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Abstract

Lieb-Schultz-Mattis (LSM) theorems impose non-perturbative constraints on the zero-
temperature phase diagrams of quantum lattice Hamiltonians (always assumed to be
local in this paper). LSM theorems have recently been interpreted as the lattice coun-
terparts to mixed ’t Hooft anomalies in quantum field theories that arise from a combi-
nation of crystalline and global internal symmetry groups. Accordingly, LSM theorems
have been reinterpreted as LSM anomalies. In this work, we provide a systematic diag-
nostic for LSM anomalies in one spatial dimension. We show that gauging subgroups of
the global internal symmetry group of a quantum lattice model obeying an LSM anomaly
delivers a dual quantum lattice Hamiltonian such that its internal and crystalline symme-
tries mix non-trivially through a group extension. This mixing of crystalline and internal
symmetries after gauging is a direct consequence of the LSM anomaly, i.e., it can be used
as a diagnostic of an LSM anomaly. We exemplify this procedure for a quantum spin-
1/2 chain obeying an LSM anomaly resulting from combining a global internal Z, x Z,
symmetry with translation or reflection symmetry. We establish a triality of models by
gauging a Z, C Z, x Z,, symmetry in two ways, one of which amounts to performing a
Kramers-Wannier duality, while the other implements a Jordan-Wigner duality. We dis-
cuss the mapping of the phase diagram of the quantum spin-1/2 XY Z chains under such
a triality. We show that the deconfined quantum critical transitions between Neel and
dimer orders are mapped to either topological or conventional Landau-Ginzburg tran-
sitions. Finally, we extend our results to Z, clock models with Z, x Z, global internal
symmetry, and provide a reinterpretation of the dual internal symmetries in terms of Z
charge and dipole symmetries.
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1 Introduction

1.1 Motivation

The Lieb-Schultz-Mattis (LSM) Theorem [1] and its extensions [2-41] are no-go theorems
that constrain the low-energy properties of lattice Hamiltonians with certain combinations of
internal and crystalline symmetries. While in its original form the LSM Theorem applies to
spin-1/2 chains with SO(3) spin-rotation and translation symmetries, many generalizations
for general crystalline [11-13,18,19] and internal symmetries, for systems with bosonic and
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fermionic [24, 35,41] degrees of freedom, and for spatial dimensions greater than one [7-9,
15,18,28,30,34,35,37] have been proposed.

LSM Theorems rule out a ground state that is trivially gapped and symmetric, i.e., a ground
state that is simultaneously gapped, non-degenerate on any closed space manifold, and sym-
metric under the relevant internal and crystalline symmetries. Conversely, LSM Theorems
predict that ground states that are symmetric must support either gapless excitations or topo-
logical order.

Global symmetries play a pivotal role in organizing various aspects of quantum systems. In
particular, operators and states organize into representations of the symmetry group, while the
phase diagrams and dynamics are constrained by symmetries. Global symmetries of quantum
systems can be anomalous. A quantum 't Hooft anomaly [42] arises when the partition function
coupled to a symmetry background gauge field is not invariant under gauge transformations
of this background. Instead, the partition function transforms by a U(1) phase factor that
cannot be absorbed by the addition of local terms. While quantum anomalies were initially
investigated in continuum quantum field theories with fermions and Lie group symmetries
[43-45], in recent years there has been much progress in understanding anomalies in more
general contexts involving bosonic systems, finite symmetries [46-48], and lattice quantum
systems [39,49-51]. The low-energy dynamics and phase diagrams of systems with 't Hooft
anomalies are strongly constrained in a manner reminiscent of LSM Theorems. The anomaly
matching condition [42] requires that any trivially gapped ground state necessarily breaks the
full symmetry down to a subgroup that trivializes the anomaly.

This similarity between the constraints imposed at low energies by LSM Theorems for lat-
tice Hamiltonians, on the one hand, and by ‘t Hooft anomalies on the other hand, suggests a
close connection between LSM Theorems and 't Hooft anomalies [15, 17,23, 28, 39,52, 53].
More precisely, LSM Theorems can be connected to mixed ’t-Hooft anomalies by showing that
the long-wavelength continuum descriptions of lattice Hamiltonians, for which an LSM The-
orem applies, support mixed 't-Hooft anomalies between symmetries that originate from in-
ternal and crystalline symmetries participating in the LSM theorem. This means that, while
neither the internal nor the crystalline symmetry are individually anomalous, their combina-
tion is. This translates to the fact that, while there is no obstruction to a trivially gapped and
symmetric ground state under either internal or crystalline symmetry, any such state cannot be
gapped and symmetric under the full symmetry group that participates in the LSM Theorem.
Equivalently, the full internal symmetry group cannot be gauged, while preserving the crys-
talline symmetries. However, there is no obstruction to gauging a non-anomalous subgroup
of internal symmetries for which there is no LSM Theorem. Accordingly, LSM Theorems have
been reinterpreted as LSM anomalies, a terminology that we will follow in this paper.

In recent years, there has been much progress towards classifying topological phases of
matter with crystalline symmetries and understanding the corresponding quantum anomalies
[54-62]. Such classifications have often relied on the intuition that in the long wavelength
continuum description, some crystalline symmetries appear as internal symmetries. Despite
this progress, the lattice understanding of anomalies [50,51,63], in particular those involving
crystalline symmetries, is very much an evolving subject [39]. Challenges arise because it is
often unclear how to probe crystalline symmetries through coupling to crystalline backgrounds
[55,59, 62,64], as is routinely done with internal symmetries and gauge fields. What is even
less clear is how to dynamically gauge a crystalline symmetry by summing over the crystalline
backgrounds. These issues make pinpointing LSM anomalies on the lattice a subtle task.

In this work, we circumvent these obstacles in local quantum lattice models by gauging
non-anomalous subgroups of their internal symmetries. This approach is always viable since
the chosen internal symmetry is non-anomalous, and methods to gauge internal symmetries
are well-known from lattice gauge theory.
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Gauging global symmetries is a powerful way to manipulate the symmetry structure of a
quantum system [65-68]. By starting with a system with a known symmetry structure, like a
finite group with certain anomalies, and gauging non-anomalous sub-symmetries, one obtains
dual (gauged) theories with novel symmetry structures [51,66-82]. Generalized gauging pro-
cedures have recently emerged as effective methods to study generalized symmetry structures
in both continuous and lattice systems. For instance, in one spatial dimension, gauging a non-
anomalous finite symmetry that participates in a mixed anomaly results in a dual (gauged)
theory with a non-anomalous global symmetry that extends the residual symmetries left after
gauging. In higher dimensions, this group extension becomes a higher group [66, 69]. In-
terestingly, these gauging procedures have also been used to furnish non-invertible symmetry
structures [83].

Another reason to study gauging of finite global symmetries is that such gaugings are real-
ized as dualities in quantum systems. For example, the well-known Kramers-Wannier [84-90]
and Jordan-Wigner [91] dualities are essentially gaugings of the Z, internal and Z, fermion-
parity symmetry in one-dimensional lattice models [92-113]. Dualities can be used to provide
profound non-perturbative insights into quantum systems and are therefore very valuable.

In this work, we study the gauging of subgroups of internal symmetry which participate in
LSM anomalies. More precisely, we choose a subgroup such that neither the gauged subgroup
nor the remaining symmetries have an LSM anomaly with the crystalline symmetries, while
an LSM anomaly applies for the full internal symmetry group. We track how the crystalline
and internal symmetries organize into the symmetry structure of the dual (gauged) theory.
We find that, as a direct consequence of an LSM anomaly in the pre-gauged theory, there
is necessarily a non-trivial mixing of internal and crystalline symmetries in the dual theory.
More concretely, we exemplify this procedure on a local quantum spin-1/2 chain that has a
global Z, x Z, internal symmetry in addition to translation and reflection crystalline symme-
tries [26,31]. The local representatives of the internal symmetry operators satisfy a projective
representation of Z, x Z, which, in turn, implies an LSM anomaly involving either translation
or reflection symmetry. We gauge a subgroup Z, C Z, X Z, of the global internal symmetry
Z, % 7, in two ways, which amounts to performing Kramers-Wannier (KW) or Jordan-Wigner
(JW) dualities, respectively. We establish a triality of the original model and its duals under KW
or JW dualities. After the KW duality, we find that the dual symmetry becomes non-Abelian,
more precisely a semi-direct product of the internal and crystalline symmetries. After the JW
transformation too, the LSM anomaly gets traded for a symmetry structure that involves a
non-trivial fermionic group extension of the internal and crystalline symmetry groups.

Starting with the original LSM Theorem [1], many LSM Theorems have been probed and
proven using background gauge fields (or equivalently twisted boundary conditions) of in-
ternal symmetries [1, 7,34, 35,37,40]. Our work presents a novel method for probing LSM
anomalies based on dynamical gauging of internal sub-symmetries which provides an indi-
rect yet robust way to pin-point the existence of LSM anomalies. We, therefore, confirm that
gauging non-anomalous subgroups of finite symmetries with LSM anomalies leads to a non-
anomalous group extension in the dual theory, a fact known for finite internal symmetries with
mixed anomalies [66].

A deconfined quantum critical point (DQCP) describes a continuous transition between
phases with distinct symmetries. Such transitions are driven by deconfinement of point de-
fects of symmetry breaking order parameters such that the defects of the order parameter of
one phase bind a non-vanishing expectation value of the order parameter of the other phase
and vice versa [114-117]. DQCPs arise naturally in models with symmetries that carry mixed
anomalies, where the relationship between defects of the order parameters can be traced back
to the mixed anomaly between two subgroups. For instance, the paradigmatic example of
DQCP is the conjectured continuous transition between the Neel and valance-bond-solid (VBS)
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orders of the Heisenberg antiferromagnet on the square lattice. The former order preserves
the crystalline C, rotation symmetry and breaks the internal SO(3) symmetry, while the latter
order breaks the C, symmetry and preservs the SO(3) symmetry. Indeed, there exists an LSM
anomaly between these symmetries, which rules out a trivially gapped ground state that is
symmetric under both SO(3) and C, [18,21,28]. Under gauging a non-anomalous subgroup,
a DQCP is often mapped to conventional Landau-Ginzburg-type transitions, where symmetries
preserved by one phase is a subgroup of the other [51,118-120]. Motivated by the relation
between mixed anomalies and DQCE we study the phase diagram of the quantum spin-1/2
XY Z chain under the KW and JW dualities. This model features deconfined phase transitions
between Neel and dimer ordered phases [121]. We show that as the crystalline and inter-
nal symmetries are mixed after gauging, the DQCP between Neel and Dimer ordered phases
are mapped to either (i) topological phase transitions between two phases with same sym-
metries or (ii) conventional Landau-Ginzburg-type symmetry breaking transitions. Therein,
we demonstrate how dualities can be utilized to recast DQCPs and also understand the phase
diagrams of spin-1/2 and interacting Majorana chains.

1.2 Summary of the main results

Common to most LSM Theorems are quantum dynamical degrees of freedom defined on the
sites of a lattice with a quantum dynamics that is local and invariant under

* the symmetry group
Gtot = Gspa X G;

int?

(1.1a)

built from the direct product of a space (crystalline) symmetry group GSpa with a global
internal symmetry group G,

* such that G, , cannot be gauged in its entirety, while preserving the symmetry under the
full space subgroup Gspa.1

In this work, by way of explicit examples, we study the dualities induced by gauging a subgroup
of the internal symmetry G, , that does not participate in the LSM anomaly. The paradigmatic
example that we shall follow is the case of quantum spin-1/2 degrees of freedom at every site
of lattice A (a chain of even cardinality |A|) with

— 7t
Gypo = Ziy XN Z, (1.1b)

the space symmetry generated by translation (t) and site-centered reflection (), and
— y
G, =Zy X Ly, (1.10)

the global internal symmetry generated by 7 rotations along the x and y axes in internal spin-
1/2 space, respectively. It is known that both translation and reflection symmetries participate
in LSM anomalies with the global internal Z x ZJZ' symmetry. Our main results are as follows.

1. With the tools reviewed in Sec. 2, we show in Sec. 3 that, under both KW and JW duali-
ties, the LSM anomaly that was present before gauging is no longer operative for the dual
symmetries after gauging, instead the dual global symmetry group Gt\/ot is a group exten-
sion of the dual internal symmetry group G\ by the dual crystalline symmetry group

int

G;’pa. For instance, the Abelian global symmetry group Z7, x Z; x ZJZ’ that is generated

IThis is so whenever the internal symmetry group is represented globally by a group homomorphism, while it
is represented locally by a non-trivial projective representation of the internal symmetry group. Indeed, whereas
it is possible to construct a many-body state that is a gauge singlet, the local Hilbert space does not admit a state
that is a gauge singlet.
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by a site-centered reflection together with 7 rotations along x and y axes in internal
spin-1/2 space maps under KW duality to the non-Abelian group Dy (dihedral group of
order 8) defined in Eq. (3.18Db).

2. As a concrete application, we study the zero-temperature phase diagram of the quantum
spin-1/2 antiferromagnetic XY Z chain with nearest- and next-nearest-neighbor cou-
plings under the KW and JW dualities in Sec. 4. For this quantum XYZ chain, the
presence of LSM anomalies precludes a non-degenerate gapped ground state that is si-
multaneously symmetric under both the crystalline (translation or reflection) symmetry
group (1.1b) and the global internal symmetry group (1.1c). As such, in the parame-
ter space of interest, three gapped phases are realized that spontaneously break either
the crystalline symmetry or the global internal symmetry. The boundaries separating in
parameter space these gapped spontaneously symmetry broken (SSB) phases are con-
tinuous phase transitions that realize deconfined quantum criticality (DQC) [121]. We
present a triality of phase diagrams with Figs. 5 and 6 such that the dual phase diagrams
contain non-degenerate symmetric and gapped ground states due to the absence of any
LSM anomaly after gauging. We find that the continuous DQC phase transitions prior to
gauging the quantum XY Z chain are to be reinterpreted as continuous phase transitions
that are either of the conventional Landau-Ginzburg type or of the topological type after

gauging.

3. To solidify the correspondence between LSM anomalies prior to gauging and mixing of
internal and crystalline symmetries after gauging, we study in Sec. 5 the family labeled
byn=2,3,--- of Z, clock models with Z xZ, global internal symmetry. We show that,
when a Z, C Z, x 7Z, subgroup is gauged, the dual of the remaining Z  symmetry gen-
erator mixes with translation for any n, while a mixing occurs with reflection only when
n is even. This result is consistent with the following conjecture. The mixing induced
by gauging betwen dual crystallline symmetries and dual global internal symmetries oc-
curs if and only if the crystalline and global internal symmetries are subject to an LSM
anomaly prior to gauging.

4. We unravel a connection between Hamiltonians with spatially modulated internal sym-
metries, such as a Z, -dipole symmetry, and Hamiltonians with global (spatially uni-
form) internal symmetries, such as Z_ x Z_ symmetry. We show that gauging a Z -
charge symmetry induces a duality between Hamiltonians with Z -charge, Z -dipole,
and translation (or link-centered reflection) symmetries, and Hamiltonians with global
uniform Z,_ x Z  symmetry, translation or (site-centered reflection) symmetry, and an
LSM anomaly.

1.3 Comparison with the literature

Since 2016, LSM Theorems have been reinterpeted as mixed 't Hooft anomalies involving
crystalline symmetries in the following loose sense. On the one hand, it has been argued
that LSM Theorems can be understood as 't Hooft anomalies of emergent internal symmetries
arising from crystalline symmetries in the low-energy continuum limit [17,21,25]. On the
other hand, Refs. [15, 18, 23, 28] have made the salient observation that LSM Theorems can
be applicable to the boundaries of crystalline topological phases in one higher dimension.
Most studies of mixed ’t-Hooft anomalies have treated the cases of internal symmetries in
relativistic quantum field theories for which the partial gauging leaves the space-time symme-
tries unaffected. In this context, the dualities induced by gauging a subgroup of a finite group
are worked out in Refs. [66,67]. For instance, the duality between the Z, x Z, x Z, global
internal symmetry with a mixed anomaly involving all three Z,, subgroups and the Dy internal

6
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symmetry has been established in Ref. [66]. Our results in Sec. 3 parallels this fact for LSM
anomalies which involves crystalline symmetries. From this point of view, our results con-
firm the crystalline equivalence principle [55,59] that suggests a one-to-one correspondence
between global internal and crystalline symmetries.

The connection between LSM anomalies with translation symmetry and mixed ’t Hooft
anomalies has been studied for lattice models [39,41,53] since late 2022. It has been shown
in Refs. [41,53] that a dual non-invertible translation symmetry appears when global internal
symmetries that are participating in LSM anomalies are dynamically gauged. Here, we com-
plement this picture by studying the dualities that are induced by gauging a subgroup that
does not participate in the LSM anomaly.

We are unaware of prior derivations or studies of the KW and JW dual Hamiltonians (4.9)
and (4.19) of the quantum spin-1/2 antiferromagnetic XY Z chain with nearest- and next-
nearest-neighbor antiferromagnetic couplings obeying periodic boundary conditions. This is
also true of the KW dual Hamiltonian (B.9) that is dictated by the choice of open boundary
conditions. To the best of our knowledge, KW dualization has been mostly applied in the
literature to the (classical) Ising limiting cases of quantum spin-1/2 antiferromagnetic XY Z
chains or to the one-dimensional transverse-field Ising model, as is reviewed in Secs. 2 and 4.
The derivation and discussion of Figs. 5 and 6 are the main original results of this paper.

The KW and JW dual Hamiltonians (4.9) and (4.19) are examples of quantum Hamiltoni-
ans with simultaneous charge, dipole, and translation symmetries. Gauging the charge sym-
metry simply brings back Hamiltonians (4.9) and (4.19) to the quantum spin-1/2 XYZ chain
with the Hamiltonian (4.1) according to the triality encoded by Fig. 1. The study of Hamil-
tonians with charge and multipolar symmetries has gained popularity (see Refs. [122-126]
and references therein).However, our observation that gauging the charge symmetry in the
presence of the additional dipole and translation symmetries can produce a local Hamiltonian
with translation and global internal symmetry characterized by an LSM anomaly is another
original result of this paper.

1.4 Organization

The rest of the paper is organized as follows.

In Sec. 2, we review the implementation of the KW and JW dualities as bond-algebra
isomorphisms due to gauging an internal Z, symmetry. Therein, we establish the triality of
three bond algebras.

In Sec. 3, we discuss how additional internal and crystalline symmetries are modified under
gauging an internal sub-symmetry. In particular, we show that the LSM anomaly disappears
after gauging at the cost of a group extension between crystalline and internal symmetries.

In Sec. 4, we study the phase diagram of the quantum spin-1/2 XY Z chain and its fate
under the gauging-related dualities.

Section 5 showcases a generalization to the Z -clock models, where we consider an LSM
anomaly between internal Z  x Z_ symmetry and translations and reflections. We conjecture
that the LSM anomaly with the reflection symmetry is present only when n is even. We confirm
this conjecture by showing that the mixing between reflection and internal symmetries only
appears when n is even while mixing with translation is always present. We conclude in Sec. 6.

2 Triality of Z,-symmetric bond algebras on a chain

The first incarnation of duality was discovered by Jordan and Wigner in 1928 [91], who
showed by algebraic means that there exists a one-to-one correspondence between creation


https://scipost.org
https://scipost.org/SciPostPhys.16.1.022

Scil SciPost Phys. 16, 022 (2024)

and annihilation operators of hard-core bosons on the one hand and spinless fermions on the
other hand, provided both can be labeled by an index belonging to an ordered set (as would
be the case when this label enumerates the sites of a one-dimensional lattice for example).2
The second incarnation of duality was discovered by Kramers and Wannier in 1941 [84-90],
who showed that the low- and high-temperature expansions of the classical Ising model on the
square lattice with nearest-neighbor interactions were related by a one-to-one transformation
of the temperature. Common to both incarnations of duality is the following defining property.
If there exists a correspondence between a set of observables 5L labeled by the index ¢ whose
(quantum) statistical properties are governed by the (quantum) partition function Z and a
second set of observables 5:’ labeled by the index (¥ whose (quantum) statistical properties
are governed by the (quantum) partition function Z" such that the equality

<]_[5L> :<l—[5va> , 2.1)
L VA Vv zZVv

between their correlation functions hold, then the pairs of observables (5LV , 6va) and the pair
of partition functions (Z,Z") form dual pairs. The Jordan-Wigner duality was used by Lieb,
Schultz, and Mattis to show that the quantum XY spin-1/2 chain with nearest-neighbor anti-
ferromagnetic coupling is critical [1]. Kramers and Wannier predicted the value taken by the
transition temperature in the Ising model by postulating that it undergoes no more than one
transition between the high- and low-temperature phases.

It was recognized by McKean in 1964 that the Kramers-Wannier duality can be derived by
means of the Poisson summation formula for the Abelian group Z, [92,100,107,108]. In the
1970’s, in connection with lattice gauge theories [ 101], the interplay between global and local
symmetries in establishing dualities took center stage starting with Kadanoff and Ceva on the
one hand and Wegner on the other hand [93-99, 102-106, 109]. The counterpart to lattice
dualities in field theory is bosonization [127-129]. Subtle signatures of lattice dualities in
massive field theories were investigated in Refs. [130,131]. An influential approach to dualities
was proposed by Frohlich et al. in 2004 who sought to read off the possible strong/weak-
coupling dualities leaving a given critical model fixed solely from knowledge of its universality
class [65,67,132-136]. A field-theoretical generalization of this approach has been used to
study various possible strong/weak-coupling as well as boson/fermion dualities [110, 112,
113].

The goal of this section is to treat the Jordan-Wigner (JW) and Kramers-Wannier (KW)
dualities on equal footing. To this end, we are going to review the construction of Kramers-
Wannier and Jordan-Wigner dualities obeyed by lattice bond algebras [137,138] following a
gauging approach [51,111]. Equipped with theses tools, we will present our main results in
Sec. 3 in which we study the fate of crystalline transformations of the lattice such as translation
and reflection under the dualities (triality) of Sec. 2.

Starting from Z,-symmetric quantum spin-1/2 XY Z chains defined on the lattice

A::{j‘jzl,m,ZN}, (2.2a)

we are thus going to gauge the global Z, symmetry in two ways. The first way delivers a
bosonic bond algebra with global Z,-symmetry that is supported on the dual lattice

1
A*::{j*5j+§’jeA}, (2.2b)

2Wigner and Jordan also introduced in Ref. [91] Majorana operators, i.e., Hermitian operators obeying a Clifford
algebra.
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i.e., the links of the lattice A. The second way delivers a fermionic bond algebra with global Z,
fermion parity symmetry that is supported on the lattice A.> We will then establish a triality
between all three bond algebras, i.e., any pair of the three bond algebras form dual pairs
provided appropriate consistency conditions are imposed.

2.1 The Z, symmetric bond algebra

To each site j € A, we assign the triplet & j of operators whose components 6';?‘ witha=x,y,2
obey the Pauli algebra

araaf _ caBf D s afy AY aa B _ H :
G; aj—6 ileJrle G;, [Gi,a.]—o, i<jeEeA, (2.3a)

where a, 3,7 = x, ¥,z and the summation convention over repeated indices is implied. We will
be interested in organizing the sub-space of linear operators that are symmetric with respect
to a Z; symmetry generated by

2N
U,.:=[]o%. (2.3b)
j=1

Here, LA]rZ implements a global rotation by 7 about the z axis in internal spin-1/2 space at-
tached to the lattice A. We consider general symmetry twisted boundary conditions labeled
by b=0,1€Z} as

oo =(0,) o7 (0L) =13

j+2N T j?
&7 =(0 )b o7 (T )b =(-1)5” (2.30)
j+2N — rz j rz - j? :
G = (ﬁ )b &2 (U’"‘ )b —5*
jven =\Yrz ) 9 \Yrz) =05

These operators act on the 22 -dimensional Hilbert space

&¥—i6Y\"
H, :=span {®(%) | T>j

JEA

We define the bond algebra

B,=(0%, 6705, |ien), 2.4)
that is spanned by all complex-valued linear combinations of products of the generators 67
and (“7;.“ c“r;.c ; forany i, j € A. The bond algebra B, is equivalent to the algebra of all operators
acting on the Hilbert space H, that are symmetric under the Z7 symmetry. Since the algebra
B, is Z;-symmetric, all operators in it can be block diagonalized into eigenspaces of lA]ri.
Correspondingly, it is also convenient to decompose the Hilbert space (2.3d) in terms of the

definite eigenvalues of the operator Urz , i.e., the decomposition
™

1/~ ~
Hb :Hb;+@Hb;—’ Hb;i = E(ﬂHb iUrfr)%b‘ (2.5)

In what follows, we are going to construct two additional bond algebras %,, and B 7 and
explain under what conditions any pair of the triplet of bond algebras

B,, B,, B (2.6)

f >

3As we shall explain in Sec. 2.3, it will be convenient to implement a unitary transformation which renders the
dual fermionic bond algebra on the lattice A.
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Figure 1: Triality between the triplet of bond algebras (2.6).

are dual to each other. If we place each one of the three bond algebras at the vertices of a
triangle as is done in Fig. 1, we may interpret each side of this triangle as a duality relation.
We call this web of dualities triality. The strategy that we shall use to establish each of the
dualities consists of the following three steps:

1. We gauge the global Z7 symmetry by extending the Hilbert space to include gauge de-
grees of freedom. This is done in two ways which correspond to introducing bosonic or
fermionic gauge degrees of freedom, respectively.

2. We perform a unitary transformation on the extended Hilbert space, which includes both
the matter and gauge degrees of freedom. This unitary effectively localizes the Gauss
constraints on the matter degrees of freedom.

3. We solve the Gauss constraints and project onto the gauge invariant subspace of the
extended Hilbert space. Upon doing so, the matter degrees of freedom freeze out, thus
delivering the dual bond algebra.

These dualities are invertible and therefore the same procedure can be carried out starting
from either the bond algebra 5, or B 7o aswe shall detail below.

2.2 Bosonic gauging and the Kramers-Wannier duality

To gauge the global Z7 symmetry generated by the unitary operator (2.3b), we introduce Z,-
valued gauge fields on the links of the lattice A. In other words, to each site j* € A* of the
dual lattice, we assign the triplet j* of operators whose components %;?‘, with a = x, y, % obey
the Pauli algebra

ra AB _ caf g s afy AT ra aB ] _ e *
5 Tj*—5 ﬂ?—tb,_HE Ties I:Ti*,Tj*iI—O, i"<j eAr. (2.7a)

In analogy with (2.3c), we also introduce the twisted boundary conditions
Ax _ b ax Ay _ b AY Az _ Az /_
Tian = (-1) T T = -1 T Tian =1 b'=0,1. (2.7b)

In what follows, we will see that b’ plays an important role in understanding how symmetry
eigensectors map under gauging. These link operators act on the 22V-dimensional Hilbert
space

_ nz _ ~ 22N
n,.=0,1, rj*|T>,.,—|T>j,}—<c - (2.7¢)

10


https://scipost.org
https://scipost.org/SciPostPhys.16.1.022

Scil SciPost Phys. 16, 022 (2024)

We define the extended bond algebra

— [ AZ AX AZ AX
%b’b,_<aj, 05 1505

jEA>, (2.82)

where j* := j + 1/2 as defined in Eq. (2.2b) (this is always assumed throughout the paper).
Any operator in B, ,, acts on the extended 2*N_dimensional Hilbert space

Hb’b, =H,®H,, . (2.8b)

What distinguishes 8B bb from the set of all operators on Hb’b, is that any element from By b
is invariant under conjugation with any one of the 2N local unitary operators (i.e., Gauss
operators)

(2.92)

that satisfy the conditions

(Gow) =T, [CowrBony =0 [1Gory =10, @)
J

b,b

Products of operators G over subsets of A generate local Z, gauge transformations. A

generic local Z,, gauge tranlsj’fggnation
5 (-1)1 6%, 67 - (—1)h 67, 6% 6%, (2.10a)
B £ s (DT, e (DT (2.10b)
with A ;= 0,1 is implemented by the operator
2N
@b,b’;l = l_[ (@b,b’;j)lj ’ A= (Al’ o AZN)’ (2.100)
j=1

and specified by the string of Z,-valued scalars kj = 0,1 with j = 1,---,2N. While the
bond algebra (2.8a) is invariant under any local transformations (2.10), these are yet to be
associated to gauge symmetries or, equivalently, redundancies in our description.* We elevate
the local transformations (2.10) to local gauge symmetries by requiring that any two states
in the Hilbert space Hy o are equivalent if they are related by a gauge transformation. In
particular, we demand that any state |¢phys) is a physical one if and only if

G [Wpnys) = F1W pys) > (2.11a)

forany j =1,---,2N. The choice of + sign for any j corresponds to a background with no Z,
matter, i.e., we have a pure gauge theory. Observe that Egs. (2.11a) and (2.9b) imply that

Uy [Wpnys) = 1 ). (2.11b)

We project the extended Hilbert space (2.8b) into the gauge invariant sector where condi-
tion (2.11) holds. This is facilitated by first performing the unitary transformation [51] (see
also Refs. [103,109,139-141])

2N

77 — 7 77 Dt AX D —

Opy =] [Oppsr Oy =Py + 5Py (2.12a)
j=1

“To make the connection with gauge theories in (1 + 1)-dimensional spacetime continuum, we observe that
1% is reminiscent of a Z,-valued electric field ~ e'f, while %2, is reminiscent of a Z,-valued gauge field ~ e,
Accordingly, under the local transformation specified by a Z,-valued scalar field A, the electric field is invariant,
while the gauge field changes by wdA.

11
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with pairwise commuting projectors

~ 1/~
+ L AX A - .
Pb,b’;j* =3 (ﬂHb , + 67 O';(_H) jFeN”. (2.12b)

For any j =1,---,2N, there follows the transformation laws

~ ~ T ~ ~ T
AX X AZ — AX AZ AX
Ub,b,a]. (Ub’b,) —G} Ub,b,a]. (Ub’b,) =15.10;%, (2.13a)
T TR L = (50 Y oax sz oa
X X y4 — X A2 X
O,y t5 (0,,) =25, U,y 22 (0,,) =065 8265, (2.13b)

for the generators of the Pauli algebras on the lattices A and A* together with the image

—~ —~ —~ T
Ub,b’ Gb,b’;j (Ub,b/) - UJ > (213C)

of the local Gauss operator.

Thus, projection onto the subspace where the condition (2.11) holds amounts to setting
the action of 6; on physical states to the identity ((rjf = 1) after the unitary transformation
(2.13). More concretely, if we define the projector

fay 1 -~ = ~ -~ T

By =] | 5 [ﬂHb L+ Uy G (G, ) ] , (2.14a)
JEA ’

onto the 22V-dimensional gauge-invariant subspace

My =Py oMy CHy s (2.14b)

we find that the 2N triplets of projected operators

= [ P
AXV AX
T '_Pb,b/;G_Ub,b’T (Ub b’) ]Pb,b’;G
= b,b’;G%;'c*Pb,b’;G’ (2.15a)
/\yV - D [~ AX AY AXx 3 1=
T =Py .| Up 1051505 (Ub b,) ]Pb G
- b,b/;G%;,*Pb,b/;G’ (2.15b)
= [ ~ 1~
AZV AX AZ AX
5 —Pb’b,’G _Ub’ 05 75 04 (Ub’b,) ]Pb b
=Py o T Py (2.15¢)

realize a Pauli algebra on the Hilbert space Hz\)// that is isomorphic to the Pauli algebra (2.7a)
on the Hilbert space H,,. This implies that the projection to 7—[;// of the bond algebra B, ,,
delivers the dual bond algebra

~ —~ 7]~
By =Py |:Ub b B (Ub,b’) ]Pb,b’;G
<Aj‘\ilf AN
This is the bond algebra of operators that are symmetric under the dual ng symmetry with

the generator
oy =17 ¢, (2.17)
jteAt

j* eA*> . (2.16)

of the global rotation by 7t about the 2z axis in internal spin-1/2 space attached to the dual lattice
A*. Note that the twisted boundary conditions in (2.7b) were nothing but symmetry twisted
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boundary conditions with respect to Zév. As was done for the Hilbert space H, in Eq. (2.5), it
is convenient to decompose the Hilbert space ’HZ, in terms of the definite eigenvalue sectors

of the operator lAJ;/Z , i.e., the decomposition
Vo _ Vv Y%
Hy =Hy., @Hp._, (2.18a)

holds, where

1/~ =
My =5 (HHZ/ + UV) Hy - (2.18b)

The duality between the bond algebras (2.4) and (2.16) demands the following consistency
conditions. Because of the twisted boundary conditions (2.3c) and (2.7b), the pair of operators

AZ AxV AxV
(62, #xY, £nv), (2.19a)
and the pair of operators
AX AX Az V
(oj Git1s g ) , (2.19b)
each form a dual pair if and only if the pair of operators
2N 2N
AZ _ 7T AxV axVY __1\b' T
l_!aj =U,.. | 1(%_1 #5V) = (-1) T, | (2.20a)
j= j=

and the pair of operators
A i _ b - AV . AV
I I(O; ‘7;'(+1) =(=1) L3, » | | 1= Us: |» (2.20b)
j=1 j=1

each form a dual pair, respectively. This is to say that duality between the bond algebras (2.4)
and (2.16) holds only on the 22¥~!.dimensional subspaces

Hb;(—l)b/ = E [ﬂHb + (_1) Urfr] Hb B (2.21a)
1 -~ ~~
Hycap =5 [ﬂH; +(-1)° U,é] My, (2.21b)

of 22N_dimensional Hilbert spaces H, and HZ,, respectively. This duality between the bond

algebras (2.4) and (2.16) acting on Hilbert spaces (2.21a) and (2.21b), respectively, is noth-
ing but the Kramers-Wannier (KW) duality. Under the KW duality, the boundary conditions
(b =0,1) of the bond algebra (2.4) dictates the eigenvalue of the generator UXZ of the global

dual symmetry, while the eigenvalue of the generator ﬁrz of the global symmetry that was

gauged dictates the boundary conditions (b’ = 0, 1) of the dual bond algebra (2.16). Table 1
summarizes this correspondence (see Ref. [110] for an alternative field-theoretical derivation
of this mapping of the symmetry eigensectors under the KW duality).

2.3 Fermionic gauging and the Jordan-Wigner duality

We now describe a distinct fermionic gauging of the global Z7 symmetry with generator Eq.
(2.3b). In contrast to the previous section, we introduce a pair of Majorana operators on every
link of the lattice A. These represent fermionic gauge degrees of freedom. More precisely, to

13
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Table 1: The four Kramers-Wannier dualizations that follow from the consistency
conditions (2.21). The first column specifies the twisted boundary conditions. The
choice of twisted boundary conditions is selected by b = 0,1 prior to dualization.
The choice of twisted boundary conditions is selected by b” = 0, 1 after dualization.
The second column gives the dual subspace of the Hilbert space prior to dualization.
The third column gives the dual subspace of the Hilbert space after dualization.

/ Vv
(b, b) Py caw SN,
13 7 113 % %
0,0) 3(Tw, + 0. )%, 3Ty, + 0 )2y
1= = 1= =
(1,0) E(ﬂyb +Urz)7-[b 2\ Ly —Ur:% Hy
1= 23 1= =
(0,1) 5 (ﬂﬂb — Ur;)Hb 3 ﬂw + Uré Hy,
1= £3 1 =
(1,1) Q(ﬂHb —Ur%)’;'-[b 2\ Ly — Uz |Hy,
each site j* € A*, we assign the pair /§J = /3]r and &j* = J( of Majorana operators obeying
the Clifford algebra
{aedy = {Bebpf =260, Ty {an B} =0, T en. (2.22a)
We also introduce the fermion parity operator
Po:=| ] (18- 4;.), (2.22b)
jren
together with the cyclic group
2
z5 = {pe. (pp) =e}. (2.22¢)

of order two with p; represented by Pp. The pair Py and Zg will play a central role in what
follows. We work in a Hilbert space with boundary conditions twisted with respect to the
fermion parity operator, i.e.,

aMN =(3) & (B =-1Y 4,
B =) B (B = 1)f/5]*,

where f =0, 1. These 2N doublets of Majorana operators act on the 22N-dimensional Hilbert
space

(2.22d)

A n., A .
B.—ia. \" B +ia,. .
H, =span { | | |(T 0) | n.=0,1,  “F——-l0)=0p=C*".

j*eA*

We define the extended bond algebra

%bf—< ; Ax(lﬁ aj. ) I+

that is spanned by all complex-valued linear combinations of products of the generators 6% and
24N

je A> , (2.23a)

cAer (iﬁj* &j* ) 1 foranyi,j € A. Any element of B, actson the extended -dimensional
Hilbert space

Hyp=Hy®H, . (2.23b)
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What distinguishes B, s from the set of all operators on H, , is that any element from 5, r
is invariant under conjugation with any one of the 2N local unitary operators (i.e., Gauss
operators)

/\ A

b f,] ﬂ 6- ] /G\ fij+2N 2 (2243)
that satisfy the conditions

(G\b,f;j)2 :iHb’f ’ [ab,f;i’

~

Gyri]=0, 16 =C1B U, . (2.24b)
JEA

Products of operators @b f.j over subsets of A generate Z, gauge transformations. A generic
Z, gauge transformation

67— (DYeT, o) = (1Y 6T, o 6, (2.252)
& - ()Y ., PB.— (—1)hn /3].*, (2.25b)
with A i = 0,1 is implemented by the operator
2N
Gppa=] | (@b,f;j)kj s A= (A Agy), (2.250)
j=1

and specified by the string of Z,-valued scalars A ;=01 with j = 1,---,2N. While the
bond algebra (2.23a) is invariant under any local transformations (2.25), these are yet to be
associated to gauge symmetries or, equivalently, redundancies in our description.” We elevate
the local transformations (2.25) to local gauge symmetries by requiring that any two states
in the Hilbert space ’Hb’ ; are equivalent if they are related by a gauge transformation. In
particular, we demand that any state |1/)phys) is a physical one if and only if

G f.5 W phys) = HWpnys) (2.262)

forany j =1,---,2N. The choice of + sign for any j corresponds to a background with no Z,
matter, i.e., we have a pure gauge theory. Observe that Egs. (2.26a) and (2.24b) imply that
(compare with Eq. (2.11b))

U, ¥y = (=1 Peltpp) (2.26b)

We project the extended Hilbert space (2.23b) into the gauge invariant sector where con-
dition (2.26) holds. This is facilitated by first performing the unitary transformation

Oy =] [Ty (2.27a)
j=1
where

U = bf]— + AXA_ :A 2.27b
Ubsij (C’j) Pyt 95 Pogii = Unpijron > (2.270)

with pairwise commuting projectors

B =1(T, +if. . a €A 2.27

b —5( H, 1/3’].*_101].*), jEeA. (2.27¢)

>To make the connection with gauge theories in (1+ 1)-dimensional continuum, we observe that both 1/3} b
and 1ﬁj, @;. are reminiscent of a Z,-valued electric field ~ e’ and a Z,-valued gauge field ~ e in that they obey

the same transformation laws under local Z, gauge transformations, respectively.
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For any j € A, there follows the transformation rules

- ~x (13 T_Ax - ~z (13 T_-" AZ A
U,,0% (0,,) =07, U,,9%(0,;) =if._ 074,
. (2.28a)

Uy,s By (Ty s )T =B 651 Oysa, (Oy)) =074,

for the spin operators on the lattice A and Majorana operators on the dual lattice A* together
with the image

~ o~ - T
Ubs Gb,f;j (Ub,f ) =0;. (2.28b)

Thus, projection onto the subspace where the condition (2.26) holds amounts to setting the
action of c“r? on physical states to the identity (6? = 1) after the unitary transformation (2.28).
More concretely, if we define the projector

Porai=1 15 [ﬂH” +0,,6,,.,(0y) } , (2.29a)
JjEA ’
onto the 22V-dimensional gauge-invariant subspace
V._D
Hp =Py e oMy CHyps (2.29b)

we find that the 2N doublets of projected operators

3/ =Py pg [ﬁb,f (/5; é3‘C+1) (ﬁb,f)?] Pysa

=Py 5,685 Py fi6 (2.30a)
ANV . D =5 N N -~ 1 ~
a; = be,G[Ubf (a’.‘ aj*)(Ubf) ]Pb,f;G

=Py 5,645 Py o (2.30b)

realize a Clifford algebra on the Hilbert space H}/ that is isomorphic to the Clifford algebra
(2.22a) on the Hilbert space H - The lattice label that we choose for [3}/“ and o“t}/ is a matter

of convention since the relation between j and j* = j + % is one to one.® We also find that the
projection to 7—[}’ of the bond algebra B, f is the bond algebra

[ :pV AV AV AV
B, .—<1 7 a;, 1/3j+1aj

je A> , (2.31a)

which is the algebra of operators invariant under conjugation by the generator

By =] 1(iAy &), (2.31b)

jen

of a global fermion-parity symmetry Zg. As was done for the Hilbert space H, in Eq. (2.5),
it is convenient to decompose the Hilbert space HJY to the definite eigenvalue sectors of the

operator PQ’ , i.e., the decomposition

Hy =My , @M} , (2.32a)

5This choice implies a relative translation of the ﬁj.v operators compared to the &' operators. It is done to
simplify the discussion of the phase diagram in Sec. 4. As we shall see in Sec. 2.4, while such a “half”-translation is
a unitary transformation on the fermionic bond algebras, it corresponds to implementing the KW duality described
in Sec. 2.2 on the bosonic bond algebras obtained by gauging fermion parity.
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Table 2: The four Jordan-Wigner dualizations that follow from the consistency condi-
tions (2.34). The first column specifies the twisted boundary conditions. The choice
of twisted boundary conditions is selected by b = 0, 1 prior to dualization. The choice
of twisted boundary conditions is selected by f = 0,1 after dualization. The second
column gives the dual subspace of the Hilbert space prior to dualization. The third
column gives the dual subspace of the Hilbert space after dualization.

(b:f) Hb;(_l)b+f+1 H}/( 1)b+f+1
1(3 1
(0,0) Q(ﬂHb—Uri)’Hb 3|1, —BY |1y
(1,0) 3 (T, + 0. ), 5T+ B )7y
1(3 Iy 13 DV \
(0,1) 5( Hb+Ur;)Hb 3 ileV+PF)”Hf
1(3 Iy 1 D
(1,1) 5( Hb—Ur%)Hb 5(1HV_pFV)HfV
holds where
1(~ | =
Voo o % v
Hie =3 (ﬂw + Py )Hf : (2.32b)

The duality between the bond algebras (2.4) and (2.31) demands certain consistency condi-
tions. In particular, the twisted boundary conditions (2.3c) and (2.22d) require that the pairs
of operators

AZ s@QV AV
(O'j, 1ﬁj aj) s (2.33a)
and
(676%,. ipr,4)), (2.33b)

each form a dual pair if and only if the pairs of operators

2N 2N

6*=U,, 1/5V Vi=pY |, (2.33¢)
(l_! J T l_[( ) )
]: :

and
2N 2N
(l_[((}f 6%a)= (=1)"1, [ 18}, a)) = 1)f“PV) (2.33d)
j=1 j=1

each form a dual pair, respectively. This is to say that the duality between the bond algebras
(2.4) and (2.31) holds only on the 22N—1_dimensional subspaces

11~ —~

g = 5 | Ty + DT, |7, (2.342)
1 -~ —~

Hf oy = 5 [ﬂHfV + (=10 pFV] My, (2.34b)

of 22N _dimensional Hilbert spaces H, and HY, respectively. This is the Jordan-Wigner (JW)
duality. Table 2 summarizes the correspondence between symmetry eigensectors on either side
of this duality (see Refs. [41,110] for an alternative field-theoretical derivation of the mapping
of symmetry eigensectors under the JW duality).
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2.4 A triality of bond algebras

In Sec. 2.2, we gauged the internal global symmetry group Z; of the bond algebra B, defined
in Eq. (2.4) by minimal coupling to the local generator %; of rotation by 7 about the z axis in
internal spin-1/2 space of the site j* € A* with the help of the local Gauss operator defined in
Eq. (2.9). In Sec. 2.3, we gauged instead the internal global symmetry group Z; by minimal
coupling to the local generator i[oqj* &j* of fermion-parity on the site j* € A*, with the help of
the local Gauss operator defined in Eq. (2.24).

To complete the triality,” we construct the two dualizations %B,, and B, of the bond algebra

B, = <i/3]. &, i, 4, ’ je A> , (2.35a)

where the Majorana operators &j = &;f and ﬁj = [3’1T with i, j € A satisfy the Clifford algebra

{a 6,1 =18, 6;}=26,,. {a,6,}=0, (2.35b)
and obey the fermion-parity twisted boundary conditions
Gy =18, By =C1E,  f=01, (2.350)

for any j, j’ € A. The domain of definition of these 2N doublets of Majorana operators is the
Hilbert space

A

2N (B —id, " p.+ia;
H; :=span 1_[(] J) 0) | n;=0,1, Z——jo)=0p=c?". (235d)

j=1 2

The bond algebra (2.35a) is symmetric under conjugation by the global fermion parity.®

2N
b= [ib; 4, (2.36a)
j=1
2N
=/ [iB; é;, - (2.36b)
j=1

We are going to show that gauging the global fermion parity symmetry generated by the rep-
resentation (2.36a) of Py delivers the bond algebra B, on the dual lattice, while gauging the

global fermion parity symmetry generated by the representation (2.36b) of ﬁF delivers the
bond algebra B, on the dual lattice.

2.4.1 Unit-cell preserving gauging of fermion parity

We trade the bond algebra B I defined in Eq. (2.35) by the minimally coupled bond algebra

By, = (i6;6;, 1B, 454, | i€ n), (2.372)

with the tensor product

Hep i =H, 0H,, (2.37b)

f.b

7We leave it to the reader to construct the two dualizations 5 , and B L by gauging the bond algebra B,,.
8The rational for choosing the multiplicative real-valued phase factor on the right-hand side of Eq. (2.31b) will
be given in Sec. 3.3.
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as domain of definition [here, H,, was defined in Eq. (2.7)]. This extended bond algebra is
symmetric with respect to any one of the 2N pairwise-commuting Gauss operators

~

Gryy =15 (iB,6,)45 =G,y oy JEA. (2.38)

These are Gauss operators since they will soon be used to define kinematic constraints on the
Hilbert space as is standard in the gauging procedure. We call these Gauss operators (2.38)
unit-cell preserving, for the local transformation it implements on the Majorana operators only
acts non-trivially on a single site of the direct lattice A. One verifies that

[160 =TTt (88) ¢ =0T 106 4)=0"P. @239
JeA JEA jeA

In words, the product of all local Gauss operators equals the global fermion parity up to a sign
fixed by the twisted boundary conditions b’ =0, 1.
We define the unitary transformation of the Hilbert space (2.37b) through

i — D+ A
l_[ b5 Uf,b/;j = (T]'*) I Pf b/,]+Tx Pf bsjo (2.403)
JEA

with the 2N pairwise-commuting projectors

1:|:1ﬁ

~ il ~
P TJ N (2.40b)
For any j =1,...,2N, the following transformation laws hold
P PN B SN
Uf,b’ T;'c* (Uf,b’) T;C Uf,b’ T?, (Uf,b/) == 1ﬁj+1 T—?* a]. , (2413)
~ N —~ T n N -~ N -~ T nA A
Uf,b/ ﬁ] (Uf’b/) = Tj*—l [5) 5 Uf,b' aj (Uf,b/) = aj T}i B (241]3)
for the operators on the lattices A and A* together with the image
0,6, (0,,) =i, (2.41¢)
of the local Gauss operator. Thus, if we define the projector
~ 1 -~ -~ -~ =~ .i-
P =113 [ﬂﬂf + 074 Gpyy (T ) ] ) (2.42a)
jEA
onto the 22V-dimensional gauge-invariant subspace
7—[ f bc Hpp CHp g (2.42b)
we find that the 2N triplets of projected operators
AxV _A [~ A ‘i' -
5 =Py | U 25 (Tr) ]P f.b5G
== f,b/;G %;‘; Pf,b/;G 5 (2.433)
AYV D [~ . A AY A 3 S
T =Py | Upp 1B 15 4 () ]P 155G
P ~Y B
=P 4ot Prygo (2.43b)
AzV ._ D -[’j R AZ A (’\ )T ﬁ
R W i1 %4 \Upy ) |Privie
f,b’,G j* Pf,b’;G ) (243C)
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Table 3: Operator dualities for the triality between the bond algebras % . defined
in Eq. (2.37), B,, defined in Eq. (2.44), and B, defined in Eq. (2.52). Any two
operators from the same column form a dual pair.

Symbol for bond algebra | Generator Generator Symmetry group generated by
By if; a; 1414 =11 (1/5 a )
JEA
AXV  aAxV AzV TV Az V
B, ASE A 1% U: = 1T %
J*GA*
AzV AXV AxV TV AzV
B, 6% 61 6%y Uy = ];[\ 6%
jrehr

realize the same Pauli algebra and obey the same twisted boundary conditions as the 2N
triplets % j-on the dual lattice. We also find that the projection to ’Hbv, of the bond algebra
B by is the bond algebra

By = Py | OBy fb’)]ﬁfb’

< AREAANE AR N eA> (2.44a)

which is symmetric with respect to a Z, symmetry generated by

oy =]] ¢, (2.44b)
T j*eAk

of the global rotation by 7 about the 2z axis in internal spin-1/2 space attached to the dual
lattice A*. We have recovered Eq. (2.16) starting from the bond algebra 9B, instead of the
bond algebra B, . The duality from B o %B,, is summarized in Tables 3 and 4.

2.4.2 Unit-cell non-preserving gauging of fermion parity

Next, we trade the bond algebra B f defined in Eq. (2.35) by the minimally coupled bond
algebra

B, = <i[3’j 6%a;, B, 4 ’ je A> ) (2.45a)

with the tensor product
Hep:=H, ®H,, (2.45Db)

as domain of definition [here, H, is defined as in Eq. (2.3d) except for the substitution of
A by A*]. This extended bond algebra is invariant under conjugation by any one of the 2N
pairwise-commuting Gauss operators

~ ~

G pyj = 0ot (1/5;“ J) =G pipon>  JEA. (2.46)

We call the Gauss operator (2.46) unit-cell non-preserving, for the local transformation it im-
plements on the Majorana operators only acts non-trivially on two consecutive sites of the
direct lattice A. We observe that the Gauss operator (2.46) can be obtained from the Gauss
operator (2.38) by translating only the /3 ; operators by one unit-cell. As we shall see, such

20


https://scipost.org
https://scipost.org/SciPostPhys.16.1.022

Scil SciPost Phys. 16, 022 (2024)

a “half”-translation of the bond algebra (2.35) will deliver the KW dual of the bosonic bond
algebra (2.44). One verifies that

[ 165 =1 1650 (B2 4;) 0 =0 [ (18, 411,) = 0P B,. 247)

JEA JEA JEA

In words, the product of all local Gauss operators equals the global fermion parity up to a sign
fixed by the twisted boundary conditions f, b =0, 1.
We define the unitary transformation of the Hilbert space (2.45b) through

/\

T . Fbij +
=] [T Uf,b;j'_(aj*) = Prly + 075 Py (2.48a)
JEA
with the 2N pairwise-commuting projectors
1+if. a.
D E. J ] _p+
P= = —5 =Pl (2.48b)

For any j =1,---,2N, there follows the transformation laws

0,,0%(0,,) =65, 0,0 (0,,) =ib6% 4, (2.492)
Or B; (ﬁf,b).iﬁ =B, 67, U6, (ﬁf,b).i' =a;67., (2.49b)

for the operators on the lattices A and A* together with the image

~ o~ —~ T A R
074 Gry (0r) =ibrn s (2.49¢)
of the local Gauss operator. Thus, if we define the projector
- 17~ i
Pf,b;G::l_jli[ﬂ Ubefb]( fb):|’ (2.50a)
je

onto the 22" -dimensional gauge-invariant subspace
V._D
Hy = Prpctyy CHyps (2.50b)

we find that the 2N triplets of projected operators

)

AXV o,

O =Prpg :Af,b &3 (ﬁf,b)?]ﬁf,b;G
L4, (T, b)iﬁ] e
,b;G?

A 52 (A
2’ J

be be’

>
)

v R
‘::U
=
)

(2.51a)

£,b;:69

S
<
)

)y =
=3
<

Q

i

'\N

) &
>

f.b;G

—
—

)

(2.51b)

Il

SR
=<
oo

f,b;G

(o}
4 0
<
i
)
< )
o
=
Q
Q
\'ﬁ
o
~
—
\:U
o
(9]

be_

>

(2.51¢)

realize the same Pauli algebra and obey the same twisted boundary conditions as the 2N
triplets G ., on the dual lattice. We also find that the projection to H ;’ of the bond algebra B b
is the bond algebra

-~

By = Pf,b;G[Ufb%fb (Ur.0) ]bec
\

— [ A% AxV
_<j" A

ifeAr > (2.52a)
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Table 4: Compatibility conditions for the triality between the bond algebras 95 . de-
fined in Eq. (2.37), B, defined in Eq. (2.44), and B, defined in Eq. (2.52). The
Hilbert space on which the bond algebra B f is defined is H f ~ 2" with f=0,1
selecting the twisted boundary conditions. The Hilbert space on which the bond al-
gebra B, is defined is ’Hbv, ~ 2" with b’ = 0,1 selecting the twisted boundary
conditions. The Hilbert space on which the bond algebra 5, is defined is ’Hg/ ~ 2
with b = 0,1 selecting the twisted boundary conditions. Choosing two out of the
triplet (f, b’, b) determines the third according to the rule f = b+ b’ +1 mod 2. Tri-
ality is defined by the fact that duality holds between any two bond algebras B I By,

and B, provided their domain of definitions are restricted to H fi(e)pHa = <C22N71,
Vv ~ 22N71 Vi ~ 22N71 . ’
Hyap =C7 and Hb;(—l)b' =C* , respectively.
/ \Y% \%
(f; b > b) Hf;(_1)b+f+1 Hb/.(_l)b Hb;(_l)b’
1(3 D 1< TV Y 1(3 7TV \
(0,1,0) E(nﬂf B )H, E(ﬂw +Urfr)7-[b, E(ﬂw— )
1= 3 1= 7V Y 1= 7V v
(0,0,1) 3 ” + B ), E(ng/—Uﬁr)Hh, ﬁ(ﬂ%ﬁ )
1(3 D 13 \Y \ 1(3 384 v
(1,0,0) 5( ” +PF)7-Lf E(HH:/+Ur;)Hb, Q(ﬂHbv+U )Hb
1(3 D 1= IV \Y 1(3 77V \
(1,1,1) 3 Hf—PF)Hf E(HH;/—Ur;)Hb, 3 (T, -0 )
with the generator
Uy =03, (2.52b)

of the global rotation by 7t about the 2z axis in internal spin-1/2 space attached to the dual lattice
A*. We have recovered Eq. (2.4) starting from the bond algebra B f (up to the substitution
A — A*). The duality from B, to B b 18 summarized in Tables 3 and 4.

Demanding the triality of the three bond algebras B I B,,, and B, that are defined in
Egs. (2.35a), (2.44a), and (2.52a), respectively, puts a constraint on the possible boundary
conditions specified by the triplet (b, b’, f) of twisted boundary conditions. Indeed, this tri-
ality implies that one may start from any one of these bond algebras located at the vertices in
Fig. 1 and execute two successive dualities in such a way that the two remaining vertices from
Fig. 1 are visited. The duality between the bond algebras B f and B, holds on the restricted
subspaces

H\b//;(_l)f+b/+1 5 (2.5321)

Hf;(—l)b'

while the duality between the bond algebras 25 f and B, holds on the restricted subspaces

H s HZ;(_UWH i (2.53b)

f;(—l)b+f+1
Let us choose the corresponding subspaces of ., in Egs. (2.53a) and (2.53b) to be identical.
We then find that the triality of all three bond algebras holds when

HY Moy =H

\%
b1y T Th e T Hyayins (2.542)

Fi(-1ps+1
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which implies the relation

f=b+b'+1mod?2. (2.54b)

The duality between ”H\b/,; (1) and HZ;(_U Frbil

. . : \
to obtain H FACDY and then dualize H to obtain H bi(—1)f+b+1
holds.

follows since one can first dualize the former

Fi(=1)b+f+1 if the condition (2.54b)

3 LSM anomalies and triality

In Sec. 2, we have established dualities between any two of the three bond algebras 8B b> B
and ‘B Iz What is common to all three bond algebras is the presence of a cyclic symmetry group
of order two, namely ZZ, ng, and Zg, respectively. Any Hamiltonian i b that is an element of
the bond algebra B, has a Z; symmetry generated by lAJr;. It follows that its duals I/-I\g, and
fI}’ obtained by KW and JW dualities, respectively, are symmetric under the dual symmetries
Zév and Zg, respectively. The question that we address in this section is the fate of additional
crystalline and internal symmetries of such a Hamiltonian H , under the dualities described

in Sec. 2. In particular, we show how the presence of an LSM anomaly manifests itself in the
dual bond algebras B, and B Iz

3.1 Symmetry structure with an LSM anomaly

We consider the bond algebra B, with b = 0.” and impose two independent crystalline sym-
metries of the lattice A, namely translation and (site-centered) reflection

[zf 6 zz;" i) t(j) :=j+1 mod 2N, .
U,6,0f =6, r()=2N—jmod2N, '
implemented by the unitary operators
R 2N—1 1/ N N—1 1/
0, = [ E(HHH +6, -&tm), 0 = [ E(HHH +aj-&r0)), (3.1b)

respectively. The product on the second term in Eq. (3.1b) has the upper bound N — 1 since
the reflection has two fixed points N and 2N in A. The pair of operators U, and U, generates
a 22N _dimensional representation of the space group
Gypa = VAN W/ (3.2a)
with
Z;NE{t, t2, .., 2N tZNEe}, Zgz{r, rZEe}, rt=t>N"1r, (3.2b)

Next, we impose the global internal symmetries implemented by the unitary operators

2N 2N 2N

5 AX 7 AY I7oe—(_1WiT 17 — AZ

U, =] ]e¥. U, =17, U, :=(-1) Ur;Ur%—l [6%. (3.3)
j=1 j=1 j=1

°This choice ensures that the total symmetry group is a direct product of crystalline and internal symmetries.
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The pair of operators ﬁrx and ﬁry generates a 22V-dimensional representation of the global
s T

internal symmetry group
G = Z)zc X Zg > (3.4a)

with
Z)Z(E{rj;, (rﬁ)zze}, Z%E{r%’, (r%’)25e} . (3.4b)

Note that the Z symmetry of the bond algebra (2.4) corresponds to the diagonal element
in the group Zj x ZJZ’, ie,r=r, rY. Importantly, the total symmetry group has the direct
product structure

Gtot = Gspa X Gint : (3'5)

While the global representation of the Z3 x Z%' group in Eq. (3.3) is a group homomorphism,
it is locally projective due to the Pauli algebra

= —6? 6;’ , 6? 6% =—-67 6? , (3.6)

X x
J J J

AX AY AY A
O.,0, =—0. 0
J J

AY A
J ’ 05 9;

Z
j
for any j € A. Therefore, it follows that the presence of the G, , symmetry constrains the phase
diagram of any symmetric Hamiltonian owing to the (generalized) Lieb-Schultz-Mattis (LSM)
Theorems. We are going to invoke two LSM Theorems [1,26,31] that apply to one-dimensional
spin chains with translation and reflection symmetries, respectively. Importantly, the proofs
of these two theorems make use of the fact that the total symmetry group (3.5) is a direct
product of the crystalline space group with the internal group. This is another motivation for
choosing b = 0. In what follows, |A| denotes the cardinality (2N) of the set A.

Theorem 1 (Translation LSM). Consider a one-dimensional lattice Hamiltonian with the sym-
— 7t x Yy t : :
metry group G, , = Z| A X 73 x 7, where the subgroup Z| A generates lattice translations and
the subgroup Z3 x Z;’ generates internal discrete spin-rotation symmetry. If the unit cell with
. t . . . _y
respect to the translation symmetry Z| A hosts a half-integer spin representation of Z3 x Z;,
then the ground states cannot be simultaneously gapped, non-degenerate, and G, ,-symmetric.

Definition 1 (Translation LSM anomaly). When Theorem 1 holds, we say that there is a trans-
lation LSM anomaly.

Theorem 2 (Reflection LSM). Consider a one-dimensional lattice Hamiltonian with the sym-
metry group G, , = Z, x Z3 X Z;' , where the subgroup Z!, generates site-centered reflection
and the subgroup Z3 x Z“ZV generates internal discrete spin-rotation symmetry. If each reflection
center hosts a half-integer spin representation of Zj x Z;' , then the ground states cannot be

simultaneously gapped, non-degenerate, and G, ,-symmetric.

Definition 2 (Reflection LSM anomaly). When the reflection LSM Theorem 2 holds, we say
that there is a reflection LSM anomaly.

Remark (LSM anomaly versus mixed 't Hooft anomaly). The translation LSM and reflection
LSM Theorems (anomalies) have been interpreted as the presence of a mixed 't Hooft anomaly
between crystalline symmetry groups, either Z,, or Z}, and internal symmetry group Z3 X Zg
[15,17,23,28,39]. Accordingly, one cannot gauge the full internal symmetry group G, ,, while
maintaining the space group G,p,- However, a non-anomalous subgroup H,_ C G, can still
be consistently gauged.

In what follows, we will show that under the KW and JW dualities introduced in Secs. 2.2
and 2.3, respectively, the direct product structure of G, is altered through a mixing of crys-
talline and internal symmetries. As both dualities correspond to gauging the non-anomalous
diagonal subgroup Z3 C Z3 X Z%' , our main result can be interpreted as the incompatibility
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between gauge-invariant representations of elements in the subgroup (Z3 x Z%' )/Z% and crys-
talline symmetries ZJ,; and Z} under the KW or JW dualities. We conjecture that an analogue
of this res'ult holds for general space groups Gspa1 fmd 1n.ternal s'ymmetry groups G, %f ar} LSM
anomaly is present. In Sec. 5, we confirm that this conjecture is true for the generalization to
G, =%2,%XZ,andH, =7Z,.

3.2 Kramers-Wannier dual of the LSM anomaly

We are going to construct the dual total symmetry group Gtot under the KW duality introduced
in Sec. 2.2. To this end, we define the action of the crystalline and internal symmetries on the
extended Hilbert space H b.b! defined in Eq. (2.8b) and then project these symmetries onto the
dual Hilbert space #;,. For simplicity, we set b’ = 0.

The extension of the crystalline symmetries (3.1) on the Hilbert space Hy o are obtained
by demanding the covariance of the Gauss operators (2.9a) under translation and reflection.
We thus define the unitary operators

2N—11 2N— 1

Frext .__ |7 A A - A A

g .= r!z(n%, +6,6 tm) nz( L, Tm) . BT
]: :
N 1 N

_ 1 1

ext .__ - A A 1 A A

U= “2( Hy oo 7910 r(;)) ”2( Hy oo T 00 Tr(j*)) SRR
]

that implement the transformation rules (3.1) for the 6 operators on lattice A, and the trans-
formation rules

ﬁfx%j* (ﬁth) =1

U4 (00) =+#

(") t(j*):=j"+1mod 2N, (3.70)

G r(j*):=2N —j" mod 2N, (3.7d)

for the 7 operators on the dual lattice A*. Transformation rules (3.7c) and (3.7d) corre-
spond to two independent crystalline symmetries of the dual lattice A*, namely translation
and (link-centered) reflection symmetries. As promised, the operators ﬁf’“ and ﬁf’“ are not
gauge invariant but transform the local Gauss operators (2.9) according to the covariant rules

Sext A (frext\T _ &
UG, (U) =G, (3.8a)

UG, (Te)’ =G,(j)» (3.8b)

respectively, for any j € A. After the projection to the dual Hilbert space HZ,:O, the counter-
parts to the translation (3.7a) and reflection (3.7b) are implemented by the unitary operators

~ 1/~
V. - AV AV

U/ = | | Z(HH,,V/_O-i_TJ* rt(m), (3.9a)
j=1 B
N1

~y —~ VoAV

Ur = E (HHI\,// . + Tj* . Tr(j*)) N (39b)
j=1 B

respectively. The product on the right-hand side of Eq. (3.9b) has the upper bound N since
the reflection has no fixed points in A*. The pair of operators U and U generates a 22N
dimensional representation of the space group Gypa through the semi-direct product

Voo
G =175 NTh, (3.10a)

spa
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with

Ziy = {t, I S e} , Zh = {r, r’= } . (3.10b)

We note that the dual space group G;’Pa is isomorphic to the space group G_ , defined in Eq.
(3.2). However, the action of the dual reflection symmetry (3.9b) differs from that of reflection
symmetry (3.1b) in the sense that it acts as a link-centered reflection on the dual lattice A*
and does not admit any fixed points on A*.

The duals of the internal symmetries (3.3) are constructed by using the isomorphism be-
tween the bond algebras (2.4) and (2.16).1° However, the corresponding local representations
é';.c and 6;’ do not belong to the bond algebra (2.4). In other words, they are not invariant

under the global symmetry ﬁr,,_. Therefore, when extending to the Hilbert space H,_, ,,_.,

, must be minimally coupled by the appropriate insertions of %?* op-

n

the operators ﬁrx and ﬁr
m

erators. We focus on the operator ﬁrx as the case of ﬁry is treated analogously. We can extend
s

K

the action of ﬁrx to the Hilbert space H either according to the definition

b=0,b'=0
N
rrext ,_ AX AZ AX
Ur% = l_[ T3j—1 ¥ (2j-1) T2j> (3.11a)
j=1
where %?21.)*_1 are inserted only on odd sites of the dual lattice A*, or according to the definition
N
rrext ,_ AX AZ AX
Ur; = l_lazj Tijy O2j1 s (3.11b)
j=1
where 1% are inserted only on even sites of the dual lattice A*. Crucially, neither definition

2j)—1

(3.11a) (ru]))r definition (3.11b) are invariant under translation (3.7a) or reflection (3.7b), i.e.,
the extended operator lAJf,’ft is not invariant under the action of translation by one unit cell or
by reflection. This incom})atibility is rooted in the non-trivial local projective representation
(3.6). Equivalently, this is a result of the two LSM Theorems 1 and 2 with translation and
reflection symmetries, respectively.

By projecting onto the Hilbert space H,,_, operators (3.11a) and (3.11b),'" we identify
the following dual internal symmetries

(3.12)

Z
rTE

Nl=

N
TV _ ~AzV TV Az V TV _77ViTV AZ
oy =]1¢r,,,,  w=]]%,. Ol=070r=]]¢
j=1 j=1
Note that the product of ﬁov and ﬁev delivers the dual symmetry of the bond algebra B,,_,

defined in Eq. (2.17). The pair of operators ﬁov and ffev generates a 22N -dimensional repre-
sentation of the symmetry group G, , through the direct product

vV —
GY =7 x2S, (3.13a)

int
with
Zy = {ro, (ro)2 = e} , Zy = {re, (re)2 = e} . (3.13b)

10The fact that internal symmetries are tensor products over all sites of some local symmetry is crucial to validate
the use of the dual bond algebra. For example, applying the isomorphism between the bond algebras (2.4) and
(2.16) on the generators of the crystalline symmetries produces operators that are gauge invariant, i.e., they
commute with the local Gauss operators. This is quite different from Eq. (3.8), according to which the local Gauss
operators transform non-trivially but in a covariant manner under conjugation by ﬁf’“ and [A]f’“.

"Operators ﬁov and ﬁev also follow from similarly dualizing [A]ry. Only 27" enters in the products making up ﬁev

and lAJOV in Eq. (3.12). Hence, these dual generators of the internal symmetries are not realized projectively locally.

26


https://scipost.org
https://scipost.org/SciPostPhys.16.1.022

Scil SciPost Phys. 16, 022 (2024)

Unlike the case in Sec. 3.1 with the space group Gspa, the action of Gs\;)a on Gi\r/lt is now
non-trivial as it is given by the composition rules

0YOY (@) =0y, OO (O =0y, (3,142
and
ﬁry Uov (UrV)T = ﬁev ’ ﬁly Uev (Arv)T = on ' (3'14b)

In other words, the dual symmetry group

G . =GY xGY

tot spa int?

(3.15)

of the Hamiltonian H. lx:o in the bond algebra (2.16) with b’ = 0 that is dual to the Hamiltonian
H p—o in the bond algebra (2.4) with b = 0 is a semi-direct product of crystalline symmetries
GSVpa and internal symmetries G’ .

One observes that the two LSM Theorems 1 and 2 do not apply to the dual symmetry group
G,/ This is because the local representation of Gi\I/lt is not projective (see footnote 11) unlike
that of G, .. We further note that while being isomorphic to Gsp o the dual crystalline symmetry

V .
group Gspa is such that

1. the “natural” unit cell on which the internal symmetry group Gi\r’lt acts onsite is associated

. =2 . .. . . .
with the generator (U;’ ) of translations, i.e., it is twice that of the unit cell associated

with the generator 17;/ of translations, '

2. the operator ﬁ;’ acts as a link-centered reflection on lattice A* such that there are no
invariant unit cells.

Both properties can be interpreted as a trivialization of mixed anomalies between internal and
spatial symmetries under the gauging of a subgroup of the internal symmetries.

There is another useful reinterpretation of the dual internal symmetries whose generators
are defined in Eq. (3.12). First, we have the identity

VoL inQY 3V . v v oAv] - N
Oy, =", Q=3 QL [Q.QL]=0, Viljen, (3.16)
j*EA*

where the local Hermitean operator Q)’ has the Z,-valued local charge eigenvalue q 7+ =0,1.
Second, we have the identity

-~ . PEE-Vi o~y o~ ~ + —~ -~ -
U(\)/ — (_1)2N elTED — U;/UV(UV)T , DV = Z Q]V*_] . (3'17)

e t
J*EA*

The symmetry generator 17(\)/ can thus be thought of as the exponential of the conserved global
Z,-dipole operator DV associated to the conserved global Z.,-charge operator Q". The punch-
line is now the following. Gauging the Z, charge symmetry generated by ﬁ;’% induces a du-
ality between Hamiltonians invariant under both Z,-dipole and translation (or link-centered
reflection) symmetries.13 that are free from LSM anomalies and Hamiltonians invariant under
Z’ZC X Zg internal and translation (or site-centered reflection) symmetries with LSM anomalies.

12The factor of two here is directly related to the fact that the local non-trivial projective representation (3.6)
becomes a trivial representation on doubled unit cells.

13The presence of both translation (or link-centered reflection) and dipole symmetries imply the presence of a
charge symmetry.
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In other words, spatially modulated symmetries, such as a dipole symmetry, can be mapped
to a global uniform symmetry at the cost of introducing an LSM anomaly.

In anticipation of the discussion of the phase diagram of the quantum spin-1/2 XY Z chain
in Sec. 4, we close this discussion by focusing on the reflection symmetry subgroup Z of G;/pa
As a consequence of the underlying LSM anomaly, the Abelian group

Zh X I3 X Ly , (3.18a)

formed by the subgroup of reflection symmetry Z:, together with the group of internal sym-
metries G, = 73 X Z%' is mapped to the non-Abelian dihedral group of order eight

(=)= rre=ror

at=ri=e, rar:a?’},

2 _
D8 {r r _e}lx {e, Ty Ter ToTe

2

(3.18b)
= {e, a, a®, &, r, ra, ra?

3 —
ra ’ a:rro,

after gauging the diagonal subgroup Z; C Z3 x Zé’ by KW duality.

3.3 Jordan-Wigner dual of the LSM anomaly

We are going to construct the dual total symmetry group ng’tF under the JW duality introduced
in Sec. 2.3. To this end, we define the action of the crystalline and internal symmetries on the
extended Hilbert space ”Hb, 7 defined in Eq. (2.23b) and then project these symmetries onto
the dual Hilbert space ’H}’ We keep the boundary condition f unspecified for the time being.

The extension of the crystalline symmetries (3.1) on the Hilbert space H, , are obtained
by demanding the covariance of the Gauss operators (2.24a) under translat1on and reflection.
We thus define the unitary operators

IN—1 .
T A A\ 1 A A . .
0y =, a,) |] 5[(/5].V— vi)(ay—al,)]. (3.19a)
i=1
) pa
Uva = (iﬁZN &ZN) l_[ 2( HV +[‘3r(]) ) (3.19b)
=1

where the global fermion parity 13\/ takes the form (2.31b). For any j € A, conjugation of &}/
and /3V by UV and UV implement the maps

— (= 1)f ;N at( . /3]\/ — (_1)f 8an /32/() , (3.20a)

&Y
a;

1) A [
;/H +(= 1)f ran ﬁr(])’ ﬁJV = —(= 1)f 2 Gy r(j)’ (3.20b)

respectively.

We note that, unlike the dual spin operators % j defined on the dual lattice A* in Sec. 3.2,
the Majorana operators are defined on the direct lattice A. This is due to the fact that we
applied an isomorphism implementing an additional half lattice translation in the process of
JW duality [see Eq. (2.30)]. Due to this nuance, the reflection symmetry acts differently on the
Majorana degrees of freedom than it did on the spins from Sec. 3.2, since none of the sites of
A* are invariant under reflection, while the sites j = N, 2N € A are left fixed under reflection.
Furthermore, in the fermionic case, reflection is not an order two operation. Instead, one
verifies that

(@Y,) =By, (3.21a)
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Similarly, translation is not an order 2N operator if f = 1, instead

@) =Y. (3.21b)

This leads to a mixing of crystalline symmetries with the fermion parity. We denote the crys-
talline group obtained after JW duality as G;/ﬁ aF . This group is obtained by the central extension

of GY _ defined in Eq. (3.10) by fermion parity Zg specified by the short exact sequence

spa

025 —>Glf—>GY —0, (3.22)

spa spa

with the extension class [y f] € H*(GY Zg) and the extension map

spa’

by = (p,) LD

() i=pe, oy . orro=(0) . (3.23)

where p was defined in Eq. (2.22c) and | -] is the lower floor function. All other maps can be
derived using these relations and the cocycle condition for y 2 Having defined the crystalline
symmetries, we now turn to the internal symmetries.

After the JW duality, the internal symmetry operators are obtained by dualizing ﬁr; and

ﬁry in Eq. (3.3). More precisely, under the JW duality.'*

N N

U, =] ]63.05—0) ¢=l_[(”2, By, (3.24)
= L

Ura)rl - l_[a-%,f—l é- 2j — ev l_[ (1[52] 1 azj) (3.24b)
j=1 j=1

The pair ﬁov and U ev of dual internal symmetry operators compose to the fermion parity op-
erator,

VI3V _ pV

uyuY=p). (3.24¢)

The pair of operators U OV and Uev generates a 22N -dimensional representation of the internal
symmetry group
Gl =79 x 78, (3.25a)

int

with
Zgz{ro, (r, 2Ee} , Z;E{T‘e, (re)zze} ) (3.25b)

The generators (3.19) of the dual crystalline symmetries act on the operators ﬁoV and ﬁev
according to the composition rules

0y Uy (0Y) =110y, 0Y0Y(0Y) =1y oY,
oY oY (UV)T — (_1)f+1 0y, 0V oY (ﬁrv)'“ (-1 10, (3.26)
YR (B = v R (81) =

The total symmetry group Gtot is obtained by taking the semi-direct product of G;’I;aF and Givn’tF
together with coseting by the fermion parity group Zg defined in Eq. (2.220), i.e.,

Gyl = (GkIxGyr) [ Z5. (3.27a)

spa int

14We obtain the operator Uv from dualizing U and multiplying with (—1)". This multiplicative factor simplifies
the algebra.
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Here, the semi-direct product G;’

F o GYF is specified by the action
int

pa

tr t_1=re, rr r_1=re,

t ret_1 =r,, r rer_1 =Ty, (3.27b)
tht_l = Pp> rpFr_l = Pg>

of dual crystalline symmetry group G":F on the dual internal symmetry group Gi\r/l’tF. We empha-

spa
size that the structure of G:/O’tF is different from Glf)t in Eq. (3.15) obtained via the KW duality.
More precisely, under the JW duality the resulting dual total symmetry group Gt\f)’tF is assem-
bled from the crystalline GS\;’aF and internal Gi\r/l’tF symmetry groups using a nontrivial central
extension in addition to the semi-direct product structure. In contrast, the dual of G, under
the KW duality described in Sec. 3.2 is a semi-direct product of the crystalline and internal
symmetry groups. Having set b = b’ = 0, in Secs. 3.1 and 3.2, triality of the bond algebras
enforces f =1 as prescribed in Eq. (2.54). Finally, we observe that the two LSM Theorems 1
and 2 do not apply to the dual symmetry group Gt\(/)’tF. This is because the local representation
of Gi\r/ftF is not projective, unlike that of G, . As was the case with the KW dual Gi\r/lt generated by
the operators in Eq. (3.12), the trivialization of mixed anomalies between internal and spatial
symmetries under the JW gauging of a subgroup of the internal symmetries can be attributed
to a doubling of the natural unit cell for the JW dual internal symmetries.

It is possible to reinterpret the dual symmetries that are defined in Eq. (3.24) as Z,-charge
and Z,-dipole symmetries, respectively. To see this, we employ a “half”-translation

BY —aY, (3.28)

AV A
a. —
J J J

\Y%
j+1°

after which the operators lA]g/ and ﬁg/ act on only even and only odd sites, respectively. If so,
the dual internal symmetries satisfy

~ s AV ~ ~ ~ -~
BY=:e72",  QV:=>1Qr, [Q%LQ)l]=o, (3.29a)
jteAf
—~ s AV —~ —~ —~ + —~ o~ x
Uy =™ =100 (0Y), DbY:= ) Qlj, (3.29b)
j*eAt

where the local Hermitean operator @]V has the Z,-valued local charge eigenvalue g = 0,1,

for any i*, j* € A*. As was in Sec. 3.2, the symmetry generator U OV can thus be thought of as a
fermion dipole parity operator. As we have discussed in Sec. 2.4, there are two ways of gauging
fermion parity symmetry. These result in either (i) Hamiltonians with Z3 x Zg internal and
translation (or site-centered reflection) symmetries with LSM anomalies, or (ii) Z,-charge,
Z,-dipole, and translation (or link-centered reflection) symmetries. Notice that both dual
Hamiltonians are bosonic, however, the former is invariant under global uniform symmetries
with LSM anomalies while the latter is invariant under spatially modulated symmetries.

4 Triality and the phase diagram of the quantum spin-1/2 XYZ
chain

We apply the triality derived in Secs. 2 and 3 to the study of the zero-temperature phase
diagram of the quantum spin-1/2 XY Z chain. This model is dualized to a spin-1/2 cluster
model and a model of interacting Majorana degrees of freedom under the KW and JW dualities,
respectively. The triality allows to give three equivalent interpretations of the zero-temperature
phase diagram with an emphasis on the symmetry structure of the bond algebras B,, 5, ,, and
B Iz respectively.

b/J
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4.1 Quantum spin-1/2 XYZ chain

Consider the quantum spin-1/2 antiferromagnetic chain with nearest- and next-nearest-
neighbor antiferromagnetic couplings with periodic boundary conditions described by the
Hamiltonian

4.1

with the domain of definition H,_, defined in Eq. (2.3). Both the dimensionful couplings J,
and J, together with the dimensionless couplings A , Ay, and A, are taken to be real-valued
and non-negative. For convenience, we set the cardinality of the lattice to be

|A| =2N =0 mod 4, 4.2)

i.e., N is an even integer. The symmetries of H. »—o that we shall keep track of are given in Sec.
3.1. We choose to work with periodic boundary conditions for the same reasons as in Sec.
3.1, i.e, for b = 0, the total relevant symmetry group G, is a direct product of a crystalline
symmetry group G__ and of an internal symmetry group G. .. Accordingly, the spectrum of

H,_, is constrained by LSM Theorems 1 and 2. Either one of Theorems 1 and 2 requires that
any gapped phase in the parameter space of the model either breaks spontaneously the global
internal symmetry G, or the crystalline symmetry Gspa, or it is infinitely degenerate in the
thermodynamic limit [87-89, 142, 143]. The question that will be answered in Sec. 4 is that
of the fate of Theorems 1 and 2 under the triality of Secs. 2 and 3. To this end, we shall
reinterpret the zero-temperature phase diagram of H, p—o after it has undergone a KW and JW

spa int*

dualization to the Hamiltonians H. v and H }/ , respectively.
We define the ratios

J = —2, A= , (4.32)

and consider, for simplicity, the reduced parameter space.!”

0<A<oo, A,=0, 0<J<oo. (4.3b)

The energy eigenvalues and eigenvectors of Hamiltonian (4.1) are known in closed forms at
the four corners

(A,J)=1(0,0), (A,J)=(0c0,0), (A,J)=1(0,00), (A,J)=(0c0,00), (4.4a)
and the pair of points [1]
(A,J)=(1,0), (A,J)=(1,00). (4.4b)

The gapped ground states are also known in closed form along the so-called Majumdar-Ghosh
(MG) line [144-147]

0<A<o0, J=—. (4.40)

5The full coupling space, if expressed in terms of dimensionless couplings only, is
(AX,Ay,AZ,J) € [0, 00[x[0, c0[%x[0,00[x[0,00[. A detailed study of the corresponding zero-temperature
phase diagram for 0 < J < 1/2 can be found in Ref. [121]. Knowledge of the phase diagram for the
cut (Ax,Ay,O,J) € [0,00[x[0,00[x[0,00[ is equivalent to knowledge of the phase diagram for the cut
(A,,0,A,,J) € [0,00[x[0, 00[x[0, oo through the application of a unitary SU(2)-rotation about the x axis in
spin-1/2 space.
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Majumdar-Ghosh line

0<tanh(J)<1

@
0<tanh(A)<1

Figure 2: Exactly soluble points in the phase diagram of Hamiltonian (4.1) in the re-
duced coupling space (4.3). The small squares at the lower left and right corners of
the phase diagram each realize the antiferromagnetic nearest-neighbor Ising chain.
The large squares at the upper left and right corners of the phase diagram each realize
two identical and decoupled antiferromagnetic nearest-neighbor Ising chains. The
ground states are long-range ordered, gapped, and two-fold (four-fold) degenerate
for the lower (upper) corners. The line (A,J = 0) realizes non-interacting fermions
without fermion-number conservation, except when A = 1. The small circle at
(A =1,J = 0) realizes non-interacting spinless fermions at half filling with a nearest-
neighbor uniform hopping amplitude. The ground state is gapless with a quantum
criticality encoded by a ¢ = 1 conformal field theory in (1 + 1)-dimensional space-
time in the thermodynamic limit. The large circle at (A = 1,J = 00) realizes two
decoupled chains of non-interacting spinless fermions at half filling with a nearest-
neighbor uniform hopping amplitude. The ground state is gapless with a quantum
criticality behavior encoded by a ¢ = 2 conformal field theory in (1 + 1)-dimensional
spacetime in the thermodynamic limit. The diamonds at (A,J) =(0,1/2),(c0,1/2)
are first-order boundaries between the phases governed by the Ising fixed points
(small and large squares) at A = 0 and A = oo, respectively. The open Majumdar-
Ghosh (dashed) line at (A,1/2) with 0 < A < oo realizes the dimer phase. The
dimer ground states are gapped and two-fold degenerate along the Majumdar-Ghosh
(dashed) line.

The nature of the ground states of the Hamiltonian (4.1) at all these points in the reduced
coupling space (4.3) is summarized in Fig. 2. The ground states at the four corners (4.4a) and
along the open MG line 0 < A < 0o, J = 1/2 are gapped and degenerate. Even though the
exact degeneracies for any finite cardinality 2N = |A| are lifted by small perturbations away
from the four corners or away from the open MG line, these degeneracies are restored in the
thermodynamic limit 2N — oo.

Below the MG line (4.4c), there are three gapped phases [121,148], each of which sponta-
neously breaks G, , in the thermodynamic limit through the spontaneous selection of a ground
state from two-fold degenerate ground states. The Neel  phase is adiabatically connected to
the fixed-point limit at the lower left corner (A,J) = (0,0) and spontaneously breaks transla-
tion symmetry by one lattice spacing and the rotation symmetry about the y-axis in spin-1/2
space. Similarly, the Neel  phase is adiabatically connected to the fixed-point limit at the
lower right corner (A, J) = (00, 0) and spontaneously breaks translation symmetry and rota-
tion symmetry about the x-axis in spin-1/2 space. The dimer phase is adiabatically connected
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Figure 3: Phase diagram of Hamiltonian (4.1) in the reduced coupling space (4.3)
with 0 < J < 1/2. There are three phases: the Neel, , the Neel , and the dimer
phase. Each one of these three phases corresponds to gapped and two-fold degen-
erate ground states in the thermodynamic limit. In each phase, a non-degenerate
ground state is selected by spontaneous symmetry breaking of the symmetry group
G,,, defined in Eq. (3.5). The dimer phase is found on both sides of the open MG line
defined by 0 < A < 0o and J = 1/2. All the phase boundaries with 0 < A < oo and
J < 1/2 are continuous quantum phase transitions that realize deconfined quantum
criticality [121]. The tricritical point (the large black circle) where the three phases
meet realizes the SU(2), conformal field theory in (1 + 1)-dimensional spacetime.

to the MG line and spontaneously breaks the symmetries under translation by one lattice spac-
ing and the site-centered reflection, while preserving the internal symmetries. This pattern
of spontaneous symmetry breaking precludes a continuous phase transition governed by the
reduction of a symmetry in one direction across the transition between any two of these three
phases that would follow the Landau-Ginzburg paradigm of phase transitions. Nevertheless,
the boundaries between any two of these three gapped phases when 0 < A < oo realize con-
tinuous quantum phase transitions. In fact, they are examples of deconfined quantum critical
transitions [121,149]. A deconfined quantum critical transition is driven by the deconfine-
ment of point defects in one phase that nucleate locally the local order of the phase on the
other side of the transition [114-117]. The two end points

(A,J)=(0,1/2), (A,J)=(00,1/2), (4.4d)

of the MG line are gapped with a degeneracy proportional to the cardinality 2N = |A|. Each
becomes the phase boundary in the antiferromagnetic Ising chain with competing nearest-
and next-nearest-neighbor interactions at which a first-order phase transition takes place in
the thermodynamic limit [87-89, 142,143]. The phase diagram of the Hamiltonian (4.1) has
been studied by numerical means both in the reduced coupling space (4.3) [150] as well as
without the restriction A, = 0[121,151-154]. Below the MG line (4.4c), the phase diagram
deduced from numerical and analytical arguments is given in Fig. 3.

Since all three phases below the MG line break translation by one lattice spacing, they can
be distinguished by order parameters that break the symmetries in the subgroup

Zh X L3 X Zy C G (4.5)

tot?

defined in Eq. (3.5). In what follows, we will limit the discussion to this subgroup for simplicity.
We will discuss the duals of the ground states of each gapped phase and the duals of those
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operators defined in Eq. (4.8), whose expectations values detect the long-range orders that
distinguish the gapped phases. At the two corners (A,J) = (0,0) and (A,J) = (o0,0) and
along the MG line (A,J) = (A, 1/2), the two-fold degenerate ground states are as follows.

1. At the lower left corner (A,J) = (0, 0), the two degenerate ground states are
|Neelz)c> :: | _>’ (_, _>’ H) te .>) |Neel:> :: | (_’ H’ (_5 H’ o .>’ (4.6&)

where the kets | —) j and | <) j denote the eigenstates of o“f with eigenvalues +1 and
—1, respectively.

2. At the lower right corner (A, J) = (00, 0), the two degenerate ground states are

INeell) := 1.7, /", /> -+),  Neell):=1/, 7,/ /), (4.6b)

where the kets | /') and | / ) denote the eigenstates of & with eigenvalues +1 and
—1, respectively.

3. Along the MG line (A,J) = (A, 1/2), the two degenerate ground states are
N
|Dimer,) :=®|[2j—1,2j]), |Dimer, ) ®| [2],2j+1]) (4.6¢)

where |[j, j + 1]) denotes the singlet state for two spins localized on consecutive sites j
and j + 1.

These ground states are distinguished by the non-vanishing expectations values of the order
parameters

1 2N
5 : E : j+1 A
Ol(\)leel" = 2N ( 1)] )'C

%) L i+1 AY
O e "EZ(‘”] &7, 4.7)

dlmer Z( 1)] j Aj+1;

respectively. The order parameters for the Neel  and Neely phases are odd under U symme-
try, while the dimer order parameter is even. In other words, the order parameter for the two
Neel phases do not belong to the bond algebra (2.4) and do not have an image in the dual
bond algebras (2.16) and (2.31). For this reason, it is more convenient to define the operators

Clipn =07 67,0, (4.82)
BY AV Y
Cj’j+n =05 Oiips (4.8b)
~ 1. .
Dj —gaj-ajﬂ, (4.8¢)

forany j€ Aand anyn=1,---,|A|— 1, all of which are even under U symmetry. The first
two are bilocal operators, whose expectation values are the two-point correlation functions
detecting the magnetic ordering in x- and y-directions. The last one is the local operator,
whose staggered summation over the lattice is the order parameter of the dimer phase. The
expectation values of the order parameters (4.7) and operators (4.8) in the ground states (4.6)
are given in Table 5.
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Table 5: The expectation values of the order parameters (4.7) and operators (4.8)
in the ground states (4.6) of Hamiltonian (4.1). The states [Neel*)™ and |[Neel”)*
are defined in Egs. (4.16) and (4.17), respectively.

—~

= =
OI(\)Ieelx OI(\)Ieely Odimer C]x)+n C] j+n j
|Neel) +1 0 0 (1" 0 -1
1
INeel}) -1 0 0 =" 0 —3
INeel')* | 0 0 0 (-1)" 0 —3
INeel?) 0 +1 0 0 (=1)" -1
1
|Neely) 0 -1 0 0 (-1)" —1
1
|Neel”)* 0 0 0 (=1)" -1
|Dimer ) 0 +1 —5(_1)j’_1 6,1 —5(_1)).,_1 6.1 —5(_1)1.’_1
|D1rnere> 0 -1 _6(_1))',4.1 5n,1 _5(—1)i,+1 5n,1 _5(—1)1}+1

4.2 Kramers-Wannier dual D -symmetric spin-1/2 cluster chain

We now study the Hamiltonian dual to the Hamiltonian (4.1) under the KW duality. As in
Sec. 3.2, we select periodic boundary conditions (b’ = 0) after the KW duality. Naive use of
the dual bond algebra (2.16) delivers the Hamiltonian

TV . AZV AXxV sz Axv AXxV
I AN I AR W AR AL AR BTN (AR AN |

j*eA*

sz Az\/ AxV azV aAxV axV azV  aAxV
+, 2 (At e+, (Tj*—l AN AL AR AN (4.9)

JrEA*
AxV aAxV AxV axV
S AR AR [ AR AN | B

with the domain of definition H l\)/’:o defined in Eq. (2.14b). However, Hamiltonians (4.1) and
(4.9) only form a dual pair if their domains of definition are restricted to the subspaces ‘H b=0:+
and 7—lb, —0:4 respectively [recall Eq. (2.21)]. With this in mind, we will first study the phase
diagram of Hamiltonian (4.9) in the full Hilbert space ’HZ,ZO. We will then discuss the duality
of phases in the restricted Hilbert spaces H,_ —0:t and ’HZ, . Without loss of generality, we
consider only the reduced coupling space (4.3) with J < 1/ 2

The symmetries of H o that we shall keep track of are given in Sec. 3.2. Because the
global internal symmetry subgroup Gy C G is represented by a trivial projective repre-
sentation locally, the LSM Theorems 1 and 2 are inoperative. Hence, H b—o could exhibit a
non-degenerate gapped ground state in its phase diagram, a possibility that is indeed realized.
We restrict ourselves to the dual of subgroup (4.5), which is the dihedral group D, defined in
Eq. (3.18b).

By inspection, the energy eigenvalues and eigenvectors of Hamiltonian (4.9) are known
in closed form at the four corners (4.4a). Along the left boundary A = 0 of the reduced
coupling space (4.3), H bV,:O simplifies to the classical Ising model in a uniform longitudinal
magnetic field. The same is true of the right boundary A = oo, as the right boundary is
unitarily equivalent to the left boundary [140].'® When J = 0, the Hamiltonian (4.9) is a
linear combination of two of the spin-1/2 cluster Hamiltonians that were introduced by Suzuki
in 1971 [155], each of which is soluble in the sense that it is a sum of pairwise commuting local

181t is precisely this duality that was used in Refs. [87-89] to solve the antiferromagnetic Ising open chain with
nearest- and next-nearest-neighbor couplings.
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Hermitian operators that all square to the identity.!” At the lower left corner (A,J) = (0,0),
the ground state is the trivial paramagnet

PM) =4, 1), AL ==L, JTeA, 41D

which is a singlet under the D, symmetry. The lower right corner (A,J) = (00, 0) also cor-
responds to a non-degenerate, gapped, and Dg-symmetric ground state [SPT) that is defined
implicitly by the eigenvalue equation

21V, 45V 45, ISPT) = +ISPT),  j* €A™, (4.12)
The ground state |SPT) defines a symmetry-protected topological (SPT) phase on a closed
space manifold (owing to the periodic boundary conditions). This SPT phase is protected by
the global internal symmetry Z3 x Z in the sense that it cannot be adiabatically deformed
to the trivial paramagnetic state [PM) without a gap-closing phase transition or the breaking
(spontaneous or explicit) of the ZJ x Z5 symmetry.

We emphasize that the correct KW dualization of the Hamiltonian (4.1) under open bound-
ary conditions is not the Hamiltonian (4.9) under open boundary conditions. With open
boundary conditions, one must modify the definition of the local Gauss operators at the two
ends of the chain when gauging the theory. This change is responsible for the presence of ad-
ditional terms that break the protecting Z3 x Z3 symmetry at the boundaries. These additional
terms lift the two-fold degeneracy of the SPT ground state of the counterpart to Hamiltonian
(4.9) corresponding to open boundary conditions. The KW dualization with open boundaries
is explained in Appendix B.

The dual ground states can also be obtained in closed analytical form along the J = 1/2
line in the parameter space of the Hamiltonian (4.9). This is done by dualizing the projectors
onto the MG ground states of the Hamiltonian (4.1) along the MG line (4.4c), as is detailed in
Appendix A. One finds that the ground states of Hamiltonian H. l;/’zo are gapped and four-fold
degenerate along the open MG line. This is confirmed by performing an exact diagonalization
study of the eigenvalue spectrum of H 1;/':0' These four ground states are (see Appendix A)

1) =11,—=,l,1—=,1,,), (4.13a)
12) =11, 1, =1, 1,—,), (4.13b)
13) =1—=,l, =1, =, <L), (4.13¢)
14) =], 1,—=,l, < 1,—, 1), (4.13d)

where we chose the basis for which | —) i an j) is the eigenstate with eigenvalue +1 of %;.‘*V

(%;V). These four-fold degenerate ground states spontaneously break the dihedral group Dy
down to a Z, subgroup since

GO =12), UY12)=13), TLB)=0'I1)=14), (4.14a)
Oy =In, Gli2y=12), UT/B=3), T/l4=14), (4.14b)

i.e., the states |1) and |2) are invariant only under the Z, subgroup generated by [A](\)’ while
the states |3) and |4) are invariant only under the Z, subgroup generated by ZAJ:. The phase
diagram of Hamiltonian (4.9) on the full Hilbert space H\b//:o is shown in Fig. 4. The phase
boundaries in Fig. 3 carry over to Fig. 4 owing to the duality. As opposed to the deconfined

17Similarly, the upper corners
(A,7)=(0,00),  (A,J)=(00,00), (4.10)

in the reduced coupling space (4.3) are exactly solvable and are gapped with two-fold degenerate ground states.

36


https://scipost.org
https://scipost.org/SciPostPhys.16.1.022

Scil SciPost Phys. 16, 022 (2024)

Majumdar-Ghosh line

D, SSB
N
~
—
VI
v
VI
o
seT
[ |

@
0<tanh(A)<1

Figure 4: Phase diagram of Hamiltonian (4.9) with the Hilbert space H 1;//:0 as domain
of definition. The red boundaries realize a continuous quantum phase transition that
separate two phases, one of which descends from the other through spontaneous
symmetry breaking by which a symmetry-breaking local order parameter acquires
a non-vanishing expectation value in the symmetry-broken phase, i.e., the Landau-
Ginzburg paradigm of phase transitions. The blue boundary realizes a continuous
topological quantum phase transition between two phases that are distinguished by
a non-local order parameter. These phases are adiabatically connected to the ground
states (4.11) and (4.12) for A < 1 and A > 1, respectively.

quantum critical lines in Fig. 3, the phase diagram in Fig. 4 features (i) a topological transition
(blue line) between the two D-singlet states that are adiabatically connected to states (4.11)
and (4.12), respectively, and (ii) two conventional symmetry breaking transitions (red lines)
between a doublet of states that break completely the symmetry group D; and the Dg-singlet
states that are adiabatically connected to states (4.11) and (4.12), respectively.

The KW duality implies that the expectation value of any operator from the bond algebra
(2.4) restricted to the Hilbert space %b:o; + has the same expectation value as its dual in the
bond algebra (2.16) restricted to the Hilbert space HZ,:O; 4 Under the isomorphism between
the bond algebras (2.4) and (2.16), operators (4.8) dualize to

j+n—1
~xV . ~AZV
Cijoan— = I | T s (4.15a)
(=j*
j*+n—1
~yV e AXV AXV ~zV | AxV AXV
C].*’].Urn_1 =101 To | Tibn1 Fioino (4.15b)
t=j*
BY 1= = (5Y — 5V, 45V £XY 42V, 42V ) (4.150)
T g T e T T T ) :
% * _ =X =y .
forany j* € A*and anyn=1,---,|A|—1. We observe that operators C].’].Jrn and C].’].Jm defined

in Egs. (4.8a) and (4.8b), respectively, dualize to non-local string operators, while the local
operator D. defined in Eq. (4.8¢) remains local after dualization.

At the lower left corner (A,J) = (0,0) of the phase diagram, only the bonding linear
combination of the two Neel states

1 ~
INeel*)* := 7 (INeel®) + [Neel¥)), U . [Neel*)" = +|Neel")*, (4.16)
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Figure 5: The phase diagram of Hamiltonian (4.1) restricted to the subspace Hbzo; +
of the Hilbert space H,_, is dual to the phase diagram of Hamiltonian (4.9) restricted
to the subspace HZ,:O; .. of the Hilbert space 7—[};/,:0. The pair of dual subspaces are
to be found in the first line of Table 1. The two states |[Neel*)* and |[Neel”)* are
defined in Egs. (4.16) and (4.17), while dimer doublet refers to the ground states
(4.6¢). On the dual side, the paramagnetic states [PM), and |SPT) state are defined
in Egs. (4.11) and (4.12), respectively. By D8+ doublet, we refer to the states |Dimer2)/)
and |Dimer;_’), both of which are in the subspace ’H;)’,zo; . and defined in Eq. (4.18).

The symbols — and — denote gauging the diagonal subgroups generated by ﬁrz and
by its dual UY,, respectively.

belongs to the subspace H b=0: 4" Under the KW duality, this state is mapped to the paramag-
netic ground state |PM) € ’HZ,:O; . defined in Eq. (4.11). The expectation values of the dual
operators (4.15) in the ground state |PM) are given in Table 6. The non-vanishing expecta-
tion value of the bilocal operator 5]x i+n translates to the non-vanishing expectation value of

the string operator E]’f\j +n_y for any j* and n. This is the so-called disorder operator, whose
non-vanishing expectation value detects the disordered paramagnetic phase [93].
At the lower right corner (A, J) = (00, 0), only the bonding linear combination of the two

Neel states
1 —~
|Neel”)* := 7 (lNeelf)’) + |Neeley)) ) U, [Neel”)* = +|Neel”)*, 4.17)
belongs to the subspace H,_, . . Under the KW duality, this state is mapped to the SPT ground
state with periodic boundary conditions |SPT) € HZ,:O, , defined in Eq. (4.12). The expecta-

tion values of the dual operators (4.15) in the ground state |SPT) are given in Table 6. The
non-vanishing expectation value of the bilocal operator C}' i translates to the non-vanishing

expectation value of the string operator C ]y \; P
tor C ]y \; +n_1 s invariant under the dual internal symmetries 17(\)/ and ﬁg/ defined in Eq. (3.12),
owing to the presence of %3&!1 %jﬁv and %;i\jm_l %;{*an to the left and to right of the string of
(4.15a), respectively, on the right-hand side of Eq. (4.15b). The operator C ]y\J/ +n_ is the so-
called string order parameter that detects the SPT ground state [118,156,157], while having
vanishing expectation value in the trivial ground state (4.11).

Finally, along the MG line (A,J = 1/2), both dimer ground states (4.6c) belong to the

subspace Hy—o.4- However, out of the four ground states (4.13) of Hamiltonian (4.9), only

operator for any j* and n. The string opera-
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Table 6: The expectation values the operators (4.15) in the dual ground states (4.11),
(4.12), and (4.18).

)

v ~yV v
C'x]+nl C]+n1 Dj*
PM) (=1)" 0 -3
|SPT) 0 (-1)" —1
LV
|Dimer) —5(_1)1.’_1 6,1 —5(_1)1.’_1 6,1 —5(_1)1.,_1
Y
|Dimer) —5(_1)j’+1 6.1 —5(_1)j’+1 5.1 —5(_1)j’+1
the two linear combinations
1 ~
|Dimer)) := 7 (1) +12)), U;% |Dimery) = +|Dimer) ), (4.18a)
1 ~
|Dimer)) := 7 3y +14)), Ué |Dimer) = +|Dimer), (4.18b)

belong to the subspace HZ,:O; - These two states are dual to the dimer states (4.6¢), respec-
tively. We refer to this twofold degenerate ground state manifold as the Dy doublet. The
ground states (4.18) break the reflection symmetry spontaneously, while they are both sin-
glets under the internal symmetry group ZJ x Z3. The expectation values of the dual operators
(4.15) in these ground states are given in Table 6. The phase diagrams of Hamiltonians (4.1)
and (4.9) in the restricted subspaces Hb:o; . and HZ,:O; . are compared in Fig. 5.

4.3 Jordan-Wigner dual interacting Majorana chain

We now study the Hamiltonian dual to the Hamiltonian (4.1) under the JW duality. As in
Sec. 3.3, we select anti-periodic boundary conditions (f = 1) after the JW duality. Naive use
of the dual bond algebra (2.52a) delivers the Hamiltonian

AV AV AV AV AV AV
o= (BB + 8, 1) &l + 0B B 0} 8,
JEA

/\\/ f\V n AV BV AV AV AV AV
+J, Z(A /3]+1 i+2 &) ]+1JFA ]+1 ]+2ﬁj ﬁj+1+Azﬁj ﬁj+2 a; O‘j+2)’
(4.19)

with the domain of definition #_, defined in Eq. (2.22). However, Hamiltonians (4.1) and
(4.19) only form a dual pair if their domains of definition are restricted to the subspaces H

and Hf L+

diagram of Hamiltonian (4.19) in the full Hilbert space HV _;- We will then discuss the duality

v
b=0;+ and Hf 1;+°

consider only the reduced coupling space (4.3) with J < 1/2.
The symmetries of H , that we shall keep track of are given in Sec. 3.3. Because the

b=0;+
respectively [recall Eq. (2.34)]. With this in mind, we will first study the phase

of phases in the restricted Hilbert spaces H Without loss of generality, we

global internal symmetry subgroup GV Fe Gtot is represented by a trivial projective repre-
sentation locally, the LSM Theorems 1 and 2 are inoperative. Hence, H V:1 could exhibit a
non-degenerate gapped ground state in its phase diagram, a possibility that is indeed realized.
We restrict ourselves to the dual of the subgroup (4.5), which is the subgroup

28w 23 % 28 ) 75 < G (4.20a)
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where

Zir = {r, r? = Dp> r3, rt= e} . (4.20b)
By inspection, Hamiltonian (4.19) is quadratic along the (A,J) = (A,0) line. At either
one of the two lower corners (A,J) = (0,0) or (A,J) = (00,0), H}’zl simplifies to a Kitaev

chain [158]. We denote the ground states at the points (A,J) = (0,0) and (A,J) = (00, 0) by
|Kitaev) and |Kitaev), respectively, such that.'®

iBY &y |Kitaev) = +|Kitaev), iﬁ“jVH &/ |[Kitaev) = —[Kitaev), j=1,---,2N—1, (4.21a)

iﬁ;/N ay |Kitaev) = +|Kitaev), 1/31\/ &}/H |Kitaev) = —|Kitaev), j=1,---,2N—1. (4.21b)
These two ground states are both symmetric under the subgroup (4.20). They are the ground
states of two distinct and non-trivial invertible fermionic phases of matter.' When appropriate
open boundary conditions are imposed, the counterpart to Hamiltonian H fo1 has two-fold
degenerate ground states. This degeneracy arises owing to the existence of two Majorana
zero modes, one of which is localized a the left end while the other is localized at the right
end, of the open chain. At the point (A,J) = (1,0), H }/:1 simplifies to free spinless fermions
hopping with a uniform nearest-neighbor hopping amplitude along the chain.?’

By dualization of the projectors onto the MG ground states of Hamiltonian (4.1) along the
MG line (4.4c), it is shown in Appendix A that the ground states of Hamiltonian H V:1 are
two-fold degenerate along the open MG line. We can always choose an orthonormal basis of
ground states such that the basis elements are the dual to the dimer states (4.6¢c). This dual
basis is given by

a -
1 + +
SOV L =\ AV
|Bonding,) := l_! 7 (C2j—1 +8&; ) |0),
J:
- Z (4.22a)
B d V\ . ~ 1 (’\\/T AV T ) O
|Bonding) := l_[ﬁ Eyi e ) || )s
j=1
where the complex fermion operators are defined as
=ty —ipy), &=l +ipY) (4.22b)
jo T oM i’ Jj T 9N i’ :

These states spontaneously break the reflection symmetry while preserving the internal Z3 x Z
symmetry.

The JW duality implies that the expectation value of any operator from the bond algebra
(2.4) restricted to the Hilbert space H has the same expectation value as its dual in the

b=0;+
bond algebra (2.31) restricted to the Hilbert space ”H}/:l‘ o Under the isomorphism between
18 Terms i/§2VN Gy = —i[§1v &, and iﬁg’N Gy = —iﬁA;’N &) come with an additional minus sign because of the

anti-periodic boundary conditions (f = 1).

°In fact, they are inverse of each other under the fermionic stacking operation [159-161].

20The upper corners (A,J) = (0,00) and (A,J) = (00, 00) are gapped and two-fold degenerate nder antiperi-
odic boundary conditions as a consequence of the dualization from Sec. 2.4.1. The image under J — 1/J of the
point (A,J) =(1,0), is gapless, as a consequence of the dualization from Sec. 2.4.1.
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Table 7: The expectation values the operators (4.15) in the dual ground states (4.11),
(4.12), and (4.18).

v ~yV =
Cxl"’" C; j,j+n Dj
i 1
|Kitaev) (-1)" 0 -1
i 1
|Kitaev) 0 (-1 -1
. A%
|Bonding; ) —5(_1)].,_1 61 —5(_1)1.,_1 5,1 _5(_1)1,_1
H Y
|Bonding;) —5(_1)].’Jrl 5n’1 _5(—1)f,+1 5n’1 _5(_1),»’“
the bond algebras (2.4) and (2.31), operators (4.8) dualize to
j+n—1
Ciln= [ [, (4.23a)
j+n—1
\Y <AV A
CJyJ+n = l_[ TR (4.23b)
{=j
A AV . "\/ v
b; (1ﬁ1+1 aj +ip) &, + /5 ﬁJH aj a J+1) . (4.23¢)

As was the case in Sec. 4.2, we observe that operators 6]"] +n and (?Jy it defined in Egs. (4.8a)

and (4.8b), respectively, dualize to non-local string operators, while the local operator ﬁj
defined in Eq. (4.23c) remains local after dualization.

Under the JW duality, the bonding linear combinations |Neel*)* defined in Eq. (4.16)
and [Neel”)" defined in Eq. (4.17) of Neel . and Neely states dualize to the two topologically

nontrivial ground states |Kitaev) and |Kitaev) defined in Eq. (4.21), respectively These states
can be distinguished by the expectation values of the string order parameters Cx v , and c’ J\in

As opposed to the KW duality, the Hamiltonian (4.19) that obeys open boundary cond1t1ons
is equivalent, up to a unitary transformation, to the dual of the Hamiltonian (4.1) that obeys
open boundary conditions. It is shown in Appendix B that selecting open boundary conditions
removes the consistency conditions on the bond algebra that require the projections of the
Hilbert spaces H,_, and 7—[ , onto their subspaces H, _ 0+ and Hv_l o+ for duality to hold. The
two-fold degeneracy of the Neel and Neely ground states duahzes to the two-fold degeneracy
of the non-trivial invertible topologlcal phases with open boundary conditions. Finally, along
the MG line, the two-fold degenerate dimer ground states (4.6¢) of Hamiltonian (4.1) dualize
to the two-fold degenerate bond-density order ground states (4.22) of Hamiltonian (4.19).
The expectations values of the operators (4.23) in the ground states of Hamiltonian (4.19) are
given in Table 7.

The phase diagrams below the MG line of Hamiltonians (4.1) and (4.19) defined on their
domain of definitions Hb:o; , and HY Feli4o respectively, are compared in Fig. 6. Whereas the
vertical phase boundary at A = 1 remains a line of quantum critical points (blue line) outside
of the Landau-Ginzburg paradigm, the boundaries separating the two topologically nontriv-
ial singlet phases from the bond-density ordered phase are ordinary Landau-Ginzburg phase
transitions (red lines).
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Majumdar-Ghosh line Majumdar-Ghosh line

Dimer doublet BDO
™ ~
~ =
— —
VI = Vi
~ ~
\ \
o o —
|Neel*)* [Neel”)* |Kitaev) |Kitaev)
I @ | I @ |
0 <tanh(A)<1 0 <tanh(A)<1

Figure 6: The phase diagram of Hamiltonian (4.1) restricted to the subspace Hbzo; +
of the Hilbert space H,_, is dual to the phase diagram of Hamiltonian (4.19) re-
stricted to the subspace H }/:1; . of 7-[}/:1. The pair of dual subspaces are to be found
in the third line of Table 2. The two states [Neel*)* and |Neel”)* are defined in Egs.
(4.16) and (4.17), respectively, while the box “Dimer doublet” refers to the ground
states (4.6¢). On the dual side, the two non-trivial and distinct invertible topologi-
cal states |Kitaev) and |Kitaev) are defined in Eq. (4.21). The box “BDO” stands for
the bond-density ordered phase described by the two-fold degenerate ground states
(4.22) along the MG line. The symbols — and «— denote gauging the diagonal sub-
groups generated by ﬁr; and by its dual IADFV defined in Eq. (3.21a), respectively.

5 Quantum Z, clock models with n mod 2 LSM anomalies

We are going to generalize the spin-1/2 chains with global Z, symmetry that we have studied
in Secs. 2-4 to clock models with global Z symmetry whereby n = 2,3,---. Our aim is to
establish how, as a consequence of an LSM anomaly, the crystalline and internal symmetries
become intertwined under dualities obtained by gauging the global Z  symmetry. We are going
to show that the non-trivial mixing of the crystalline and internal symmetries is sensitive to
the parityof n =2,3,---.

5.1 A generalized LSM anomaly

Consider a one-dimensional lattice A of cardinality 2Nn with the integers N = 1,2,--- and
n=2,3,---. To each site j of the lattice, we assign an n-dimensional complex Hilbert space
C™ on which we may represent the clock operator Z i and the shift operator X i obeying the
algebra

~ = 5.. 5 o sV (V' o i L
XiZj:(wn) 175X, (Xj) —(Zj) _ﬂHb’ w =e'n i,jEA, (5.1a)
by n-dimensional complex-valued unitary matrices.?! As we will impose the global internal
symmetry Z: that is generated by the unitary operator

0, =[]z, (5.1b)

JEA

2I'The shift operator )?j and clock operator Zj are unitary for any j € A, i.e., ()?jyl = (Aj))r and (2}.)71 = (Z)I
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we impose the twisted boundary conditions

-~ -~

Ban=(0) 5, (0) " =(0,) &), 20, =(0.)°Z,(0) " =2, 19

for any b € Z, on the Hilbert space

H, =)C". (5.1d)
JEA
We define the bond algebra
P U N
B, ;=<zj, % (%) ‘ j €A>, (5.2a)

of operators that are symmetric under the Z7 symmetry generated by Eq. (5.1b). We decom-
pose the Hilbert space into definite eigenvalue sectors of ﬁz

n—1
Hy=PHpo» Hpo =Py, H,, a=0,-,n—1, (5.3)
a=0

where ﬁb;a is the projector to the subspace with definite eigenvalue (w n)a of U 5

In addition to the global internal Z? symmetry of the bond algebra (5.2), we presume
additional crystalline and internal symmetries. To accommodate translation symmetry in a
simple way, we select periodic boundary conditions by choosing b = 0. First, we shall impose
two crystalline symmetries, namely, translations and site-centered reflection of lattice A which
are implemented by the unitary operators

-~

ﬁij ﬁj:zt(j), t(j)=j+1mod 2Nn, (5.4a)
0,20/ =2 r(j) = 2Nn—j mod 2Nn, (5.4b)

N T
Uk Up =X
N TP

U X;Ur =X,y )’
respectively. Choosing the lattice A to be made of an even number of sites ensures that site-
centered reflection exists for any n and has the two fixed points j = Nn and j = 2Nn. The
operators U, and U, generate the representation of the space group

Gypa = Z;Nn XZY. (5.4¢)

Next, we impose an additional global internal symmetry Z? that is implemented by the unitary
operator

0, := l_[)? (5.52)
jen
i.e., the product of all local shift operators. Together, U . and [A]Z generate a global representa-

tion of the Abelian group Z; x ZZ. Thus, the total symmetry group is the direct product

Gtot = Gspa x G

nt?’

G, = Z’é X Zfl. (5.5b)

While the global representation of G, is a group homomorphism, it is locally projective due
to the algebra

XZ=w,Z,X;, jEA. (5.6a)

More precisely, distinct projective representations of the group Z, x Z,_ are labeled by the
equivalence classes [w] =0, 1,---,n—1 taking values in the second cohomology group

[wleH)(2, x2,,U))=Z,. (5.6b)

The algebra (5.6a) is a representative of the generator [w] = 1 of the cohomology group
(5.6b). Because of the projective algebra (5.6a), the following LSM Theorem with translation
symmetry applies.
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Theorem 3 (Generalized translation LSM). Consider a one-dimensional lattice Hamiltonian
with the symmetry group G, = ZlfAI X Zx x 7, where the subgroup ZItAI generates lattice
translations and the subgroup Z} x 7Y with n = 2,3,--- generates global internal discrete
clock-rotation symmetry. Let [w] € H Z(Zn g/ U(1)) = Z,, denote the second cohomology
class associated with the local representation of Z; x Z at any site of A. If [w] # 0 mod n,

then the ground states cannot be simultaneously gapped, non-degenerate, and G, ,-symmetric.

Definition 3 (Generalized translation LSM anomaly). When LSM Theorem 3 applies, we say
that there is a translation LSM anomaly.

Remark. Since LSM Theorem 3 holds for any integer n = 2,3, - - -, the dual of ﬁx is not trans-
lationally invariant for any value of n =2,3,---.

Unlike with Theorems 1-3, we are not aware of a rigorous proof of the Conjecture 4 that
follows (see Refs. [18,162]). Conjecture 4 is expected to hold based on the lattice homotopy
arguments introduced in Ref. [18] and crystalline equivalence principle introduced in Refs.
[28,55].

Conjecture 4 (Generalized reflection LSM). Consider a one-dimensional lattice Hamiltonian
with the symmetry group G, , = Z/, x Z) x Z;, where the subgroup Z, is generated by a site-
centered reflection, while the subgroup Z7 x Z) with n = 2,3, --- is generated by two global
internal discrete clock-rotation symmetries. Let [w] € H 2(Zn L/ U(1)) = Z, denote the
second cohomology class associated with the local representation of Z* x Z at any one of the
fixed points of the reflection. If [w] # 2k mod n for some integer k, then the ground states
cannot be simultaneously gapped, non-degenerate, and G, ,-symmetric.

Definition 4 (Reflection LSM anomaly). When Conjecture 4 applies, we say that there is a
reflection LSM anomaly.

Remark. Conjecture 4 reduces to Theorem 2 for n = 2 and [w] = 1, which is the only non-
trivial projective representation realized by half-integer spins. Furthermore, when n is odd,
the condition [w] = 2k mod n is always satisfied for some integer k. Hence, there is no
generalized reflection LSM anomaly when n is odd. For the algebra (5.6a), we have [w] =1
which implies that a non-degenerate, gapped, and G, ,-symmetric ground state is possible only
when n = 3,5, -, while it is ruled out by Conjecture 4 when n = 2,4,---. In what follows,
we are going to confirm this claim by showing that the operator U . cannot be dualized and
remain invariant under reflection when n is even, while it can be when n is odd.

5.2 Kramers-Wannier dual of the generalized LSM anomaly

Starting from the bond algebra 5, in Eq. (5.2a), we are going to perform a gauging of ﬁz. This
gauging furnishes a dual bond algebra, where the duality is nothing but a Z  generalization of
KW duality described in Sec. 2.2. We are then going to invoke an additional Z) symmetry that
is generated by ﬁx defined in Eq. (5.5a) and construct its dual [A];/ under the Z  generalization
of KW duality. Our main result will be that the action of reflection on ZAJ;/ turns out to be
non-trivial (trivial) if n = 0 mod 2 (n = 1 mod 2). This result is aligned with the LSM anomaly
conjecture 4.

In order to gauge ﬁz defined in Eq. (5.1c), we introduce Z -valued gauge degrees of free-
dom on the dual lattice A*. To each site j* of the dual lattice A*, we therefore associate an
n-dimensional Hilbert space. The operator algebra attached to j* € A* is generated by the
clock operator Z* and the shift operator X*. that satisfy the same algebra (5.1a) except for
substituting A by A*. To gauge the global symmetry (5.1b), we define the unitary local Gauss
operator

G :=(%._,) %, (5.7)
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for any site j € A. These local Gauss operators commute pairwise on distinct sites. By analogy
to Eq. (5.1c), the twisted boundary conditions

~ b ~ ~ ~
* _ * * . .
Xj*+2NTl - (wn) X]* > Zj*+2Nn - Z]* > (5.8)

are imposed for the Z -valued gauge degrees of freedom. The extended Hilbert space in-
cluding the original (matter) and Z -valued gauge degrees of freedom defined on A and A*,
respectively, admits the tensor decomposition

Hyp i =H,®H,, Hy=QC",  H,:=)C". (5.9)

JEA JrEA*

A generic gauge transformation

7 —_> 7 + N J

ZJ ZJ’ ] wn XJJ

. - Sa A=A =, (5.10)
Xp— X, Z—w, 7,

is specified by the variables A i €Z, with j € A and implemented by conjugation with the
unitary operator

G, = ]_[(Gj)lf s A=A Ay, - (5.11)

je

By minimally coupling the bond algebra (5.2a), we obtain the extended bond algebra

B,,=(2, %7 (%.) |ien), (5.12)
of gauge-invariant operators. As was done in Sec. 2, there exists a unitary operator ﬁb, p that
implements the transformation [51]

Oy X; Uy =X, Oy 2 Uhy =X 17, (A})_l ’
T R o N (5.13a)
Uy p Xj. Upp =X Oy 2.0y =(X) 2350,

for any j € A and j* € A*. In particular, under this transformation, the local Gauss operator
(5.11) becomes

U,, G0, =2, (5.13b)
for any j € A. The subspace of physical states is defined to be the one for which the action
of all local Gauss operators reduces to the identity. Hence, after the unitary transformation
(5.13), the subspace of physical states is defined to be the one for which the action of fj for
any j € A reduces to the identity. It is the n?N"-dimensional gauge-invariant subspace ’H;’, of
’Hb,b,. The projection of the bond algebra (5.12) to the subspace 7-[,;’, delivers the dual bond
algebra

3, =5 (%), %

j*te A*> , (5.14a)

which is symmetric under the dual Z'flv -symmetry generated by the unitary operator

o =1]2zv. (5.14b)
_].*EA'
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The projected Hilbert space H\b/, is isomorphic to the Hilbert space (5.1d). It can be decom-

posed into subspaces with definite eigenvalue of lA];/ [as was done in Eq. (5.3)],

n—1
W, =P, MHL,=PL H,, a=0,-,n—1, (5.15)
a=0

where PV o 18 the projector to subspace with definite eigenvalue w} of UrzV

Con51stency with the pair of twisted boundary conditions (5. 1c) and (5.8) requires the
identification of the pair of operators

7 =i b o~
( Z;=U, (w,) lebv/) , (5.16a)
on the one hand and the pair of operators
) ) (5.16b)

((‘*’n)b i?—lb’

on the other hand. This pair of consistency conditions can only be met if the domains of
definition of all dual pairs of operators are restricted to the dual pair of subspaces

e
&A *)
|II
Q)

~

Hb;b/ = Pb;b’ Hb’ HZ’;b = ﬁl;/’,b%l\)/’ . (517)

The boundary conditions b on the Hilbert space H, dictates the definite eigenvalue subspace
of the dual Hilbert space ”HZ, and vice versa. This is the Z generalization of the KW duality
from Sec. 2.2.

We now turn to obtaining the duals of the crystalline and internal symmetries (5.4) and
(5.5), respectively. We impose periodic boundary conditions for both bond algebras (5.2) and
(5.14a) by choosing b = b’ = 0.

As described in Sec. 3.2, the dual crystalline symmetries are obtained by first extending
the operators to the Hilbert space (5.9) by demanding covariance of the Gauss operators (5.7).
We obtain the duals of operators fft and Ur defined by their actions on the Hilbert space H\b/’:o

UYX *V(UV) =X, Uz (@) =7, t(G)=j"+1, (5.18a)

0y (0Y) = (;(j))_l, 0z (0Y) =(Z. ))_1, r(j*)=2Nn—j*.  (5.18b)

as it should be, these transformation rules reduce to those in Egs. (3.7c) and (3.7d) when
n = 2. Since )?].**V and Z].*,V are akin to electric field e’ and gauge field e, respectively, they
are to be Hermitian conjugated under reflection in Eq. (5.18b).

Due to the projective algebra (5.6a), the global symmetry operator ﬁx is not gauge invari-
ant. We therefore dualize it by expressing it in terms of products of local operators from the
bond algebra (5.2a). This allows us to use the isomorphism between the dual bond algebras
(5.2a) and (5.14a). We treat the cases of n even and n odd separately.

Case of n even. First, we rewrite the unitary operator ffx defined in Eq. (5.5a) as

0. =[% &) [5 @[5 @] B @7

X I:X\n+1 (X\n+2 ][ n+2 (§n+3)_ ] ' [XZNH 1 (Xan)_l] >
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where each term inside the square brackets is a generator of the bond algebra (5.2a). The jth
square bracket on the right-hand side of Eq. (5.19a) becomes gauge invariant upon insertion
of ZJ* between the pair of shift operators on the sites j and j + 1 of A. We may then use
the isomorphism between dual bond algebras (5.2a) and (5.14a) to obtain the dual symmetry

generator
_ S )12
o=[](zy) . (5.19b)
jren

Note that the dual operator (5.19b) is neither invariant under translations (5.18a) nor under
reflection (5.18b). Instead, one verifies the algebra

0y DY (0Y) =(02) 0%, Y% (0Y) =04 0% (520

Hence, we find that the total symmetry group (5.5b) dualizes to the symmetry group

G:i)t = G;/pa X Gi\flt’ (5213)
with the internal symmetry group
V. — 2V v
Gine =2, XZy (5.21b)

generated by z and xV of order n = 2,3,--- that are represented by operators (5.14b) and
(5.19b), respectively. The spatial symmetry group

G\ =7t

spa onn X Ly, (5.21¢)

has two generators t and r that are order 2Nn and 2; and represented by operators (5.18a)
and (5.18b), respectively. The semi-direct product structure in the dual total symmetry group
(5.21a) is due to the non-trivial group action

txVt 7l =(=Y) 1y, rx'r=z"xV, ra¥r=(")"1, (5.21d)

\%
spa

of crystalline symmetries G on the internal symmetries G/ .

Case of n odd. For the case of n odd, Eq. (5.19a) can be used to reexpress the operator ﬁx.

However, there is an alternative expression for U, which was not available when n is even.
We may write

ﬁx = [Xan (X\l)_l]n%l I:X\l (X\z)_l] a [X\Nn—l (X\Nn)_l]nT_l
ol R g oni3 R R =
X [X\an (X\an—l)_l] ’ [XZNn—l (Xan—z) 1] e [XNn+1 (XNn) 1] i >

where we have utilized the fact that n is an odd integer when writing the exponents. The jth
square bracket on the right-hand side of Eq. (5.19a) becomes gauge invariant upon insertion
of 2]* between the pair of shift operators on the sites j and j + 1 of A. We may then use
the isomorphism between dual bond algebras (5.2a) and (5.14a) to obtain the dual symmetry
generator

n+3
2

. Nn—1 ey "—erl+j Nn—1 ey ,12;1_.
o= 11(2") [1EN) : (5.22)
j=0 j=0
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While still not invariant under translation symmetry (5.18a), the unitary operator (5.22) is
manifestly invariant under the reflection symmetry (5.18b). Therefore, we find the algebra

0y oL (0 = (02) 0%, DO (8Y) =D (5230

As opposed to the algebra (5.20), reflection commutes with the dual symmetry (5.22). The
total symmetry group

V — ~V \Y%
GoY =Gy, X Gy, (5.23b)
differs from the group (5.21a) by the group action
txVt b =(Y)"txY, rx’r=x", rzVr=(")"1, (5.23¢)

of crystalline symmetries G;’pa on the internal symmetries G;flt.

The fact that the reflection symmetric decomposition (5.22) is only possible for n odd is
rooted in the LSM anomaly 4, which only applies when n is an even integer.?? Importantly,
while the reflection symmetry has a nontrivial group action on the generator z" of the dual
symmetry group Z2", LSM anomalies 3 and 4 appear as the incompatibility between the image
Z;‘V of the ungauged internal symmetry group Z; and crystalline symmetries.

We observe that, for any n, operators [AIZ\C and ﬁxvv implement Z -charge and Z -dipole
symmetries, respectively. As was the case with n = 2 in Sec. 3, we find that Z,_ clock Hamilto-
nians with charge, dipole, and translation symmetries are free from an LSM anomaly for any
n and are dual to Hamitonians with global internal Z x Z symmetry with an LSM anomaly.
A more detailed investigation of dualities between models with multipolar symmetries and
models with uniform symmetries and LSM anomalies is left for future works.

6 Conclusions

In this paper, we studied the dualization induced by the gauging of global internal sub-
symmetries of one-dimensional quantum spin chains with LSM anomalies. We found that
when the pre-gauged theory had a non-trivial LSM anomaly, the dual theory was free from an
LSM anomaly but had a symmetry structure wherein the crystalline and internal symmetries
combined together through non-trivial group extensions. Therefore, the symmetry structure
of the gauged theory was shown to serve as a diagnostic for LSM anomalies. Similar phe-
nomena (restricted to only internal symmetries) have been studied extensively in the context
of quantum field theory (see for example [66]), where gauging a non-anomalous symmetry
participating in a mixed anomaly delivers a dual theory with a symmetry structure involving
a group extension controlled by the anomaly of the pre-gauged theory. We exemplified our
procedure for a Z, x Z,-symmetric quantum spin-1/2 XY Z chain with LSM anomalies due
to translation and reflection. We established a triality of models by gauging a Z, C Z, X Z,
symmetry in two ways, which amount to performing Kramers-Wannier or Jordan-Wigner du-
ality, respectively. We detailed the mapping of the phase diagram of the quantum spin-1/2
XY Z chain under the triality and showed that the deconfined quantum critical transitions be-
tween Neel and valence-bond-solid orders of the chain map to either topological transitions
or conventional Landau-Ginzburg-type transitions.

There are several future directions that could be pursued. One avenue is the generalization
of the approach developed in this work to quantum lattice Hamiltonians with LSM anomalies
for higher-dimensional lattices. We expect that in higher dimensions, gauging non-anomalous

Z2Qur starting point is the projective algebra (5.6a) which corresponds to [w] = 1. It can be verified for general
[w] that a reflection symmetric decomposition is possible only when [w] = 2k mod n for some integer k.
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subgroups of internal symmetries participating in LSM anomalies delivers dual theories with
novel symmetry structures that may involve higher groups or even non-invertible symme-
tries [41] mixing the dual crystalline and dual internal symmetries. Furthermore, higher-
dimensional space accommodates dualities between phase diagrams that support phases that
are not allowed when space is one dimensional, namely phases supporting symmetry-enriched
(anomalous) topological order or ordered phases with local order parameters that break spon-
taneously a continuous symmetry group. [51]. Another avenue is to construct fermionic mod-
els that support novel deconfined phase transitions by gauging sub-symmetries.
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A Triality of the Majumdar-Ghosh line

A.1 Definition and properties of the Majumdar-Ghosh line

To study the Majumdar-Ghosh (MG) line (4.4c), we start from the fully SU(2)-symmetric
Hamiltonian
2N

— o A A 3 -~ 1 A A
HSU(z) = le 0,°0;,+ Eﬂﬂzpo + 5 ._10]. O

” = (A1)
2N

RSIET s P 3z

= 1 Z(0j+0j+1+aj+2) _Z H, o |2
]:

where periodic boundary conditions (b = 0) have been imposed.
We shall denote with
. 1
|[]’] + 1]) = _(| _>>j ® | <_>j+1 _| <_>j ® | _)>j+1) s (A.2)

V2
the singlet state for two spin-1/2 localized on two consecutive sites j and j + 1 of A in the
basis for which | —) j (| T)].) is the eigenstate with eigenvalue +1 of 6;‘ ((“7?). By inspection,
the states

N
IDimer,) := ) I[2j — 1,27]), (A.32)
j=1
and
N
IDimer, ) := (X) |[2],2j +1]), (A.3b)
j=1
are orthonormal eigenstates of H, Su(2) with the degenerate eigenvalue
Ep .. =0. (A.30)
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Their bonding and anti-bonding linear combinations are defined by

1
- . . .
|Dimer)™ := 7 (|D1mero) + |D1mere)) .

(A.3d)

Since the square bracket on the right-hand side of the second equality in Eq. (A.1) is positive
definite, this energy is that of the ground state. Shastry and Sutherland have shown that these

are the gapped ground states of Hamiltonian (4.1) along the MG line (4.4c).

The projectors onto the two dimer states are

N
=0 _ ~
PDimer - | | [2j-1,2j]°
j=1
and
N
Se _ ~
PDimer - | I [2j,2j+1]°
j=1
where

N
¢ ¥ Dimer (ﬁt)-i- = l_[ [ﬁr ﬁ[Zj—l,Zj] (ﬁt)-ril = ﬁDeimer’
N
ﬁr /ﬁ]gimer ﬁr = l_[ (ﬁr ﬁ[Zj—l,Zj] ﬁr) = ﬁ];mer >
;1
Uz Pimer U = l_! (0rs Pojr 2 ) = Pimer

N
0. B8 0o = [(012 B0y 01 ) = B
rz © Dimer ~rZ rz T [2j—-1,2j] T2 Dimer ’
and

N N ~ o~ —~ - ~
ﬁt ISDeimer (ﬁt)] = l_[ I:Ut P[Zj 2j+1] (Ut)r] = P];)imer’

j=1
N

77 pe iy _| | 7 D 7Y _po

Ur PDimer Ur - (Ur P[Zj,2j+1] Ur) - PDimer’
j=1
2N

0, Bimer Ore = | 1(0e Py a0y O ) = B

rX ~ Dimer ~ rX rx " [2j,2j+1] U rX Dimer ?
j=1
2N

0. P Ore = | 1(0,2 Py 0 ) = B

rz ~ Dimer ~rZ 1 rz 7 [2j,2j+1] T rE Dimer
J:

(A.4a)

(A.4b)

(A.4c)

(A.5a)

(A.5b)

(A.50)

(A.5d)

(A.5e)

(A.5f)

(A.58)

(A.5h)

In words, both translation t and reflection r with the fixed points N and 2N interchange
|Dimer ) and [Dimer,). Observe that both rotations 7% and % map |Dimer) to (=N |Dimer )
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(they do the same for |Dimer)),

ﬁrx |Dimer_) = (DN |Dimer ), ﬁrz |Dimer_) = DV |Dimer, ), (A.6a)
lA]rx |Dimer,) = (=N |Dimer,), ﬁrz |Dimer,) = =1V |Dimer,) . (A.6b)
The multiplicative phase factor (—1)" cancels in either one of the projectors }A’&mer and ﬁ];mer'
It is instructive to compare the dimer states (A.3) with the Neel states
|Neelif) ::l_)>1®|<_>2®"'®|_>>2N_1®| (_>2N (A 7a)
E|_>)(_)"':_);(_>: .
and
|Neel*) :=U , [Neel*)
¢ ki ? (A.7b)

E|_)>(_""’_))<_>‘

The pair of Neel states (A.7) are the two-fold degenerate gapped ground states of Hamiltonian
(4.1) at the lower left corner in the reduced coupling space (4.3).
The projectors onto the Neel states are

2N
~ 1r~ , R
Pl\cl)eelx = l_[ 5 I:ﬂ?-tb:() + (_1)]+1 O-;Ci| > (A.Sa)
j=1
and
Pl\?eelx - UrfT PI\(I)eelx UrfT
2N
17~ . (A.8b)
— _ _(_1V*tl Ax
_UZ[ﬂHb=o =1 O.j}’

respectively. The Neel projectors corresponding to the orthonormal pair of bonding and anti-
bonding linear combinations

1
[Neel*)* := 7 (INeel¥) + [Neel¥)), (A.9a)
are
10,
f— n o e
PNeelx T 2 (PNeel" + PNeelx) : (A.9b)

The projector P . is a linear combination of string of &*’s of even length. The projector

Neel®

/ﬁIGeel" is a linear combination of string of 6*’s of odd length.
We have the transformation laws
ﬁt AI\(I)eel" (ﬁt).i =P I\?eelx ) (A.102)
U.P2 U =P2 ., (A.10b)
ﬁr,’; ﬁ l\?eel" ﬁr,’; = AI\(I)eel" ’ (A.10c)
U P Neel* o re = P Neel (A.10d)
and

ﬁt AI\?e * (ﬁt ! = ﬁl\(l)eel" > (A.10e)
ﬁr Al\?eel" ﬁr = AI\?eel" ’ (A.100)
ﬁr; Peer Unr = Plogre (A.108)
U, Plepr Uys = Pierr - (A.10h)
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In words, translation t interchanges [Neel®) and |Neel}). Reflection r with the fixed points N
and 2N in A leaves each Neel state unchanged. The same is true of rotation r;.. Observe that
rotation 2 maps |[Neel’) to [Neel®) (it does the same for |[Neel})),

Ur;g INeel’) = DN [Neel?), Ur; INeel’) = [Neel), (A.11a)
~ B N ~ _
Ur; INeel}) = (—1)" |Neel}), Ur; INeel?) = [Neel?). (A.11b)

The multiplicative phase factor (—1)" cancels in either one of the projectors ﬁl\?eel" and ﬁl\?eelx'
Define the local order parameters

~ 1 ‘
Ol\?eela = °N Z(—l)“l 5%, a=x,Y,2, (A.12a)
j=1
1< 1
Oc?imer = ﬁ Z(_l)l g 6']' ’ a'j+1 . (A.12b)
j=1
Define the two-point operator
fan=0707,, a=xyz. (A.13)

We will replace the staggered magnetization (A.12a) with the two-point operator (A.13) to
detect Neel order as the former cannot be dualized when a = x, y. We recall the definition of
the unitary operator

~ 1/~ A oA
O, =[50 +99.0)) (A142)

that implements reflection with the fixed points N and 2N (the upper bound is N — 1 in the
product because the two fixed points N and 2N must be removed from the product) and the
unitary operators

U, := (“7;?‘, a=x,Y,2, (A.14b)
--,N, (A.140)

geen .- l_[ (3';:, aAa=X,Y,%, j=1,---,2N, n=1,---,N, (A.144d)

that implement rotations by 7 around the a axis in the Bloch spheres labeled by the lattice
sites j = 1,---,2N on strings of consecutive 2n lattice sites. Their expectation values in the
four Neel and four Dimer states are given in Table 8. Observe that of the eight states in Table
8, only six are eigenstates of ﬁré, namely

[Neel®)*, |Neel®)™, |Dimer, ), |Dimer,), |Dimer)*, |Dimer)”. (A.15)

Moreover, we can distinguish |Dimer,_) and |Dimer,) from |Dimer)* and |[Dimer)~ by using the
fact that the two elements of the first pair are interchanged by reflection about the lattice site
N, while the two elements of the second pair transform like the eigenstates of reflection about
the lattice site N.
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Table 8: The expectation values of nine operators in eight states. The domain of
definition of all nine operators is H,_,. The first four Neel states are defined in
Egs. (A.7) and (A.9). The next four dimer states are defined in Egs. (A.3) All nine
operators are defined in Egs. (A.12), (A.13), and (A.14).

E;f i+ 0% o U ﬁr; ﬁr; ﬁr‘;fz") ﬁ%@") ﬁr‘%(z") ﬁ%@“)
[Neel) (=" 0 +1 =1V 0 =" =" 0 0
[Neel) (=" 0 +1 =1V 0 (=" (=" 0 0
[Neel*)* (=" 0 +1 (=N +1 (=" (=" 0 0
|Neel*)~ =" 0 +1 =1V -1 1" (=1)" 0 0
|Dimer,) —5(71)].,71 5,1 +1 0 (G5 A DL G 1 0 (1" 0
IDimer,) | =5 ;) 11801 -1 0 N (N 0 (=" 0 (="
IDimer)* P 0 +-DY Y opy g o ogroagr e
|Dimer)~ - 5;’1 0 G A G O A G O # # # #

A.2 Kramers-Wannier dualization of the Majumdar-Ghosh line

The projectors that are the Kramers-Wannier dual to those for the pair of dimer states are built
out of

2N
DoV ._ BV
Pl;)imer T l_lp[(2j—1)*,(2j)*] 5 (A.16a)
j=1
and
2N
BDev . BV
P]§imer T l_[P[(Zj)*,(2j+1)*] s (A.16b)
j=1
where
~ 1/~
% _ = AV, AXV  azV axV  _ axV  oaxV
Py 1= 3 (ﬂﬂg,:o e e e T e Tj*+1)
_1 T ~zV 1/= AxV axV
=3 (ﬂHl\;/’—o_Tj* ) E(ﬂHZf-o_Tj*_l Tk ) (A.160)

by restriction to the subspace Hg’,zo from Table 1. As a consequence of the fact that each
BV BV o . . . .
of P[Zj—l,Zj] and P[zj,zj 41] acts non-trivially on three consecutive sites, we are going to show
: DoV pev : :
t}'lat each of projectors P+ and PJ.'  has two degenerate orthonormal eigenstates with
eigenvalue one.
The projector

2N
Poimer = l_! Prlaj1y- 201 (A.172)
i=
has the degenerate pair
) =1Ll 5l b e l= e Lol o), (A.17b)
and
2) =|Al;<—,l,—>;~- s>l e Lol e L) A170
=0y 1), |
of orthonormal eigenstates with eigenvalue one. The projector
2N
Pimer = l_! By (211> (A.18a)
=
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has the degenerate pair

|3>:|_),‘L)(_7l;..‘ ;_))lﬁh,l;_))l7<_)l;.‘.;Hfl,h, >

) (A.18b)
=0Y[2),
and
|4> =| (_) l” HJ l’;'.. ;(_J l’ _)) l’; HJ l’ _)J l;... ;(_J l’) HJ l)
=0 [3) (A.180)

_ 71V
_Ur |1>,

of orthonormal eigenstates with eigenvalue one. Hence, the dual of the dimer phase when
periodic boundary conditions (b = 0) apply has the two degenerate and orthonormal ground
states along the MG line

|Dimer))* = % (1) +12)), (A.19a)
and 1
|Dimer))* = 7 (I3)+14)) . (A.19b)

The two degenerate and orthonormal states

|Dimer )™ = % (1) —12)), (A.20a)
and 1
|Dirner;/)_ = E (I3)—14)), (A.20Db)

are the ground states along the MG line when twisted boundary conditions (b’ = 1) apply.
Observe that

ﬁrv |Dimer)’)" = +|Dimer})*, (A.21a)
ﬁrv |Dimer))™ = —|Dimer)~. (A.21b)

We can dualize all operators entering Egs. (A.12), (A.13), and (A.14) except for & and
Y. The dimer order parameter (A.12b) dualizes to

—_ E : j—1/2 * (sz AXV  pZV aX AXV  aAxV )
dlmer (=1 j*_1 Tj* j +1 +17 =1 TJ 11 (A.22)
_1 SN

The xx two-point operator (A.13) dualizes to the string operator made of n consecutive sites
from the dual lattice given by

\Y _ Az \V
et l_[ AT (A.23)

The reflection with no fixed point on the dual lattice dualizes to

N
~ 1/~
vV _ = AXV AXV AYV }’V AZV AZV
U —| IZ(HH,,V/ +TJ r(l)+T r(})+T T )) (A.24)

(the upper bound is now N in the product instead of N — 1 because there are no invariant
dual lattice points under reflection, i.e., we need not remove the invariant fixed points). We
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choose to dualize the global rotation by © around the x and y axis of the Bloch spheres la-
beled by j =1,---,2N to the rotation by 7 around the z axis of the Bloch spheres labeled by
j*=1+%3+4%,-,2N—3+3,2N—1+3and j*=2+3,4+ 3, ,2N—2+3,2N + 3,
respectively, i.e., by

N
TV _ Az V — 77V
rx T l_[72;—1+% — To’ (A.25)
j=1
and N
VO _ AzV 77V
0y =11 e =0, (A.26)
j=1
respectively.

The global rotation by = around the z axis of the Bloch spheres labeled by j = 1,--- ,2N
dualizes to the identity
(A.27)

The rotation by 7 around the x axis of the Bloch spheres labeled by j =1,:--,2N on a string
of 2n consecutive sites from the lattice A starting from an odd site dualizes to the rotation by
7 around the z axis of the Bloch spheres labeled by j* =1+ %, <o+ 2N + % on a string of n
consecutive odd sites from the dual lattice starting from an odd dual site A*, i.e., by

n
~o(2n)V AzV —7joV =1 ... =1.---
Ur% a UT21—1+2(1<—1)+% ="n > Jj=1,---,2N, n=1-N. (A.28)

The rotation by 7 around the x axis of the Bloch spheres labeled by j =1,:--,2N on a string
of 2n consecutive sites from the lattice A starting from an even site dualizes to the rotation by
7t around the z axis of the Bloch spheres labeled by j* =1+ %, <o+, 2N + % on a string of n
consecutive even sites from the dual lattice A* starting from an even dual site, i.e., by

n
~e(2n)V _ ~AzV rrevV S B =1 ...
Urﬁ a lj[l-zj+2(k—1)+% n > j=1--,2N, n=1--,N. (A.29)

The rotation by 7 around the z axis of the Bloch spheres labeled by j = 1,:--,2N on a string
of 2n consecutive sites from the lattice A starting from an odd site dualizes to the rotation by
7t around the x axis of the Bloch spheres labeled by j* =1 + %, <+, 2N + % on the two end
points of a string of 2n+ 1 consecutive sites from the dual lattice A* starting from an even dual
site, i.e., by

ﬁ-o(Zn)V AxV AxV

re = Tojm1-141 Tojert2n-14 J=1,00,2N, n=1-,N. (A.30)

The rotation by 7 around the x axis of the Bloch spheres labeled by j =1,---,2N on a string
of 2n consecutive sites from the lattice A starting from an even site dualize to the rotation by
7t around the z axis of the Bloch spheres labeled by j* =1 + %, -++,2N + % on the two end
points of a string of 2n+ 1 consecutive sites from the dual lattice A* starting from an odd dual
site, i.e., by

gemY = gxv  gxv ., j=1,--,2N, n=1,---,N. (A.31)
fid 2j—14+35 2j+2n—1+3

We seek the duals of the states

|Neel*)*, |Dimer, ), |Dimer,), (A.32)
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Table 9: The expectation values of nine operators in three states. The domain of
definition of all nine operators is ,,_,. The Neel state is defined in Eq. (A.33). The
next two dimer states are defined in Eq. (A.19). All nine operators are defined in
Egs. (A.22)-(A.31).

Y AoV TV TV Y] 70(2n)V ~e(n)V o(2n)V se(2n)V
CJX n o A U U Uy U U Uy
[Neel*V)*+ (=1)" 0 +1 (=N +1 (=" (— 1)" 0 0
|Dimer)) | —6 1y 801 +1 0 (G A D L . D 1 0 =1" 0
[Dimer)) | —6 _ a1 -1 0 =DV =N 0 (=1)" 0 (="

that all have the eigenvalue +1 under the global 7 rotation about the z axis of the Bloch
spheres labeled by j =1,---,2N and are annihilated by either ﬁo(zn) or ﬁ ¢Cn) for the dimer
states. These are the ground states of the dual Hamﬂtoman H, v’ deﬁned in Eq. (4.9) with
the domain of definition HV,_O with either J = A = 0 for the dual to |[Neel*)* or J = 1/2
for the dual to the dimer states |[Dimer,) and |D1rnere) in the reduced coupling space (4.3).
The ground state of the dual Hamiltonian H, b _o With the domain of definition Hbv,:o; , When
J = A =0 in the reduced coupling space (4.3) is non-degenerate and given by

INeel*V)* = |); ®---®] ),y

A.33
El‘L)"’)’l’)’ ( a)

where

. I =+, 2, J=1-,2N. (A.33b)

+3 3 s 2

1), =1,

t\;

The ground state of the dual Hamiltonian H, »_o With the domain of definition # 1\;//=0; + When
J = 1/2 in the reduced coupling space (4.3) is two-fold degenerate with the eigenstates
|Dimerc\)/ y* and |Dimerg/ )" defined in Eq. (A.19). The expectation values in the Neel and two
dimer states are tabulated in Table 9. These entries agree with the corresponding ones in Table
8 (lines three, five, and six).

A.3 Jordan-Wigner dualization of the Majumdar-Ghosh line

The projectors that are the Jordan-Wigner dual to those for the pair of dimer states are built
out of

N
pov ._ T Isv
Pyimer 1= l_[P[Zj—l,Zj] > (A.34a)
j=1
and
N
\ _ DV
P]§1mer - l_[P[Zj,2j+1] > (A'34b)
j=1
where
py =1 . A.34
[.+11°7 4 HV 1/5 ]+1 1/5]+1 a; /5 /3]+1 ]+1 ) (A.340)
by restriction to the subspace H’ F=1 from Table 2. Unlike in the case of Eq. (A.16), each of
13[21 1,241 and P[ZJ 9j+1] ACtS non-trivially on two consecutive sites. This is why each of the
projectors P&I\ger and P];rvner has a non-degenerate eigenstate with eigenvalue one.

It is instructive to trade the Majorana operators for fermionic ones. To this end, define for
any j=1,---,2N

o= (@), =g (e ), (4352

56


https://scipost.org
https://scipost.org/SciPostPhys.16.1.022

Scil SciPost Phys. 16, 022 (2024)

ie.,
AV AV | aVT Av__-(Av_AVT)
a; cj+cj s B e —=¢ ).

There follows the identities

R CRURIGETY
AR
AVT A
=1-2¢; ! c]\./
=1-2#Y, A= ejV"fajV,
By By 6, = (i &) ) (16}, 6., )
=(1-2qY)(1-24%,),
i6) &,y = (¢ _éjw) (& 6;:’1)
GRS
if) &l + 1/§jv+1 &) =ef ey +ef el e].V"f &\ ¢ v &
+&fa e e el —elf e

and

Py =g [T, +2(6h 6+ 6 60) ~ (1= 2a)) (1241,

£=1

On the Hilbert space

AV (aVi )i+
:=span (c. ) (c‘ ) 0,0
Hj+%,j+1+§ P { J j+1 10,0)

nj,nj+1

iy ay

0 is represented by the matrix

. BV . .
while P[].’]. 11718 represented by the matrix

+1 0 0 O 0 0 0O +1 0 0 O
1 0O +1 0 O 42 0 010O0 B 0 -1 0 O _ 1
4 0 0 +1 O 01 00O 0O 0 -1 O 2
0 0 0 +1 0 0 0O 0 0 0 +1

that annihilates the three orthonormal eigenstates
1

|0,0), 7

(|1,0>—|0,1>), |1,1>,

57

S O O O

S = = O

(A.35b)

(A.36a)

(A.36b)

(A.360)

(A.36d)

(A.36¢€)

:0:1)6v|0)0> :6]'+1 |0:0> :0})

(A.37a)

(A.37b)

S = = O
o O O O

(A.37¢)

(A.37d)
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and projects onto the eigenstate

1
7 (11,0) +10,1)) .

Hence, the two orthonormal states

o -
1
|Bonding”) := l_[ — (“;/' 1 +6V]) |0},
and _ -
(1L (e vest)
|Bonding”’) := — (&) +¢&)f 1) 10),
e i1 ﬁ J

are ground states of H AV

states have even fermlon parlty and belong to the subspace H}

f=1;+
under the symmetry group (3.27a) are

UV |Bond1ng |B ondlng

J

|Bonding” o) UV |Bond1ng

UV |Bond1ng
UV |Bonding

|B ondmg

b

)=

UY |Bonding)) = |Bonding),
) = |Bonding), UV|Bond1ng
)=

)= )
UY |Bonding)') = |Bonding),
)= )
)= )

|B ondingg) , UV |Bond1ng |B ondlng

(A.37e)

(A.38)

(A.39)

, along the MG line. We set N to be an even integer, so that these
Their transformation laws

(A.40a)
(A.40Db)
(A.400)
(A.40d)

Proof. Without loss of generality, we consider the case of N = 2. We do the substitutions

A.’- AV-’ AR Av-' A.L Av-‘ N
—a' &' —>b', & =& &' —d',

J

to simplify the notation. The basis of the Hilbert space is chosen to be

la,b,c,d) = (a)" ()" (

aloy =b10) =¢l0) =d o)

In this basis,

1
|Bonding) = 5(|1,o,1,0> +11,0,0,1) +10,1,1,0) +10,1,0,1)) ,

1
|Bonding) = 50,1,0,1)+11,1,0,0)+10,0,1,1) +1,0,1,0)) .

Translation j — j 4+ 1 mod 4 by one lattice spacing corresponds to

b, bee, ¢ d, &-—>(—1)&,
under which
|Bonding)) — [Bonding), |Bonding)) — [Bonding) .
Reflection j — 2N — j mod 4 corresponds to
a— —ic, ?)-—>—if), ¢ —id, d — +id
(and not @ — 13, b a,é— 3 d— ¢), under which
|Bonding!) — [Bonding), |Bonding)) — |Bonding) .
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O )

(A.41)

(A.42)

(A.43a)

(A.43b)

(A.44a)

(A.44b)

(A.45a)

(A.45b)
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The representation of

~UN\T
uy=(0Y), (A.462)
after normal ordering is
UY=(ab+b'a"—b"a—a"b)(¢d+d"¢"—d"¢—¢'d) (A.46b)
On the one hand,
~ 1 PO A A A
UY |Bonding)) = E(Ab+br&T—b'&—&Tb)(cd+dréT—d'é—6rd)
x (|1,0,1,0) +11,0,0,1) +10,1,1,0) +0,1,0,1))
1 s avae o 5
:E(Ab+bfa'—b‘a—a'b)
x[~d"¢ (11,0,1,0)+10,1,1,0))~¢"d (I1,0,0,1) +10,1,0,1))]
1., A
=§(&b+b’“T bTa—a'b)

x(-1)(11,0,0,1) +10,1,0,1) +(1,0,1,0) +10,1,1,0))

==[b"a(]1,0,0,1) +11,0,1,0)) +a" 5 (|0,1,0,1) +10,1,1,0)) ]

[\JI'—‘

:§(|o,1,0,1)+|o,1,1,o)+|1,o,o,1)+|1,o,1,o))
=|Bonding)) . (A.47)
On the other hand,
ﬁg|Bondingg)=%(ai;+B*aT—BTa—aTB)(ader“' d'e—¢td)
x (]0,1,0,1) +1,1,0,0) +10,0,1,1) +|1,0,1,0))
=—(ab+bT —bTa—a'b)
x (¢d0,0,1,1) +d"¢"]1,1,0,0)—d"¢[1,0,1,0)—¢7d [0,1,0,1))
)

——(ab+iaT s —bta—ath

x (—1)(]0,0,0,0) +1,1,1,1) +1,0,0,1) +]0,1,1,0))
_1

2

x (1) (a b]1,1,1,1) + b" 4"10,0,0,0) —b"a|1,0,0,1) —a" b10,1,1,0))

1
= > (lo,0,1,1) +11,1,0,0) +0,1,0,1) +|1,0,1,0))
=|Bonding)) . (A.48)

We can deduce the action of ﬁe\/ on |Bonding;/) and |BondingZ) from the facts that

[0Y,0Y]=0, (A.49a)
uyuY=u0'U'="p/, (A.49b)
@) =(@Y) = s (A.490)
1312/ |Bonding!) = |[Bonding), (A.49d)
Py |Bonding)) = |Bonding)’) . (A.49¢)
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We then infer that

UY |Bonding?) = (UY UY) (U |Bonding))
= (PY/) |Bonding))
=|Bonding)), (A.50)
and
ﬁev |Bonding)) = ([723/ lA](;/ ) (ﬁg’ |BondingZ))
= (}A’l}/) |Bonding; )
= |Bondingev) . (A.51)

B Triality with open boundary conditions

To treat the case of open boundary conditions, we need to modify the bond algebras

B,, B,, B (B.1)

f >
defined in Secs. 2.1, 2.2, and 2.3, respectively. The following changes must be done as one

repeats all steps of Sec. 2.

One must remove the term 6’2‘N from B , as the dual lattice

Gons1
* R B
A ={J =J+§’J=1,'-~,2N—1}, (B.2a)
has one less site than the direct lattice

A={j=1, 2N}, (B.2b)

when open boundary conditions are imposed.
One must modify the bond algebras (B.1) according to

o— AZ AX AX
%b_)%o”_<o-i7 67 63

€A, jeA\{ZN}>, (B.3a)

(o}

S AZ AX A
%b,b’ — %a,r = <O‘. s O'j "

5 ien, jEA\{ZN}>, (B.3b)

By, o B, = (07, o i€A,  JEAVN}), (B30
with the Hilbert space
Hyp =My ®@Hy = H, =H, @H,
= ((X) ccz) ® ( X (Cz) _ g o, (B3
jea jreA
of dimension 2*¥~! and that
Hyp=H,®H, — Ho’ﬁa =H, ®H[3’a
=~ (@ (CZ) ® (@ CZ) o =gz, (B3
jen je
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24N

of dimension as domain of definition, respectively.
One must modify the local Gauss operators (2.9) and (2.24) according to

(o] %L% s j=1,
-~ = AZ AZ AZ _
Gb,b’;j — Ga,r;j = Tj—1+% 05 Tj+% , j=2,---,2N—1, (B.4a)
AZ AZ _
Ton 1+4 Oa> J=2N,
and
G,5j = Gopoj =18 0545, JEA, (B.4b)
respectively.
One must modify the dualized bond algebras (2.16) and (2.31) according to
%b/ R %T — <(’fiixl 1_51',1 (%;&V)l—&',zN , ,e?*v ie A, jE A\ {2N}> , (BS)
and
[ AV AV V A . .
%f_)%/ja'_<1/3j aj, 1/3 ]+1 i€A, ]EA\{ZN}>, (B.6)
respectively.

One must modify the consistency conditions (2.20a) and (2.33c) by identifying the dual
pairs

l_[OA-? = ﬁr; > E1\7{;/ > (B.7a)
JEA
and
l_[OA':]z = (/jrz N l_[(lﬁj a]) :—P 5 (B.7b)
JEA " jea

respectively. Here, 1~ (’HV ) is the projection of H _ _ (H opa ) to the subspace on which
all local Gauss operators reduce to the identity. Correspondlngly, the dual pairs of Hilbert
subspaces are

(ngal, H;/dual) , H;/ dual = H;/, (B.8a)
where H 44! is the 22V — 1-dimensional subspace of H_ on which ﬁr; reduces to the identity,
and

I ) I e I O (B.8b)
respectively.

The Kramers-Wannier dual of the Hamiltonian (4.1) when open boundary conditions are
imposed in the reduced coupling space (4.3) is®*

2N—-1 2N—-2
HV — E %Z.Vl —A %zv AXV + E AxV szl ,E.x\/ . +/L;XV ) /L\.z\/ .
T - j+3 1-|-2 2+2 : ] 1+2 jts  jtl+sz 2N—2+5 2N—1+3
J:
2N—-2
AzV  AzV Az AxXV AxV azV  AXxV
+J E VT +A T T TRV T
- j+s 1+ 1+% 2+3 1+1 "2+1 "3+
J (B.9)
2N—-3

+ E ("[:' /\XV )(,'L\_x\/ %ZV ,./L;J(V )
1 -1 ) .. 5
=2 J+z J+z J*z Jtz I+

4 %XV T %XV %xV ,%ZV
2N—3+3 2N 2+3 2N—-1+3 2N—2+3 2N-1+% )

BWe emphasize that the dual of the Hamiltonian (4.1) when open boundary conditions are imposed is not the
Hamiltonian (4.9) when open boundary conditions are imposed.
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The terms that are underlined once only act non trivially on the left boundary. The terms that
are underlined twice only act non trivially on the right boundary. These boundary terms break
explicitly the global internal symmetry (3.12). These boundary terms gap the zero modes, if
present, of the bulk contributions (all terms that are not underlined) to the Hamiltonian.

The Jordan-Wigner dual of the Hamiltonian (4.1) when open boundary conditions are
imposed in the reduced coupling space (4.3) is

2N—1 2N—2
TV _ @AV AV AV Qv AV AV AV A~V AV AV AV AV
Hy,= >, (i6) &),y +aiaf B, )+ > (1B By 6,0 6 + A16Y 6, B0 Bs) -
j=1 j=1
(B.10)
If we do the unitary transformation
By —+a!, &l ——p), (B.11)

we recover Hamiltonian (4.19) in the reduced coupling space (4.3) with open boundary con-
ditions. The two-fold degeneracy of the Neel, or Neely phases is now interpreted by the
existence of a single Majorana zero mode localized at the left and right ends of the open
chain.
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