6.4.2 (see Equation (264)). Thus, we obtain:
UpPU; = ™71 (292)

(the value of 67 cannot be determined by this method). This is of exactly the same form as (281), and
we deduce the same conclusion:
UL = +PUp, €7 =41 (293)

Therefore, as in the previous case (see Equation (283)), we see that time-reversal symmetry guarantees
the existence of at least double degeneracy in the entanglement spectrum of (either of the bosonic or the

fermionic sector).
6.4.5. Zo X Zy Symmetry

Lastly, we consider the two independent 7 rotations around the z [, (7)] and the z axes [u.(7)] (note
that @, () is redundant, since @, (7)u,(m) = U, (7)u,(7) = Uy(7)). As will be seen below, 1, () or
4, (m) alone does not lead to any significant conclusion. However, the combination of the two [65,66]
leads to a similar conclusion about the entanglement spectrum. Under the 7 rotation around the x (2)

axis, U, (m) (t,(m)), SMPS transforms as:

T(m) 7 T(m) = 3" R, (MT(n) (a=ux,2) (294)

When the SMPS respects such a symmetry, we have:

> IR (M)l (n) = € UJT(m)U, (295)

n

where (R*())? = P for integer superspin, S. Again, we follow the same steps as before to show:

e = 1 = e = £1

, (296)
U,PU, =1 (a=2,2)

Note that the phase factor, ¢'®e_ can be absorbed in the definition of U,, and hereafter, we assume
Ul = PU, (a = z,2z). Unlike in the previous cases, this relation alone does not give any useful
information about U,.

On the other hand, the combination of the “commutation relation”, @, (7)., (7) = P, (7). (), and
Equation (295), implies, in terms of I'(m):

I'(m) = (U,U.UIPUNT(m)(U.PU,UIUY) (297)

and hence gives
(U.PU,)(UIUJ) = €1 (298)
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In obtaining Equation (297), the phase factor e?=: = e?ze?: appears. However, it cancels out in the final
expression (297).

Since the phases of U, and U, have been already fixed, the phase of U, U, cannot be arbitrary and has a
definite physical meaning. By multiplying U, P and U, from the left and the right of (298), respectively,
and using Ul = PU, = U, P repeatedly, one can show:

U U, = e'®=U,PU, (299)

which is combined with (298) to give e/®>> = £1. To summarize, the two unitary matrices U, and U,

obey the following commutation relation:
U.U, =+PU,U, (300)
In terms of the block components, U, ; and U, 2, Equation (300) reads as:
UpiU.1 = 2U,1Upr, UpoU, o =FU, U, (301)

As in the previous cases, (301) immediately implies at least double degeneracy of each entanglement
levels in the sector (1 or 2), taking the minus sign in the above equation.

6.4.6. String Order Parameters and Entanglement Spectrum

In the previous sections, we have shown that, as in the purely bosonic cases [63,65,66], such
elementary symmetries, as inversion and time-reversal, protect the Haldane phase from collapsing into
trivial gapped phases on the basis of the assumption that the even-fold degeneracy in the entanglement
spectrum either in the fermionic or in the bosonic sector is the entanglement fingerprint of the topological
“Haldane phase” in SUSY systems. On the other hand, the string order parameters (see Section 6.1) have
been used traditionally to characterize the Haldane phase [18,19]. Then, a natural question arises: is there
any connection between the description by the string order parameters and the modern characterization
in terms of the entanglement spectrum? In this section, we give the answer to this question.

Let us first consider the structure of the string order parameters, Og i and O (Equation (206)),
from the MPS viewpoint [24,199]. When we evaluate them using MPSs, we encounter the following

matrices [24]:

Twinglaais = Y [A ()] 5[AM)], 5 (m|exp(ins®)[n) (302)
[T itingla,cs8,8 = (A" ()], 5 [A()], 5 (m[S* exp(imS®)|n) - (a ==, 2)

as well as the usual transfer matrix, 7. By using these matrices, the MPS expression of the string order

z

parameter O,

is given as:
T™T;

string

(Taring) 177 T (303)
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where we have omitted the denominator necessary to normalize the MPS. The parts, TN and TR, are
easy; for the canonical MPS, they reduce, in the infinite-size limit, to (see Section 6.3.1):

NL/OO NR/(OO

[TNL]@L,QL;BNB 65%0%5315 ) [TNR]@,CV;BRﬁR 65‘70‘5511,512 (304)

The boundary dependent factors, dg, o, and dg, s, are canceled by those coming from the denominator.

Therefore, the quantity which we have to compute is:

E : [Tsirmg (I'Z—;triﬂg) (i3] TZ} . (305)
a,058,8
a’ﬂ

Since we are interested in the long-distance limit, |i — j| — oo, we need know the asymptotic behavior
of the string, (Tstring)‘i*j'. First we note that 7, may be thought of as the overlap:

(MPS|i @ @ @ - - - @ 0| Uypps) (306)

with & = exp(irS?®) (a = x, z) (see Equation (251)). Then, it can be shown [199] that in order for the
string, (Tiying)" 7!, not to vanish in the long-distance limit, the MPS should be invariant under both of
the 7-rotations @, (7) and u, (7).

Then, from the discussion in Section 6.4.5 (we just replace P +— 1 to obtain the results for the purely

bosonic case), we see that there exists a pair of unitary matrices satisfying (295) and:
U,U, =+xU,U, (307)

(see Equation (300)). Unfortunately, we cannot tell whether the even-fold degeneracy in the
entanglement spectrum, which is the fingerprint of the topological Haldane phase, happens or not, since
we do not know which of the + signs is chosen.

Now, we show that when the string order parameters are non-vanishing O  # 0, the minus sign in

string
fact realizes (i.e., U, and U, anti-commute) in Equation (307), and the entanglement spectrum exhibits
the degenerate structure. To this end, we investigate Equation (305). Since the largest (right) eigenvalue
of Tyring is €7 (see Section 6.4.1), (Tiying) 7! reduces essentially to a phase, (e%)i=7l = (£1)/"=l. The

price to pay is the following boundary factors appearing at the two end points of the string correlators

(see Figure 35):
Z {Tsfrmg (Z VI(QUQLVS%) (T’*tring)rleZ}
n=1 a,q;8,8
limil o0, Z [T VED (VT }MM = Z (T (10U} 1A (10U} T}

(308)

where V]Eul) (Vl({f}) denotes the left (right) dominant eigenvector of 7, and the tensor notations are
defined as:

[1®B]a,a;/§ﬁ = 5@7,6 [B]ag )
[1{1®B}s5 = daadaj[Blys = [Blss . [{1©B}1] Z 505 [Blay 035 = [Blaa O

a,o
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In fact, the eigenvalues of Ty, precisely coincides with those of T for all the spin-S VBS states, and
the different behaviors in the string order for the odd-S and the even-S chains comes only from these
boundary factors.

To see whether the boundary factors are non-vanishing or not, we consider the right-boundary factor,
(1{1®U,}T7?), of OZ,,,- First, we rewrite it by using (see the second figure of Figure 36):

string*
S* = (al0,)S* (0l i,) = 4l (=S, (G, = e ™) (310)

The unitary operators, @} and i, appearing on both sides of —S57, can be absorbed into the MPS matrices
by using Equation (295) (the third figure of Figure 36). By re-arranging the unitary matrices, U, U, with
the help of Equation (307) (the fourth figure of Figure 36), we arrive at the expression:

1{10U.} T° = 1 {1&(U,U.U})} (-T7)

(311)
=1{10(xU.0,UN} (-T7) = F1 {1aU.} T*

Therefore, we see that the boundary factor, (1 {1®U,}T?), vanishes (and so does the string order
sring

is chosen). By the explicit construction of U, and U, we can easily see that for the even-S VBS state,

parameter, O ) when U, and U, are commuting (i.e., when the minus sign in the last expression
U,U, = +U.U, holds. Therefore, it immediately results that the string order parameters identically
vanish for the even-S VBS state solely for a symmetry reason.

Figure 35. (Color online) Diagrammatic representation of the main part of string correlation
Vé“i)(Vﬁ“sz)} VE‘&J denotes the dominant eigenvector of Tyying. The
figure has been adapted from [10].

function, { (T%

string

Sqa
Sa(‘/nrb

A\

19U,| }

3
T a

string

In short, the existence of non-vanishing string order parameters, Ot # 0 and Ogy. # 0, implies
that the existence of the two anti-commuting unitary matrices, U, and U,, and, thereby, guarantees the
even-fold degeneracy in the entanglement spectrum. To put it another way, the string order parameters
work as the sufficient condition for the topological Haldane phase. It is crucial that both of the string
order parameters are finite. For instance, if we “deform” the original SU (2)-invariant VBS state by using
the quantum group, U,(su(2)), we obtain a VBS state with uniaxial anisotropy [23], where one of the

# () vanishes, while the other is still finite [121]. In this case, the unitary

x,00
string

U, does not exist, and the existence of the degenerate structure in the entanglement spectrum is no longer

string order parameters (O

guaranteed. In fact, explicit calculation shows that the two-fold degenerate entanglement levels in the

S =1 VBS state split into two non-degenerate levels in the deformed state.
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Figure 36. (Color online) Rewriting the boundary factor, 1 {1®U,} T* (for a = z), using
i, (see Equation (311)). When U, and U, are anti-commuting, the minus sign coming from
11,S%4] = —S7is canceled and an overall plus sign is recovered. The figure has been adapted
from [10].

It is straightforward to generalize [10] this to SUSY cases by taking into account the appearance of
the P-matrix. Again, by using ,(7)S*a}(7) = —S* and U,U, = £PU,U,, the second factor of the
right-hand side of Equation (308) can be recasted as:

1{10U.} T° = 1 {1&(U,U.U})} (-T%)

(312)
=1{1&(£PU.U,U})} (-T%) = ¥F1 {1®PU.} T*
Since this implies:
Z {1 {1®UZ} TZ}B,ﬂ = Z {{1®UZ} Tz}a,a;ﬂ,ﬁ
B a,p
(313)
when e®+* = 41
(314)

when e'®»s = —1

In conclusion, we have established the connection between the string order parameters, which
have been commonly used [167,201-204] to characterize the Haldane phase and the entanglement
spectrum [28], which is a modern tool to look at the topological properties in the bulk. As has been shown
in Sections 6.4.3-6.4.5, SUSY guarantees, regardless of the parity of the bulk superspin S, the existence
of the even-fold degeneracy in the entanglement spectrum of either of the bosonic or the fermionic sector,

provided at least one of the three symmetries (inversion, time-reversal and Z, X Zs) is present. Therefore,
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in contrast to the usual bosonic (i.e., SU(2)) VBS states, in which the Haldane phase is stable only for
odd-integer spins, in the SVBS states, SUSY plays the crucial role in protecting the topological Haldane
phase. The “revival” of the string order parameters upon doping the system (discussed in Section 6.2)
may be naturally understood by the above argument.

As has been seen above, that both of the two string order parameters are non-vanishing is the
sufficient condition for the symmetry-protected Haldane phase. However, one may seek more faithful
order parameters and, in fact, some results have been obtained in this direction. See, for instance,
References [205] and [206] for recent attempts at finding better order parameters.

7. Higher Symmetric Generalizations

In this section, we extend the previous SUSY formulation to the higher symmetric UOSp(1]4) case.
We begin with the construction of fuzzy four-supersphere based on the UOSp(1|4) algebra [128]. As
the coordinates of fuzzy four-sphere correspond to the SO(5) gamma matrices [97], the coordinates
of the fuzzy four-supersphere are constructed from “super gamma matrices” of the UOSp(1]4)
algebra. Next, based on the UOSp(1|4) structure, we derive the UOSp(1|4) SVBS state [10], whose
bosonic counterpart is the SO(5) VBS state [112—114] (there still exists the correspondences among
fuzzy geometry, QHE and VBS in the higher dimension case; the SO(5) VBS corresponds to the
Laughlin-Haldane wave function in 4D QHE [79,207], and 4D QHE realizes the fuzzy geometry of fuzzy
four-sphere). We also develop the SMPS formalism for the UOSp(1|4) SVBS state and investigate the
topological properties.

7.1. Fuzzy Four-Supersphere

Here, we utilize UOSp(1|4) algebra to construct fuzzy four-supersphere with N' = 1 SUSY. It may
be worthwhile to first point out a nice correspondence between algebras and fuzzy spheres. For fuzzy

two-sphere, we have:
SU2) ~USp(2) — S2,  UOSp(1]2) — 57 (315)
and for fuzzy four-sphere:
SO() ~USp(4) — St UOSp(1]4) — 8P (316)
The UOSp(1|4) algebra is constituted of fourteen generators:
dim[uosp(1]4)] = 104 = 14 317)

ten of which are the bosonic generators, 'y, = =y, (a,0 = 1,2,--- ,5) (the SO(5) generators), and the
remaining four are the fermionic ones, 'y, (o = 1,2, 3,4) (the SO(5) spinor). They amount to satisfy
the following algebra:

[Lap, Uea] = i(0acl'va — dadlve — Obel'aa + dpal'ac)

[Cap, T'a] = (Yab)sal's

{TaTs} = (Crab)apla (318)

a<b
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where C'is the SO(5)(~ USp(4)) charge conjugation matrix:

C=TRy= (i(” 0 ) (319)

0 109

o

DN | —

. 1 O3 0 N 1 —09 0 . 0
Y12 = 2\ 0 o ) Y13 = 5 0 oy y M4 = 0 —o

1 0 —o lfoyr O 1o 0
Y15 = 2\ 0, 0 y o 723 = 2\l o0 o) Vo4 = 2lo —o

1 0 —oy 1l fos O 1 0 o3
725—2 oy 0 ) ’734—2 0 —o ) 735—2 oy 0

and 7, are the SO(5) matrices. In the following discussion, we take the SO(5) matrices as:
1
2

1 0 1,
— - 320
=5\ i, o > (320)
The UOSp(1|4) quadratic Casimir is given by:
K=Y Tuwla+ Caslal's (321)
a<b

The fundamental five-dimensional representation matrices of uosp(1|4) are constructed as follows. From

the (bosonic) “gamma matrices” of UOSp(1|4) algebra:

Yo 0
T, = 22
()

. 0 iOl . 0 iOQ . 0 iOg
= —’igl 0 2= —’iUQ 0 B —’i03 0
0 I 1, 0
- , - 323
V4 (12 0 ) V5 ( 0 _12> (323)

we can derive the SO(5) generators:

,1 Yab 0
Loy = —i~ [T, 1] = 324
b 24[ 2 < 0 0) (324)

with:

The fermionic “gamma matrices” are also constructed as:

. i 04 Ta

where:

. . (326)

(] OJ S =
(aw] Ov )
o = O O
_— o O O
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They satisty the “hermiticity” condition:
=T, T =Ty  Tf=0,0 (327)

where the super-adjoint 1 is defined in (50). It is straightforward to check that (324) and (325) satisfy the
UOSp(1|4) algebra (318). In the similar manner to the case of sz 12 (74), we introduce the coordinates
of Sf'z, X, and ©,, as:

X, = %qﬁraw, On = gqﬁraqf (328)
where V is the UOSp(1]4) Schwinger operator:
U= (b, 0%, 0% b, f)’ (329)

Here, b (v = 1,2, 3,4) and f, respectively, denote four bosonic and one fermionic operators that satisfy:

000 = Gas, AF ST =1 [V =1 = (=0 (330)
The square of the radius of fuzzy four-supersphere is also readily derived as:

2
XX, +2C,50,05 = (%) (U0 (UTw + 3) (331)

In the Schwinger formalism, the Casimir (321) is represented as:

1/R\?
=) XuX = (=) (who)(viv 332
K £ ab<Xab T CaB@aGB 2 ( d) ( )( + 3) ( )
where: R
X, = E\wrab\y (333)

Notice that in the Schwinger operator formalism the Casimir (332) is equivalent to (331) up to 1/2
coefficient on the rh.s. The basis states on fuzzy four-supersphere are given by the graded fully

symmetric representation:

1 n n n n
N1, N, g, ) = \/mb” BT vac) (334a)
1 m m m m
M, ma, ma, my) = p R T R T £ vac) (334b)

N \/ml‘ mg! m3! m4!

where nq,n9, - ,my are all non-negative integers satisfying the constraint, ny; + no + n3 + ny =
mq +ms +ms+my+ 1 =n = VU, Therefore, the dimensions of bosonic states (334a) and fermionic
states (334b) are, respectively, given by:

Dy =D(n) = %(n%— D(n+2)(n+3) (335a)
De = D(n—1) = %n(n +1)(n+2) (335b)

and the total dimension is:

Dy = Dy + Dy = %(n+1)(n—|—2)(2n+3) (336)
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The bosonic and fermionic degrees of freedom (335) are respectively accounted for by the SO(5)

symmetric basis states with the Casimir indices, n and n — 1, and hence, the N' = 1 fuzzy
four-supersphere can be regarded as a “compound” of two fuzzy four-spheres with different radii n
and n — 1:
SiP(n) ~ S{(n) @ Sf(n—1) (337)
The eigenvalues of X5 take the following values:
R
with £ = 0,1,2,--- ,2n. These eigenvalues are equal to those of X3 of fuzzy two-supersphere (60),

except for the degeneracy of the basis states at each latitude. The degeneracies at the latitude (338) for
even k = 2[ and for odd £ = 2[ 4- 1 are respectively given by:
Dkzgl (n) = (TL -1+ 1)(l + 1) (3393)
Dy—or1(n) =(n—=0({+1) (339b)

which reproduce the total dimensions of bosonic and fermionic basis states (335) as:

n n—1
Z Dk:Zl(n) = Dg, Z Dk:2[+l<n) = Dp (340)
=0 1=0

From (331), one may find that the condition for fuzzy four-supersphere is invariant under the SU (4|1)
rotation of the Schwinger operator W, which is larger than the original UOSp(1|4) symmetry. It may be
pedagogical to demonstrate how such “hidden” SU(4|1) structure is embedded in the algebra of fuzzy
four-supersphere. First, notice that the fuzzy four-supersphere coordinates, X, and O, do not satisfy a
closed algebra by themselves:

AR R R
(X, Xo] = i X, [Xa,00] = Z(%)365, {0005} = — g(c%b)aﬁ){ab (341)
On the right-hand sides of (341), there appear “new” operators:
Xop = gqﬁrab\y, O, = g\I/TDa\IJ (342)

where [',;, and D,, are, respectively, given by (324) and:

o i 04 Ta

X and O, respectively, act as SO(5) antisymmetric two-rank tensor and spinor. Commutation
relations for these new operators can be derived as:

R R
X0 = Bonos Ko =0,
R R
[Xaby 6(1] - E(’Yab)ﬁa@[% [Xaba @a] = E(V&b)ﬂaeﬁ
R R
{®a7 @ﬁ} = E Z(C’Yab)aﬁXaba {Qon 9,3} = _E (C’Vab)aﬁXab
a<b a<b

R R
{@a, @5} = @(C’}/a)agxa + @Cagz (344)
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where the last equation further yields another new operator:
R

7 = E\IITH\II (345)

(10
H_<0 4) (346)

Commutation relations with Z are obtained as:

with:

%@a, 12,0,] = —%@a (347)

Consequently, for the closure of the algebra of the fuzzy coordinates, X, and O, we have introduced the

[Za Xa] = [Zv Xab] - 0, [Z, @a] = —

fifteen new “coordinates”, X,;, ©, and Z. In total, with the original coordinates, they amount to twenty
four operators that satisfy the SU(4|1) algebra. The basic concept of the non-commutative geometry is
the algebraic construction of geometry, and the SU(4|1) structure, the symmetry of the basis states on
fuzzy four-supersphere, has indeed appeared as the fundamental algebra of the fuzzy four-supersphere.

7.2. UOSp(1|4) SVBS States

Similar to the UOSp(1]|2) SVBS case, the UOSp(1|4) SVBS states (to be precise, there exist two
types of UOSp(1]|4) VBS states, one of which is the tensor type (348) and the other is the vector

type [10]; here, we focus on the tensor type.) can be constructed as:
ISVBS) = H(‘IJI(T) Rija \II;T(T))MlvaC)
(i.7)
= [0 02" — 020l 620t — 0162 — o ] 1M |vac) (348)
where U(r) denotes the parameter-dependent UOSp(1|4) Schwinger operator:
U(r) = (b, 0%, 0%, 0%, V/rf) (349)

and R4 signifies the UOSp(1]4) invariant matrix:

0 1 0 0 O
-1 0 0 0 0
Riu=|[0 0 0 1 0 (350)
0 0 -1 0 O
0 0 0 0 -1
The SO(5) spin magnitude on site  reads as:
1 1
Sp = (010} 0767+ 0300 + bTb!) = M, M - o (351)

In the following, we focus on the M = 1 UOSp(1]4) SVBS chain and its corresponding SMPS
representation:

L
|SVBS>CLL,GR = H(\PZR1|4\IJ:+1>CLL,GR‘V30> = ("41"42 T 'AL)GL,GR (352)

=1
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where A is a supermatrix given by:

11,2);  v212,2);  [2,3) 2,4)i  V/T[2)i
_\/§|171> _’172>i _|173> _|174>i _\/;|1>i
A=Ru Ui = | L4 24 B4 V244, Vi),
_|173> _|273>Z _\/§|3a3> _|374>z _\/F|3>z
SV VR VA v O
with the matrix elements:
o, @) = %(baT)leac) (no sum for )

o, B)azs = 610 vac)
o) = 2T fT|vac) (353)

The basis states |, o) and |, 5)a2p are SO(5) 10-dimensional adjoint representations, while |«) are
SO(5) 4-dimensional spinors. In total, the components of A consist of UOSp(1]|4) 14-dimensional
representation of the graded fully symmetric representation (334) for n = 2.

7.3. Entanglement Spectrum and (Zy X Z)? Symmetry

For the UOSp(1]|4) SVBS infinite chain, the Schmidt coefficients are computed as:

1 5
Mi=A2=\2=)\2=)\2= - 354
e AN RS G4

1 5

veoye_ Lo 354b
BT T2 9 /95 1 1612 (3540)

The bosonic Schmidt coefficients are quadratically degenerate, while the fermionic one is
non-degenerate. The behaviors of the Schmidt coefficients and the entanglement entropy,
Sepp. = —4Ailogy \§ — Ailog, A%, are plotted in Figure 37. The qualitative behaviors of the
entanglement spectra of the UOSp(1|4) VBS chain are quite similar to those of the type-I SVBS chain
(see Figure 30), except for the quadratical degeneracy in the blue curve.

Figure 37. The behaviors of the Schmidt coefficients and entanglement entropy (inset) of
the S = 1 UOSp(1]4) VBS chain. The figure and caption are taken from [10].

E,=-2In\,
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The degeneracy of the entanglement spectra of the UOSp(1]4) SVBS chain can be understood
based on the arguments of the symmetry protected topological order. Before proceeding to the case
of UOSp(1|4), we introduce the original arguments for its bosonic counterpart, the SO(5) VBS
state [112—-114]. Each of inversion symmetry and time reversal symmetry guarantees at least double
degeneracy of the entanglement spectra of the SO(5) VBS states, as proven by a similar manner to
the SU(2) VBS states. This is simply because each of the inversion symmetry, and time reversal
symmetry is a realization of Z, symmetry. The crucial difference to the SU(2) case is the existence
of (Zy X Z)?* symmetry of the SO(5) VBS states originating from the SO(5) spin degrees of freedom at
the edge [208]. The SO(5) rotation represents a rotation in five-dimensional space, and we “divide”
the five-dimensional coordinates (1, 2, 3, 4, 5) to two three-dimensional subsectors, (1, 2, 5) and
(3,4, 5). The m-rotational symmetry around x and 2 axes in each sector generates the Z, X Zs symmetry,
and in total, two independent sets of such discrete rotations give rise to (Zy X Z,)? symmetry in the
five-dimensional space. The group elements of (Zy x Z,)? consist of 16 bases:

Zio X Lo Lo x Lo
7\ N\

7 N 7

(1, u12) % (1,u15) X (1, u34) X (1,us5) (355)

where u,, are the SO(5) group elements of 7 rotation generated by the SO(5) generator o,:
Ugp(T) = €70 (356)

As the Zy x Z, symmetry generates at least doubly degeneracy in the entanglement spectra, the (Zq X Zy)?
symmetry guarantees the four-fold degeneracy of the entanglement spectra of the SO(5) VBS chain. For
the SUSY case, just as we have discussed in the UOSp(1]|2) SVBS case, symmetry transformations are
attributed to those of the bosonic and fermionic sectors:

(B)
U 0
Up=| % 357
b ( 0 Ugf)) ( )

Similar to the discussions about double degeneracy in the UOSp(1|2) case, either of the bosonic and
fermionic sectors brings the quadruple degeneracy to the entanglement spectra of the UOSp(1|4) SVBS

state in the presence of (Zy X Z,)? symmetry.

8. Summary and Discussions

We reviewed the constructions and basic properties of the fuzzy superspheres and SVBS models.
Particularly, fuzzy superspheres and SVBS models with UOSp(1]|2), UOSp(2]2) and UOSp(1]4)
symmetries were discussed in detail. We clarified the mutual relations among the fuzzy spheres; QHE
and VBS states were also emphasized based on the Schwinger operator formalism. It was illustrated that,
though the SVBS states incorporate fermionic degrees of freedom, they “inherit” all the nice properties
of the VBS:

e Solvable parent Hamiltonian
e Gapped bulk and gapless edge excitations
e Generalized hidden order.
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We explicitly derived the spectra for gapped excitations (magnon and hole excitations) on 1D SVBS
chain within SMA. Physical properties of the SVBS models are qualitatively different from those of
the other generalized VBS models based on bosonic Lie groups, in the sense that the SVBS states
accommodate the charge sector in addition to the spin sector. In each sector, the SVBS states exhibit the
following properties:

e In the charge sector, the SVBS states have the superconducting property (SSB).
¢ In spin sector, the SVBS states show a non-trivial topological order of QAFM (no SSB).

We also established the SMPS formalism for the SVBS states, which naturally incorporates the edge
degrees of freedom to provide a powerful tool in investigating topological property. For practical use, the
(S)MPS formalism greatly simplifies the calculations of physical quantities, such as the string order and
entanglement spectrum. The SVBS states bear a finite string order, regardless of the parity of the bulk
superspin, unlike the original VBS states. From the explicit calculations of the entanglement spectra
of the SVBS chains, we demonstrated that there exists a hallmark of topological phase, the double
degeneracy in SUSY entanglement spectrum. The degeneracy is naturally understood by invoking
particular edge states in the SUSY chain: since SUSY relates the integer and half-integer edge-spin
states, the SVBS chains always accommodate half-integer edge spin (as well as integer edge spin),
which guarantees at least double degeneracy of the entanglement spectra. Consequently, the topological
order is stabilized regardless of the parity of bulk-spin in the presence of SUSY.

Though we focused on the SVBS states, the arguments of the present SUSY protected topological
order are applicable to general boson-fermion systems. By reformulating the boson-fermion system,
such as the boson-fermion mixture cold atom system [209] with SUSY, we may apply the present results
to discuss the stability for their topological phases. The idea of the topological insulator has begun to be
applied to the particle theory model [210]. It may also be interesting to apply the present arguments to
other SUSY models that are not directly related to condensed matter physics.
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Appendix

A.UOSp(N|2K)

Here, we summarize the basic properties of UOSp(N|2K) algebra. We denote the generators of the
orthosymplectic group, OSp(N|2K) as X 4p, which satisfy the following relation (the minus sign in
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front of 1, in (358) is not important for the definition of OSp(N|2K), but added to be consistent with
the notation of the present paper.):

Jox 0 Jox 0
P + Yap =0 358
AB< 0 _1N> ( 0 —1/\/> AB (358)

where the supertranspose, st, is defined in (275), 1, denotes the N' x N unit matrix and J, represents

the Sp(2K, C) invariant matrix:
0 1x
Jox = 359
T -

Y1 4p can be expressed by a linear combination of the following matrices:

Zaﬁ: Oos 0 ) Zlm: 0 0 ) Zloz: 0 ¢ Ola (360)
0 0 0 o (Jaxow)" 0

where « and 3 are the indices of Sp(2K,C) (o, 8 = 1,2,--- ,2K) and [ and m are those of O(N)
(I,m=1,2,--- ,N). 0y, stand for arbitrary 2K x 2K matrices, while 0,3 and 0y,,, respectively, signify
2K x 2K and N' x N matrices that satisfy:

Otm' + Otm =0 (361a)
Oop' Jar + Jor oo =0 (361b)

The OSp(N|2K) algebra contains the maximal bosonic subalgebra, sp(2K,C) & o(N,C), whose
generators are 0,3 and o0y,,,. The off-diagonal block matrices, Y, are fermionic generators that transform
as the fundamental representation under each of the transformations of Sp(2K,C) and O(N,C). The
o(N, C) matrices oy, are antisymmetric matrices (361a), and then, we can take the indices of gy, to
be antisymmetric, 0,, = —o0,,;. In the following, we consider the real antisymmetric matrices, the
generators of o(N), with N(N — 1)/2 real degrees of freedom. Meanwhile, from the relation (361b),
the generators of Sp(2K, C) 0,4 take the form of:

k s
Oop = (3’ —kt) (362)

where k stands for an arbitrary K x K complex matrix and, similarly, s and s’ are K x K symmetric
complex matrices. If the Hermiticity condition is imposed, 0,53 are reduced to the generators of

USp(2K) that take the form of:
h s
af = 363
Tap (ST B h*) (363)

where h represents an arbitrary Hermitian matrix and s also signifies an arbitrary symmetric complex
matrix. Consequently, UOSp(N|2K) generators consist of (360), whose blocks satisfy (361) and (363).
The real independent degrees of freedom of 0,5 are K (2K +1). Then, for usp(2K) matrices 0,3, we can
take the indices to be symmetric, 0,3 = 0g,. Meanwhile, the real degrees of freedom of the fermionic
generators, Y, are 2K N. Then in total, the real degrees of freedom of uosp(N|2K) are given by:

dim[uosp(N|2K)] = %(4}(2 + N2 42K — N)2KN = %((2[{ +N)? +2K - N) (364)
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In the present paper, instead of Joi (359), we adopt the following 2/ x 2K matrix (which is unitarily
equivalent to Jog):

oy 0 0 0

0 40 0 O
Rox = (365)

0o 0 .0

0 0 0 o9
and the following UOSp(N|2K) invariant matrix:
R 0
Rvpx = | " (366)
0 —1ly

For instance, for the UOSp(1|2), UOSp(2|2) and UOSp(1]4), Rar2k are, respectively, given by:
0O 1 0 0 O

0 1 0 0
0 1 -1 0 0 0 O
-1 0 0 0
Riyg=|—-1 0 0 |, Rop= 0 0 -1 ol Ruys=1 0 0 0 1 0 (367)
0 0 -1 0 0 -1 0 O
0 0 0 -1
0 0 0 0 -1

B. Fuzzy Four-Supersphere with Higher Supersymmetries

By generalizing the construction of N = 1 fuzzy four-supersphere based on UOSp(1]4) (Section 7.1),
we can construct A'-SUSY fuzzy four-sphere with use of the UOSp(N]4) algebra [128]. The dimension
of the UOSp(N|4) algebra is given by:

dim[uosp(N|4)] = 10 + %./\/'(N’ — 14N =10+ %N(N’ +7) (368)

We denote the bosonic generators of uosp(N|4) as Ty = —Th (a,b = 1,2,3,4,5), Cin = —Loni
(I,m=1,2,--- ,N) and fermionic generators as I'j, (o = 61, 65, 63, 0,). In total, they satisfy:

[Faba ch] = Z‘((Sclc]:‘bd - 6adec + 5chad - 6bdrac)

[Faba Fla] = (%b)BaFlB

[Faba 1:‘lm] =0
1 ~
{Flou Fmﬁ} = Z(C’)/ab)aﬁrab(slm + ZCaBFlm
a<b
[Flaa an] - (an)plrpa
[flma f‘np] = _5lnfmp + 5lpfmn - 5mpfln + 5mnflp (369)

where C'is the SO(5) charge conjugation matrix (319) and 7, = —7, (I < m) are SO(N') generators
given by:

(Yem)np = OtnOmp — OipOmn (370)
We introduce the coordinates of S;l 2N as (Xas @Ef), Y do not satisfy a closed algebra by themselves,
and the minimally extended closed algebra including these operators is SU (4|N) [128]):

R R R_.-
Xo= 20T, 6 = 20T, Vi, = 0,0, (371)
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where W = (by, by, b3, by, f1, f2, -+, far)" denotes the UOSp(N|4) Schwinger operator whose first four
components, b, (a = 1,2,3,4), are the bosonic operators, while the remaining A/ components, f;

(I=1,2,---,N),are the fermionic operators. The sandwiched matrices in (371):
03+l Ta 0
w 0 ~ 0, O
r, =" , Tu=|-Cr)t 0 0 |, Tpm=|" (372)
0 ON 0 Vim
0 0 On—s

are the fundamental representation matrices of uosp(N|4). Here, 0 denotes k x k zero-matrix, and 7,
are given by (326). The square of the radius of the N'-SUSY fuzzy four-supersphere is readily derived as:

2
XX, +ZZC’&5@ Dy Z YiYim = <E> n(n+4—N) (373)

d
l<m=1

with n = UTW. Notice that the square of the radius of A’-SUSY fuzzy supersphere is proportional to
n(n+4 — N') and takes negative values for sufficiently small n that satisfy n < A — 4. For the positive
definiteness of the radius, the SUSY number should be restricted to A/ < 4. The basis states on //-SUSY
f AN . . .
uzzy supersphere S;"" are given by the graded fully symmetric representation:

. 1 Tll Tlg Tlg Jfl4
11,02, 13, 1a) = mb by by |vac)
1

~ Vmal mal my!l my)

]_ ni n2,+n3, +N4
bi b; b; bjl fiTlfiUV&C)

|n1an27n37n4>i1<i2 - ] ] i i
VI Mgt Mgt Nyl

My, ma, M3, my)i, bbb U BE B i vac)

1
o ‘ _ 1917192, 193,194 )
|q17qQ7Q37Q4>11<12<”~<2N71 Q1'QQ'(]3‘(J4 b b b b f f fd l/\/ 1|VaC>
1 T T T T
71,79, 73,74) = Wlﬂ lbg Zbg Sbl ! f1Tf2Tf3 : "f/T\/f1f/T\/\VaC> (374)
where [y +1lo+134+1y = mi+mo+mg+my+1 = ny+ng+ng+ng+2 = = +@+@p+utN-—-1=

ry + 19 + r3 + r4 + N = n. Therefore, with D(n) (335a), the dimension of (374) is given by:

N
Dp=)_ (C[) -D(n—1)= %(2n+4—N)((2n+4—N)2—4+3N)2N4 (375)

=0

for n > N — 3. The degrees of freedom of the basis states (374) imply that S4| N( )

as a “compound” of lower SUSY fuzzy four-spheres with different radii:

can be interpreted

l
SN ) = > 10 S (0 —m)

m=0

~ S;L|2N72l(n)@ {lefQNQZ(n—l)l ® [l(l —1) XS4\2N721<n_2> @ 54\2/\/ Zl(n—l)

2! f
(376)
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More explicitly:

SNy ~ SENT ) @ SN P — 1)

~ SN ) @ {2 x SN — 1)] & SN — 2)

~ 5PV () @ [3 x SN (i — 1)] & [3 x 5PN (n —2)| @ SN (n — 3)

~ . (377)

For /' = 1, this reproduces the relation for S; |2(n) (61).
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