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Higher-order and Quotient group symmetry-protected
topological phenomena

ABSTRACT

In this thesis, we study two aspects of interacting bosonic symmetry-protected topo-
logical (SPT) phases. First, we focus on the recently introduced branch of higher-
order SPTs, which were so far mainly considered in non-interacting free-fermion sys-
tems. Second, we study quotient group symmetry-protected topological phenomena for
one-dimensional SPTs and discuss how additional gapped degrees of freedom can en-
dow quantum critical points, separating such states, by topological properties or keep
topological signatures robust even though the actual phase is trivial.

In the first part, we investigate a concrete, strongly-interacting 2D model system that
realizes a higher-order SPT phase. Thereby, using a combination of numerical methods
and analytical treatments, we construct an experimentally accessible topological invari-
ant for which we provide experimental relevant data, discover signatures of the non-trivial
topology in the entanglement spectrum and establish a bulk-boundary correspondence—
the Achilles’ heel of topological states of matter. These findings significantly increase the
understanding of these states and, in particular, allow experimentalists to verify those
phases in the lab.

In the second part, we consider quotient group symmetry-protected topological phe-
nomena for two concrete cases using a combination of numerical and analytical tools.
Thereby, among other things, we contribute to the understanding of quantum phase tran-
sitions between those states. More precisely, for a particular class of one-dimensional
SPTs we discover that there are more direct and stable transitions as initially expected.
We explain that this is due to the fact that the global symmetry group acts as a quo-
tient group at low-energies and, thus, leaves additional gapped degrees of freedom at
quantum criticality, which can endow the latter with additional topological properties.
Furthermore, by a similar mechanism, we demonstrate that topological signatures of
the Haldane phase remain robust over a large parameter regime even though the global
symmetry (in the fermionic Hilbert space) cannot protect the non-trivial SPT and, conse-
quently, the bulk is strictly speaking in a trivial phase. As a consequence, we introduced
a new branch in this field, dubbed quotient group symmetry-protected topological phases.
This discovery opens the door for experimentalists to measure signatures of SPT phases
without the necessity to realize an actual SPT.
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Quotientengruppen symmetriegeschiitzte topologische
Phianomene und symmetriegeschiitzte Phasen hoherer
Ordnung

KURZFASSUNG

In dieser Dissertation untersuchen wir zwei Aspekte wechselwirkender bosonischer
symmetriegeschiitzter topologischer (SGT) Phasen. Zu Beginn fokussieren wir uns auf
den kiirzlich entdeckten Zweig der SGT Phasen hoherer Ordnung, die bisher iiberwiegend
in nicht wechselwirkenden Systemen freier Fermionen betrachtet wurden. In der zweiten
Halfte untersuchen wir Quotientengruppen symmetriegeschiitzte topologische Phédnomene
flir eindimensionale SGT Phasen und diskutieren, wie zusétzliche Freiheitsgrade quan-
tenkritische Punkte, zwischen solchen Zusténden, mit topologischen Eigenschaften verse-
hen oder topologische Signaturen schiitzen konnen, obwohl die zugrundeliegende Phase
trivial ist.

Der erste Teil der Arbeit beginnt mit der Analyse eines konkreten, stark wechsel-
wirkenden 2D Modellsystems, das eine SGT Phase hoherer Ordnung realisiert. Dabei
konstruieren wir eine experimentell zugingliche topologische Invariante, fir die wir
zusatzlich experimentell relevante Daten bereitstellen. Anschliefend diskutieren wir
nichttriviale Signaturen im Verschriankungsspektrum dieser Phasen. Des Weiteren be-
weisen wir mithilfe dieses Modells die Korrespondenz zweier topologischer Invarianten,
die Eigenschaften des Randes und des Innern charakterisieren — ein fundamentales Merk-
mal topologischer Phasen. Diese Ergebnisse verbessern das Verstandnis dieser Zustande
erheblich und erméglichen es insbesondere Experimentatoren, diese Phasen im Labor zu
verifizieren.

Im zweiten Teil betrachten wir Quotientengruppen symmetriegeschiitzte topologische
Phénomene fiir zwei konkrete Félle mit einer Kombination aus numerischen und ana-
lytischen Methoden. Damit tragen wir unter anderem zum besseren Versténdnis von
Quantenphaseniibergéngen zwischen diesen Zustdnden bei. Genauer gesagt, entdecken
wir fiir eine bestimmte Klasse von eindimensionalen SGT Phasen, dass es weitaus mehr
direkter Phasentibergénge gibt als urspriinglich erwartet. Dies ist darauf zuriickzufiithren,
dass die globale Symmetriegruppe bei niedrigen Energien als Quotientengruppe fungiert
und somit zusétzliche Freiheitsgrade mit endlicher Energieliicke am quantenkritischen
Punkt hinterldsst, die Letzteren mit zusétzlichen topologischen Eigenschaften ausstatten
konnen. Des Weiteren zeigen wir, dass aufgrund desselben Mechanismus, die topologis-
chen Eigenschaften der Haldane Phase iiber ein grofles Parameterregime robust bleiben,
obwohl die globale Symmetrie (im fermionischen Hilbertraum) die SGT Phase nicht
schiitzen kann und sich der Zustand streng genommen in einer trivialen Phase befindet.
Um diesem Phédnomen Rechnung zu tragen, haben wir den Begriff der Quotientengrup-
pen symmetriegeschiitzten topologischen Phasen etabliert. Diese Entdeckung er6ffnet
Experimentatoren die Mdoglichkeit, Signaturen von SGT Phasen zu messen, ohne eine
tatséchliche SGT Phase realisieren zu miissen.
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Chapter 1
Introduction

Condensed matter physics is the study of large assemblies of interacting, dense arrays
of particles. In solids, for example, the interatomic distances are of the order of ~ 1A,
which corresponds to the size of individual atoms. Because matter is made up of atoms,
studying these systems requires knowledge of atomic and molecular physics. Further-
more, depending on temperature, quantum mechanics becomes more or less important.
Since particle numbers in such systems are enormous ~ 1023, it is practically impossible
to solve single equations of motion and, thus, condensed matter systems are completely
characterized in terms of macroscopic properties, requiring knowledge of statistical me-
chanics and thermodynamics. Consequently, condensed matter physics is not only the
study of many interacting particles, but also connects many branches of physics.

In (condensed matter) systems in which constituent particles are closely packed to-
gether, i.e., interparticle distances are of atomic size, physics is not governed by prop-
erties of individual atoms or molecules; instead, such systems behave fundamentally
different as expected from single particle physics. A crystal, for instance, is a highly-
correlated regular arrangement of atoms; thus, knowing the position of a single atom
immediately tells us the position of all other atoms (up to fluctuations around the equi-
librium position). Typical excitations of solid materials are lattice vibrations, a collective
phenomenon in which all atoms participate. Energy scales of such excitations are com-
monly much smaller than energy scales set by individual atoms (~ 1072 eV < 13 eV).
There are many other collective phenomena such as superfluidity, superconductivity,
magnetism and various quantum Hall effects that are a consequence of interacting, many
particle systems that cannot be understood from the perspective of a few degrees of free-
dom. This fundamental principle, which occurs almost everywhere in nature, is known
as emergence. The message is simple: even if we know the functionality of all parts of
the system, the collection can behave fundamentally different [1].

Condensed matter systems can realize different phases of matter, and the task of
physicists is to classify and specify their properties. For this, temperature plays an
important role, namely, there are phases of matter, so-called quantum phases, which
strictly only exist at zero temperature and are not stable to thermal fluctuations [2].
In this thesis, we focus exclusively on such states of matter. For the classification of
phases of matter, symmetries are crucial. In fact, symmetries are the Achilles’ heel
for the quantum phases studied in this work—that is, without symmetries we cannot
distinguish those states of matter. This also applies to spontaneous-symmetry-breaking
phases, for which Lev Landau developed an enormously successful theory more than
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80 years ago, the so-called “Landau theory of symmetry breaking” [3]. This theory
successfully describes many phases of matter, such as crystal formation [spontaneous-
symmetry-breaking of translations and rotations], (anti-)ferromagnetism [spin-rotational
symmetry] or superfluidity [U(1) phase rotations|. However, there are new types of orders
for which this classification does not differentiate distinct phases of matter. In 2016
Kosterlitz, Thouless and Haldane were awarded the Nobel Prize for their discovery of
topological phases and their transitions. Among other things, they explained why there
is a (thermal) phase transition in the classical 2D XY model—although the Mermin-
Wagner-Hohenberg-Coleman theorem forbids spontaneous-symmetry-breaking for two-
dimensional systems at finite temperatures!.

In fact, it is the case that topological phases lack local order parameters and long-
range order that characterize these phases of matter. What are topological phases of
matter? Xiao-Gang Wen summed this up very clearly in his colloquium on the “Zoo
of Topological Phases of Matter” [4]. According to this, topological phases of mat-
ter are zero-temperature orders characterized by a finite bulk gap and rich patterns of
many-body entanglement. There are many topological phases of matter, including the
quantum Hall states [5-7], first discovered in 1980. These states are characterized by
long-range entanglement—the origin of topological order. This is reflected in two in-
triguing properties of topologically ordered states, which are the non-trivial exchange
statistics of their excitations, which in 2D can take arbitrary values and, thus, called
anyons [8] and, second, the degeneracy of their ground states depends on the topology
of the manifold. This is a clear-cut implication that these states are truly different from
product states. Importantly, these states of matter require no symmetry protection.

For the second class of topological phases, symmetries are crucial, that is, these phases
of matter exist only in the presence of symmetry; thus named symmetry-protected topo-
logical phases of matter. These states of matter have no intriguing bulk properties, but,
as we shall see several times in this thesis, are characterized through anomalies at their
boundaries. For instance, such anomalies can be zero-energy modes at the boundary,
which are hallmarks of non-interacting free-fermion topological insulators. A well-studied
example is the quantum Spin Hall effect [9-12], a time reversal symmetric topologi-
cal insulator (Zy classified), whose bulk is insulating, and its edge is characterized by
extended-zero energy states, that are robust to symmetry-preserving perturbations—i.e.,
are symmetry-protected. In this thesis, however, we mainly focus on strongly-interacting
bosonic systems, among which is the antiferromagnetic spin-1 Heisenberg model, whose
ground state is known to be a symmetry-protected topological phase protected by spin-
rotation symmetry, time reversal symmetry and bond-centered reflections [13-17]. In
fact, these phases of matter occur in very different variations, and their topological
properties can be protected by on-site symmetries, spatial symmetries and combinations
thereof [18-20]. Recently, different orders of symmetry-protected topological phases
have been introduced, which got named higher-order topological insulators—in the non-
interacting case [21-23]. Thereby, higher-order characterizes the dimension on which

'Indeed, this transition cannot be explained by Landau’s theory, since it is a topological phase transi-
tion.
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anomalies occur. For example, a second-order symmetry-protected topological phase in
2D is characterized by anomalies at the corners, or hinges in three dimensions.

As already mentioned, these orders cannot be detected by methods used for symmetry
breaking phases; however, there is another intriguing property of these states, and that
is, the way how these phases can be transformed to a trivial state. A common way, of
course, is to simply break all symmetries that are essential to protect this phase. How-
ever, for topological phases protected by symmetry, there is another way—without the
necessity of symmetry breaking—that is, symmetry extension. This means that the pro-
tecting symmetry group is enlarged, which can be achieved, for example, by introducing
additional degrees of freedom, thereby trivializing the state of interest. In theoretical
models, for example, we very often use spin chains as an effective description, which
certainly can be very successful. However, if we remember that these approximations
remain true only in certain limits, then symmetry-protected topological phases can be
trivialized if we take these additional degrees of freedom into account.

1.1 Motivation, Questions & Methods

This thesis is mainly concerned with the classification and characterization of symmetry-
protected topological phases. First, we consider a higher-order symmetry-protected
topological phase in a bosonic setup, where one of our main intentions is to propose
an experimentally accessible model, whose topological nature can be probed in labora-
tories. However, before this is possible, we first need to argue that the system of interest
literally realizes such phase and, importantly, propose measurable invariants.

Second, in the introduction, we said that symmetry-protected topological phases of
matter can be trivialized by extending the symmetry group. If a symmetry group G is
extended by another group H, then the inverse operation is taking the quotient group,
that is G = G /H. As we shall see, a crucial step towards understanding quotient group
symmetry-protected topological phenomena is a separation of energy scales. Thereby,
low-energy properties are fully governed by the quotient group, while the subgroup—
to which we take the quotient—acts non-trivially on high-energy degrees of freedom.
In such setups, there can be additional degrees of freedom that can endow quantum
criticality with non-trivial topological properties. Moreover, we will demonstrate that
this gives also rise to a new phenomenon, called quotient group symmetry-protected
topological phases.

1.1.1 Higher-order topological phases

When higher-order topological phases were discovered in the mid of 2018, there have
already been many theoretical results [20-26], in particular, for non-interacting sys-
tems [21-24, 27], to classify these states of matter and, importantly, arguing its robust-
ness. However, at that time, most theoretical models developed so far have been either
non-interacting or consisted of complicated spin interactions [20]. After Bernevig, Benal-
cazar and Hughes [21, 22] found a 2D free-fermion generalization of the Su-Schrieffer—Heeger [28§]
model, a two-dimensional higher-order topological insulator, which, however, requires a
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non-trivial gauge flux to be gapped, we asked if there is a bosonic analogue, which is
easier accessible in experiments. The most promising candidate was the Bose-Hubbard
model, which is experimentally well-controlled [29-32]. Moreover, in one dimension—
for infinite strong on-site repulsion—it can be transformed to the Su-Schrieffer-Heeger
model [28, 33], a one-dimensional fermionic symmetry-protected topological phase. Con-
sequently, we asked if the two-dimensional Bose-Hubbard model on a square lattice with
dimerization also gives rise to a higher-order symmetry-protected topological phase—
and—indeed, it does. However, aside from the advantage that this model does not need
gauge fluxes to be gapped, it allows physicists to study interactions and their effects on
the robustness of these phases. While initially the main motivation for studying this
model was to pave the way towards an experimentally accessible higher-order topolog-
ical setup, we have been interested in a more profound understanding of higher-order
topological phases in this particular model. To this end, we answered the following
questions:

1. Does the 2D Bose-Hubbard model on square lattice with alternating hopping am-
plitudes realize a higher-order topological phase, and is it robust?

2. What are genuine topological invariants characterizing this phase, and how can
they be accessed in experiments?

3. Can we find a relation between these topological invariants, in particular, a bulk-
boundary correspondence—relating bulk topology to anomalies at the corners?

These were the questions at the beginning of the PhD, but as time proceeded, many
other questions came to our mind, which we answered during the PhD.

1.1.2 Quotient group symmetry-protected topological phenomena

In 2017 Tsui et. al [34] studied quantum phase transitions among fixed-point models of
one-dimensional symmetry-protected topological phases protected by a direct product of
cyclic groups, Z,, X Z,. For each n, there are n distinct phases, and each is characterized
by a fixed-point Hamiltonian. However, the authors only considered phase transitions
among neighboring classes and did not consider transitions between phases whose in-
dex differ by more than one. But, the authors speculated that those transitions split
into successive transition of neighboring phases, which we showed is not the case. For
instance, in the case of Z4 X Z4 symmetry, we found that all transitions in this symme-
try group are direct (for a single parameter interpolation of fixed-point Hamiltonians).
Thereby, we realized that non-neighboring transitions of this symmetry group can be
fully understood by neighboring transitions of the lower-dimensional Zs X Zo symmetry
group, or said differently, the transition between the two topologically distinct phases of
Zo X Zo symmetry is embedded into a higher-dimensional Hilbert space. This was the
first time we encountered that low-energy properties, in particular, quantum criticality is
governed by the quotient group, and that there are additional gapped degrees of freedom
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at quantum criticality. At the beginning of the PhD, this opened many ways to pro-
ceed, upon which we choose the following two: On one hand, we investigated quantum
criticality of these models even further, and have been interested in:

1. How robust are these direct transitions, and if so, what causes their robustness?

2. Is it fine-tuned for this particular symmetry group, Z4 X Z4, or does it hold for
other n as well?

3. How generic are the observations made for this particular model?

On the other hand, it has been known that the Haldane phase, a symmetry-protected
topological phase—among others protected by spin-rotation symmetry and often studied
in spin chains—can be trivialized by fluctuating charges. As previously said, spin chains
often arise as an effective, low-energy description of more complicated degrees of free-
dom, which in this particular case can be obtained from strongly-interacting fermions
subjected to a bipartite lattice, the so called (Fermi-)Hubbard model [35]. The mech-
anism behind this trivialization process is symmetry extension, which has been known
before [36-39], but what has not been studied at this point was the robustness of topo-
logical signatures. Thus, the following questions needed to be answered:

1. How robust are topological signatures if the Haldane phase is trivialized by fluc-
tuating charges?

2. If they are robust, what causes their robustness, and how general is this?

3. How are the quotient symmetry-protected topological phenomena found previously
and here are related?

This list is by no means exhaustive and many more interesting questions have been
addressed during this PhD, but those are the question we started with.

1.1.3 Methods

To tackle the above questions, we used a combination of analytical and numerical tools.
On the analytical side, we mostly used the standard formalism of quantum mechanics and
only a very few concepts of field theory. For numerical purposes we used exact diagonal-
ization and the overwhelming successful algorithm, the so-called density renormalization
group ansatz, first introduced by Steve White in 1992 [40, 41]. This variational method
is the optimal ansatz to numerically consider one-dimensional symmetry-protected topo-
logical phases because these states fulfill an area law and, thus, only a few eigenstates of
the reduced density matrix contribute significantly to the entanglement. This is exactly
the property on which the truncation scheme of this algorithm is build on, and that is
also the reason why it is so successful. In particular, with the help of this algorithm the
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excitation gap of the spin-1 Heisenberg model was found to very high precision [41]. Al-
though for two-dimensional systems the algorithm is much less powerful?, it nevertheless
allows us to gain insight into fascinating states of matter [42].

1.2 OQutline of the thesis and publications

Here we first give an overview of how this thesis is structured. A detailed outline is given
at the beginning of each individual chapter. Further, we list all publications that have
been obtained during this PhD. There, we briefly summarize the main contributions of
individual authors.

1.2.1 Thesis overview

Below, we summarize the most important aspects of each individual chapter.

Part I: Higher-order symmetry-protected topological phenomena

Chapter 2

This chapter serves as a review of the most important concepts we are using during this
thesis. Thereby, we start with reviewing two equivalent definitions when two quantum
states belong to the same phase of matter, and how states can be differed according
to their entanglement properties. Further, we give a rather general introduction to
symmetry-protected topological phases, and name the most important characteristics.
Since in this thesis we exclusively consider bosonic phases, we discuss various examples of
bosonic symmetry-protected topological states of matter, and along this, we introduce
many concepts used in this thesis. This chapter ends with a discussion on possible
processes to trivialize symmetry-protected topological phases, which is demonstrated
for a particular example.

Chapter 3

Here we introduce the 2D Bose-Hubbard model on a square lattice with alternating hop-
ping amplitudes at half-filling. This chapter starts with a definition of the Hamiltonian
and its symmetries. Further, we consider the exactly solvable cases and argue that it
indeed realizes a higher-order topological phase. Afterwards we discuss its relation to
models known in the literature, in particular, its relation with the aforementioned 2D
generalization of the Su-Schrieffer-Heeger model. Given this, using numerical methods,
we demonstrate that this model for strong enough on-site repulsion among the bosons,
realizes two distinct gapped phases. After this is settled, we study the topological clas-
sification of this model. For this, we discuss a higher-order generalization of the Zak

2In one dimension the entanglement entropy is constant because here the area consists of two points,
while in 2D the area grows proportional to the length of the boundary.
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phase, and in full detail argue that fractional charges at the corners serve as a gen-
uine topological invariant—that is experimentally accessible. To this end, we provide
full counting statistics to which experimentalists can compare to. This chapter ends
with a brief estimation of parameters to argue that this particular model studied here is
experimentally accessible.

Chapter 4

In chapter four we study higher-order topological phases of the 2D Bose-Hubbard model
on a super-lattice at various fillings from two different points of view: First, we introduce
a many-body invariant that is, on one hand, accessible in experiments, and, on the
other hand, related to previously introduced fractional corner charges. Moreover, we
discuss in full detail that this many-body invariant is related to the Wen-Zee response—
characterizing the non-trivial interplay of gravitational and electromagnetic degrees of
freedom. This has been first discussed in the quantum Hall effect, and it was shown that
non-trivial topology of space affects the filling of Landau Levels [43]. Later, this response
was generalized to symmetry-protected topological phases protected by a direct product
of an on-site symmetry and a spatial symmetry [44]. The first part ends with a numerical
demonstration of this many-body invariant for small clusters of the Bose-Hubbard model
at different fillings, using exact diagonalization.

In the second part, we study non-trivial signatures of the entanglement spectrum of
higher-order topological phases. For this, we consider two different cases: In the first
case, the anomaly at the corner is related to a Kramers degeneracy, a two-fold degeneracy
protected by symmetry. Here we demonstrate that if we cut out a corner of the system
that the entanglement spectrum is fully degenerate in even multiplicities, which we
numerically demonstrate using the 2D super-lattice Bose-Hubbard model. Second, we
introduce a new entanglement property dubbed “higher-order entanglement”, that is,
several (i.e., more than one) symmetric bipartitions of the system are needed to reveal
the non-trivial degeneracy of the entanglement spectrum. This chapter ends with a
numerical calculation of the higher-order entanglement spectrum of the half-filled super-
lattice Bose-Hubbard model.

Chapter 5

This is the last chapter where we consider higher-order topological phases in the context
of the 2D super-lattice Bose-Hubbard model. The main achievement here is a strict
bulk-boundary correspondence of a true bulk quantity and the fractional charges at the
corners. To this end, we show that full periodic boundary conditions are not the op-
timal choice for describing higher-order topological systems and introduce a new type
of boundary conditions, so-called corner periodic boundary conditions. Further, we in-
troduce a new variant of a higher-order Zak (Berry) phase, which opens the door for
proving the aforementioned bulk-boundary correspondence. To argue this, we make use
of Thouless pumps, that are, adiabatic, cyclic variations of parameters along a sym-
metry breaking path encircling the gapless region—separating the distinct higher-order
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topological phases of the half-filled 2D Bose-Hubbard model. Along such path, we have
pumped one charge through the corners of the system, which is related to a non-trivial
change of the higher-order Zak (Berry) phase. This is demonstrated by various numerical
calculations. To literally prove this, we use two main tools: First, we extend Resta’s con-
struction [45] of the polarization in the many-body context to higher-order systems and,
second, use an adiabatic approximation to evaluate the charge transport, upon which we
find a relation of the fractional corner charge and the higher-order Zak (Berry) phase.
This new variant of the higher-order Zak (Berry) phase differs from the one introduced
in chapter 3, namely, it is only well-defined in the limit of hardcore bosons (infinitely
strong on-site repulsion); however, we demonstrate—at least numerically—that the pre-
vious version of the higher-order Zak (Berry) phase leads to identical conclusions. The
chapter ends with a sketch of a possible solution to this problem.

Part II: Quotient group symmetry-protected topological phenomena

Chapter 6

Here we discuss quotient group symmetry-protected topological phenomena in Z,, X Z,,
symmetric one-dimensional lattice models. In particular, we focus on fixed-point Hamil-
tonians of Z,, X Z,, symmetry-protected topological phases and their transitions. Thereby,
we discover that there are many more direct quantum phase transitions as initially ex-
pected; however, in terms of central charges, specifying the underlying conformal field
theory, there are only three different possibilities (for paths considered here). Since
the low-energy properties are fully governed by the quotient group, there are remaining
gapped degrees of freedom that can lead to further distinction of conformal field theories.
Indeed, we demonstrate that these additional degrees of freedom can endow the critical
theory with topological properties. To demonstrate this, we study the Z4 x Z4 symmet-
ric case in full detail. In particular, we show that at quantum criticality the quotient
group, together with another symmetry, gives rise to an emergent anomaly, that is, it
forbids a gapped, symmetric ground state. Upon perturbing this transition by another
fixed-point Hamiltonian of this class (Z4 x Z4), we show that quantum criticality can
be gapped out, but it is parametrically stable. This we argue analytically as well as
numerically by providing a full phase diagram. In the second part, we generalize these
observations to transitions in higher Z,, x Z,, symmetry groups. Further, we argue that a
Hamiltonian, which consists of an equal-weighted super position of all fixed-point models
cannot have a gapped, symmetric ground state, and that the additional Z,, symmetry
appearing there, can be enhanced to a global U(1) symmetry. This chapter ends with a
generalization of observations made for this concrete lattice model, in particular, when
to expect additional gapped degrees of freedom on phase transitions between distinct
classes of symmetry-protected topological phases.
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Chapter 7

While in the previous chapter the global symmetry group, Z,, x Z,, is able to protect
a non-trivial SPT, this is not the case for the Haldane phase in the fermionic Hilbert
space and, thus, the bulk is strictly speaking in a trivial phase. Consequently, there
is no bulk phase transition required to trivialize this phase, which is thus dubbed a
“quotient group symmetry-protected topological phase”. The name results from the
observation that topological signatures remain robust as long as low-energy degrees of
freedom are fully characterized in terms of the quotient group. To showcase this, we
consider the Haldane phase in the bond-alternating ionic Hubbard model, a descendant
of the (Fermi-)Hubbard model. At weak interactions among fermions, the Haldane phase
can adiabatically be connected to its trivial phase without encountering a quantum phase
transition—thereby trivializing the Haldane phase by fluctuating charges. One of the
main questions of this chapter is to ask, how immediate topological signatures of the
Haldane phase disappear if charges start to fluctuate. Second, we show that there is
an unnecessary quantum criticality separating the Haldane phase from its trivial coun-
terpart, which remains robust beyond the limit of perturbation theory. To argue its
robustness, we introduce a quantized invariant that reflects an emergent anomaly of the
quotient group with a duality symmetry—exchanging the two possible alternations of
the Hamiltonian. This anomaly forbids a gapped, symmetric ground state, and is para-
metrically stable due to a finite gap associated with gapped degrees of freedom. With
lowering interactions, the anomaly is lifted—by symmetry extension—towards a gapped,
symmetric phase. To support analytical claims, we map out a full phase diagram in a
two-dimensional parameter space, explicitly demonstrating that topological signatures
remain robust over a large parameter regime, and that the unnecessary quantum criti-
cality persists as long as there is an emergent anomaly. The chapter ends with a brief
discussion on general emergent anomalies for other symmetry groups and dimensions.

Chapter 8

Here, we summarize for each chapter the most relevant results of this thesis, which
together with the former paragraphs give already a good overview of this thesis.

1.2.2 Summary of publications

Below, we summarize all publications that have been obtained during this PhD. For this,
we first list publications contained in this thesis.

Publications contained in this thesis

[P1] “Fractional corner charges in a two-dimensional superlattice Bose-Hubbard model”
by Julian Bibo, Izabella Lovas, Yizhi You, Fabian Grusdt, and Frank Pollmann,
appeared in Phys. Rev. B 102, 041126(R). Julian Bibo has written the manuscript,
and did the numerical calculations as well as worked out the details together with
Izabella Lovas. Yizhi You supported this work with fruitful discussions. Fabian
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[P2]

[P4]

[P5]
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Grusdt initialized the project, and together with Frank Pollmann, supervised this
project.

“Higher-order entanglement and many-body invariants for higher-order topological
phases” by Yizhi You, Julian Bibo, and Frank Pollmann, appeared in Phys. Rev.
Research 2, 033192. This work separates into two parts, where the first part has
been worked out by Yizhi You, and the second part as well as numerical calculations
have been done by Julian Bibo and Frank Pollmann.

“Thouless Pumps and Bulk-Boundary Correspondence in Higher-Order Symmetry-
Protected Topological Phases” by Julian F. Wienand, Friederike Horn, Monika
Aidelsburger, Julian Bibo, and Fabian Grusdt, appeared in Phys. Rev. Lett.
128, 246602. The project was initialized and supervised by Julian Bibo and
Fabian Grusdt, which got support from Monika Aidelsburger. Julian F. Wien-
and, Friederike Horn and Julian Bibo have written the main text, and did the
numerical calculations. The analytical arguments have mainly been developed by
Julian Bibo and Fabian Grusdt.

“Quantum criticality and quotient group protected topological phenomena of quan-
tum chains with Z,, X Z,, symmetry” by Julian Bibo, Ruben Verresen, and Frank
Pollmann. The manuscript is already prepared, but this work has not been pub-
lished yet. The project was initialized by Ruben Verresen, which together with
Frank Pollmann supervised this work. Julian Bibo wrote the manuscript, did all
numerical calculations and together with Ruben Verresen worked out the analytical
arguments.

“Quotient symmetry protected topological phenomena” by Ruben Verresen, Ju-
lian Bibo, and Frank Pollmann, arXiv:2102.08967. This work is currently in
the review process of Physical Review Letters. Julian Bibo and Ruben Verresen
contributed equally to this work. Julian Bibo did all numerical calculations, and
together with Ruben Verresen worked out the analytical arguments of this work.
Ruben Verresen has written main parts of the manuscript and Frank Pollmann
supervised the project.

Publications not contained in this thesis

[P6]

[P7]

“Skeleton of matrix-product-state-solvable models connecting topological phases of
matter” by Nick G. Jones, Julian Bibo, Bernhard Jobst, Frank Pollmann, Adam
Smith, and Ruben Verresen, appeared in Phys. Rev. Research 3, 033265. Julian
Bibo contributed substantially to the analytical arguments, numerical calculations
and writing of the manuscript.

“Realizing the symmetry-protected Haldane phase in Fermi-Hubbard ladders” by
Pimonpan Sompet, Sarah Hirthe, Dominik Bourgund, Thomas Chalopin, Julian
Bibo, Joannis Koepsell, Petar Bojovi¢, Ruben Verresen, Frank Pollmann, Guil-
laume Salomon, Christian Gross, Timon A. Hilker and Immanuel Bloch, appeared
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in Nature (2022). Julian Bibo did the numerical calculations and substantially,
together with Ruben Verresen and Frank Pollmann, contributed to the theory
aspects of this work.

“Fracton Critical Point in Higher-Order Topological Phase Transition ” by Yizhi
You, Julian Bibo, Frank Pollmann, Taylor L. Hughes, appeared in Phys. Rev. B
106, 235130. Yizhi You and Taylor Hughes worked out the analytical arguments,
Julian Bibo and Frank Pollmann contributed with numerical calculations.

“Fractonic critical point proximate to a higher-order topological insulator: How
does UV blend with IR?” by Yizhi You, Julian Bibo, Taylor L. Hughes, Frank
Pollmann, arXiv:2101.01724. This work has substantial overlap with the previ-
ous one. Yizhi You worked out the analytical arguments, Julian Bibo and Frank
Pollmann contributed with numerical calculations, and Taylor Hughes and Frank
Pollmann supervised the project.
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Chapter 2

Review of quantum phases and
symmetry-protected topological phases

For classifying quantum phases of matter, we first need to define when two different
quantum states belong to the same phase. If, according to such a definition, two states
are in the same phase, they can still differ in certain aspects such as local expectation
values of observables, but, nevertheless, share the same universal features that charac-
terize the phase. This is a great advantage because it is impossible to study all variants
of condensed matter systems, and secondly, to understand matter around us, it is not
necessary to investigate each representative individually. From statistical mechanics, as
well as from daily experiences, we know that a given phase of matter is stable if we
adjust parameters such as the temperature in a suitable range. For example, if we boil
water at atmospheric pressure in a temperature regime 0°C < T < 100°C, then although
the temperature of the fluid changes, it remains water. Alternatively, in the quantum
context, if we slightly tune interactions among bosons, the system remains in a super-
fluid state. Thus, pictorially, we can visualize phases of matter as extended islands in
parameter space. In more formal language, the state of a system is described in terms
of a state variable such as the free energy, which is in one-to-one correspondence with
the partition function derived from microscopic degrees of freedom. A given phase of
matter is stable as long as the free energy or its derivatives are changing continuously.

Phase transitions are signaled by discontinuities in the thermodynamic state variables
or their derivatives [46, 47]. For quantum systems operating at zero temperature, the
partition function is fully specified by the ground state associated with a given Hamilto-
nian and, consequently, quantum phase transitions are expected when the ground state
changes discontinuously [2, 48]. Such discontinuities can be, for example, a level transi-
tion between two energy levels (first-order transition) or a gap closure to the continuum
of states (second-order transition), which can be detected from jumps in the expectation
value of derivatives of the Hamiltonian.

Built on these observations, Refs. [49, 50] have given a precise definition, when two
quantum states belong to the same phase of matter, or said differently, are equiva-
lent. Although the first formulation of this definition gives a conceptual understanding
when two quantum states are equivalent, it is less useful for practical purposes, since
this formulation is based on spectral properties and eigenstates of the Hamiltonian for
which we often—due to complexity—have very limited access'. Nevertheless, there is a

'The complexity of quantum systems grows exponentially with the number of degrees of freedom. For
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second—yet equivalent—definition in terms of local unitary circuits that does not require
knowing spectral properties of a given Hamiltonian, and is therefore more appropriate
for practical applications.

According to this formulation, quantum states can be differed by their entanglement
patterns [49, 50], that is, not all wave functions describing a given state of matter can be
converted into a product state with zero entanglement. For a subclass of states, which
we mainly consider in this chapter, this only holds if symmetries are taken into account.
In fact, symmetries play an important role in classifying phases of matter. For example,
different phases of water can be distinguished based on their symmetries; while water
retains continuous translations and rotations, ice does not. Here, due to the lattice
structure of ice, translations, and rotations are discrete symmetries. However, with the
discovery and understanding of the quantum Hall effect [5, 51], it was realized that not
all phases of matter can be distinguished in this way, in fact, there are phases of matter
that share the same symmetry properties—yet they are not equivalent [4]. Such phases
include so-called symmetry-protected topological (SPT) phases that have a symmetric
bulk, but behave anomalously if considered with boundaries.

Overview. This chapter is divided into two main parts: In the first part, we mainly fo-
cus on the equivalence relation of two states of matter, thereby reviewing the definitions
given by Refs. [49, 50], and, in particular, consider its peculiarities in the thermodynamic
limit. Building on the previous definition, we discuss in Sec. 2.1.1 that there are two
fundamentally different quantum states in nature, which can be distinguished according
to their entanglement patterns. Further, we show that symmetries play an important
role in defining equivalent states of matter. In fact, as we demonstrate in Sec. 2.1.2,
symmetries can lead to further differentiation of quantum states and, thus, impose ad-
ditional restrictions on how parameters can be changed. After introducing symmetries,
the first part ends with an alternative formulation of equivalence of states using local
unitary circuits (Sec. 2.1.3).

Based on the previous formulation, we start Sec. 2.2 with a rather general definition of
symmetry-protected topological phases, specify their characteristic properties, and give
a brief overview of what these phases look like. Furthermore, we consider different vari-
ations of these states of matter, starting with one-dimensional bosonic SPTs, Sec. 2.2.1,
and their classifications. We then consider a two-dimensional example of bosonic SPTs,
Sec. 2.2.2, before introducing the notion of higher-order SPTs in Sec. 2.2.3. Similar to
the previous case, we demonstrate the characteristic properties of higher-order topology
on a particular example. Finally, in Sec. 2.2.4 we briefly consider different mechanisms
how SPT phases can be trivialized and demonstrate this explicitly using the former ex-
ample of a 2D bosonic SPT (A more detailed overview can be found at the beginning of
Sec. 2.2.).

example, for a spin-1/2 chain with L sites, the number of states is given by 2L,
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2.1 Two equivalent states of matter

Very often in this thesis we will come across the question when a pair of two quantum
states |¥) and |®), which we assume to be the ground states of a local, gapped Hamil-
tonian, belongs to the same phase of matter. According to Refs. [49, 50] two quantum
states are a representative of a common quantum phase if they can be smoothly (con-
tinuously) connected.

(I) Equivalence of states: Two quantum states |¥) and |®) are said to be in the
same phase of matter if and only if there is a path of local, gapped Hamiltonians H (g)
with g € [0,1] and ground states |¢(g)) such that |¢(0)) = |¥) and [¢(1)) = | D).

Such a definition defines an equivalent relation among two quantum states |¥) ~ |®).
It is said that the corresponding Hamiltonians belong to the same universality class.
Before we proceed, let us briefly elaborate on the following question: Why is this a
sensible definition? As stated in the introduction, at zero temperature the partition
function—fully characterizing the thermodynamic properties of the system—is given
by the ground state of the Hamiltonian. Thus, a phase transition is signaled by a non-
analytic behavior of the ground state and its expectation values. However, as long as the
gap is finite, observables, and, in particular, the expectation values of the Hamiltonian
and its derivatives are an analytic function of all of its parameters and, thus, change
smoothly [2, 52]. With this definition, a given phase of matter corresponds to a finite
region in parameter space (see, for example, Fig. 2.1).

Furthermore, such a definition allows us to study simple representatives of a given
phase, often denoted as fized-point models. These models are exactly soluble and, hence,
give us the possibility to investigate specific properties of a phase of matter?. In addition
to that, we are not always interested in particular values of observables. For example,
to characterize spontaneous-symmetry-breaking (SSB) phases it is sufficient to know if
the corresponding order parameter has a finite expectation value in the thermodynamic
limit3. For topological phases, a similar argument holds. As we will see, such phases are
commonly classified in terms of discrete quantum numbers that remain unchanged if the
Hamiltonian is continuously deformed, i.e., only perturbations are added that respect
the symmetry and keep the bulk gap finite.

Thermodynamic limit

For the above definition to be meaningful, another aspect is important, namely, it must
be well-defined in the thermodynamic limit, where particle number (or number of spins)
and volume tend to infinity, N — oo, V — oo, but the density n = N/V is fixed.

2In Chap. 6 we study fixed-point models of a particular class of symmetry-protected topological phases
in one dimension.

3Sometimes the expectation value vanishes, although there is SSB. Then, SSB can be detected from the
two-point correlation function, which approaches a finite value even if distances extend to infinity.

14



Chapter 2 Review of quantum phases and symmetry-protected topological phases

Why is this important? The bulk gap of a generic quantum system, whose spectrum
becomes gapless in the thermodynamic limit, is always finite if the system is considered
on a finite size geometry [2, 52]. Thus, at finite sizes, the above definition of equivalence
is always satisfied. If this were allowed, this would lead to wrong physical conclusions.
For example, a quantum system whose thermodynamic limit state exhibits spontaneous-
symmetry-breaking has always a symmetric ground state at finite size, i.e., V < oo [53].
Consequently, for any finite system we would expect the state to be equivalent to its
symmetric companion, which is clearly not the case. A paradigmatic example of such a
case is the one-dimensional transverse field Ising model, governed by the Hamiltonian [2],

Hiing(9, ) = —9> X =T ZnZnia, g>0, J>0. (2.1)
n n

This Hamiltonian has a Zy symmetry generated by [],, X,,. For large g/J — oo, the
ground state is a symmetric product state given by |¥) =[], |—),,, where |=), denotes
the eigenstate of X,, with eigenvalue +1. This state remains symmetric—even in the
thermodynamic limit. On the other hand, if g/J — 0 there are two degenerate ground
states |V), =[], [1),, and [¥), =TI, [{),,- Here [T (1)), denotes the eigenstate of Z, with
eigenvalue +(—)1. Clearly, none of these states are symmetric. However, for any finite
size system we always find a symmetric ground state, independent of g/J. For g/J — 0,
there are two symmetric states that are exponentially close in energy. If L — oo the
ground state spontaneously breaks the Zy symmetry [2, 53], and the order parameter
gains a non-zero expectation value <Zn> # 0. Moreover, from the exact solution it is
known that at J = g the bulk gap scales as A ~ 1/L [54]%. Consequently, for any finite
L we would conclude that, according to the definition above, both states are in the same
phase, which is clearly not the case. In summary, this example clearly illustrates that
for the definition above to be meaningful, we have to require that the bulk gap along
the path must be finite and system size independent as we approach the thermodynamic
limit.

2.1.1 Short-ranged versus long-ranged entangled states

According to classifications of quantum phases of matter [49, 50], there are two funda-
mentally different quantum states, which can be distinguished based on their entangle-
ment properties. A quantum state that hosts no correlations and entanglement is called
a product state [52]. A d-dimensional product state, upon blocking of sites, is character-
ized by the fact that its density matrix can be written as a tensor product p = Q, fx
over building blocks labelled by «°. Building on this definition, there are two sepa-
rate classes of quantum states: On one hand, there are quantum states for which exist

41f one solves the transverse field Ising model for finite L with PBC, then there is a subtlety if we apply
the Jordan-Wigner transformation. Indeed, the Hamiltonian becomes block diagonal with sectors
labeled by fermion parity. The ground state is then found in the sector with even number of fermions
and anti-PBC. From this, we find that A ~ 1/L.

SFor example, for a system having a two-site translation symmetry, the unit cell consists of two-sites
and the building blocks are unit cells and not individual sites.
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no path of local, gapped Hamiltonians such that they can be connected to a product
state. Quantum states falling into this category are called long-ranged entangled (LRE)
states [4, 49]. Examples of such states are intrinsically topologically ordered states, such
as the fractional quantum Hall states [7, 55, 56] or the toric code [57]. A hallmark of
such states is that the ground state degeneracy of these states depends on the topology
of the underlying geometry. The toric code, for example, considered on a torus has
four degenerate ground states, while on a cube, the ground state is unique. Such a
feature—the topology dependent ground state degeneracy—is a sufficient condition for
the ground state not being connectable with a product state®.

Contrary, a quantum state |¥) is called short-ranged entangled (SRE) if it can be,
according to definition (I), transformed into a product state [4, 49, 50]. Typical represen-
tatives of such states are phases of matter that exhibit spontaneous-symmetry-breaking.
As we will discuss next, symmetries can distinguish different SRE entangled states—even
forbid that states can be converted into product states. However, up to this point, we
have not yet considered symmetries. Hence, the two ground states of the foregoing in-
troduced quantum Ising model are two examples of SRE states that can be continuously
transformed into a product state (without symmetry).

2.1.2 Symmetries and restrictions of paths

So far, the only requirement was that the bulk gap is finite as the thermodynamic limit
is approached; however, if paths are further restricted by symmetry, then not all SRE
states belong to the same phase anymore, and can be transformed into a product state.
For example, the two different states of the one-dimensional transverse field Ising model
become distinct only in the presence of Zo symmetry. If this symmetry is explicitly
conserved along a path connecting the two different states, then unavoidably the bulk gap
has to close. Thus, in the presence of symmetries the definition gains further constraints:

(IT) Equivalence of states with symmetries: Two quantum states |¥) and
|®) are said to be in the same phase of matter if and only if there is a path of local,
gapped and symmetric Hamiltonians H(g) with g € [0,1] and ground states |¢)(g))
such that [¢(0)) = |¥) and |[¢(1)) = |P).

In a given parameter space, symmetries lead to further differentiation of SRE entan-
gled states, see Fig. 2.1, which give rise to isolated regions that cannot be adiabatically
connected. For SRE states such phases are SSB phases or symmetry-protected topolog-
ical phases, which, unlike SSB phases, cannot be captured by local order parameters or
long-range correlations associated to it. Although LRE states are distinct—even in the
absence of symmetry—symmetries can also enrich phase diagrams including LRE states
called symmetry-enriched topological order [4, 49].

5The topology dependent degeneracy of ground states exhibiting intrinsic topological order gives a
non-trivial contribution to the entanglement entropy [4]. By construction, the entanglement entropy
of a product state—independent of the geometry—is always zero and, thus, a product state can never
have a topology dependent degeneracy.
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P2 P2

Qe

No Symmetries P1 Symmetries P1

Figure 2.1: SRE phases and symmetries. If no symmetries are considered all SRE
states, for a given set of parameters {P1,P2}, belong to the same phase
(left). On the other hand, in the presence of symmetries formerly equivalent
states become different (right).

2.1.3 Local unitary circuits

Up to this point, we argued that two states of matter belong to the same phase if there
is a path of local, gapped (and symmetric) Hamiltonians that connects these states.
However, in practice it is difficult to find such paths and—in particular—prove that its
bulk gap stays finite as we approach the thermodynamic limit. Therefore, Chen and
co-workers [49, 58] came up with an alternative—yet equivalent—definition when two
quantum states belong to the same phase of matter:

(IIT) Local unitaries: Two quantum states |¥) and |®) are said to be in the same
phase of matter if and only if there is a local (symmetric) unitary transformation
such that: |®) = U |¥), where U is parametrized as follows:

0 = Pexp (—i/ol i ﬁ[(g)) . (2.2)

The operator P denotes path ordering and H(g) is a local, gapped (symmetric)
Hamiltonian.

The definition of local unitary operations is reminiscent of time evolution of quantum
states in quantum mechanics [59]. The former requirement of a system size independent,
finite bulk gap translates here to a finite evolution time in the thermodynamic limit that
does not grow with system size. Upon using the Suzuki-Trotter” decomposition, the local

"Given an exponential of operators, the formally exact Suzuki-Trotter decomposition is defined as
P N N N
exp(A + B) = limy o0 (exp(A/N) exp(B/N)) . For any practical purpose, N is large but finite,
which cause an approximation error depending on the order of the decomposition [60].
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unitary operation can be transformed into a finite-depth quantum circuit [52] given by,

M
U =J00, TV H ), (2.3)

where ﬁg(cl) acts on finite, non-overlapping regions labelled by @ and M < oo is the finite
number of layers (see Fig. 2.2). On-site symmetries, for instance, are represented as
finite-depth quantum circuits with M = 1, and « labels actual building blocks.

Note the local unitary operator defined in Eq. (2.2) has an important property: It can
be continuously connected to identity, and in the presence of symmetry, it is symmetric
at each step. Thus, if such a unitary operation is represented by a quantum circuit, only
those quantum circuits are allowed for which this property is satisfied. This constraint
is important, and without it, actual distinct states would be equivalent. To illustrate
this, let us consider the following Zo x Zs symmetric Hamiltonian with PBC [52, 61]%:

A

Hcluster(ga J) = _gZXn + JZ Zn—anZn+17 g > 0, J > 07 (24)
n n

where the symmetry is generated by [[,, Xgn 1and [], Xgn The non-trivial Hamiltonian
~ Zn-1Xn Zn+1 can be obtained from the paramagnet by a two-site gate, two-layer
quantum circuit,

~ T A A PPN ~ AA
U=]]exp <Z4ann+1> . U'XU =2, 1 X071, (2.5)

n

that is symmetric with respect to Zo X Zs symmetry. As we will show later, the ground
state for g/J — 0 is a non-trivial SPT and, thus, cannot be transformed into a product
state via a symmetric path of local, gapped Hamiltonians. Without the constraint
that a quantum circuit—connecting two quantum states of the same phase—must be
continuously and symmetrically connectable to identity, we falsely would conclude that
both states of ﬁcluster can be connected by a finite-depth quantum circuit. However, the
caveat is that this circuit cannot be continuously connected to identity if we require it
to be symmetric at each step of the transformation.

If a local unitary transformation is represented as a quantum circuit, then an evolution
with finite time corresponds to a finite-depth quantum circuit. From Fig. 2.2 we see that
if the number of layers becomes of the order of system size, then correlations spread all
over the system and states are certainly no longer short-ranged entangled. Indeed, it
was shown that if the number of layers reaches system size, that SRE state can be
transformed into LRE states [62]. Without restrictions due to symmetry, all SRE states
can be transformed into each other using local unitary operations.

8Note the relative sign is not relevant here, it can be changed by the following unitary V =
L, Xan—3Xan—2.
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Figure 2.2: Finite-depth quantum circuit with causal cone. A finite-depth quan-
tum circuit with a two-site gate x = 2 is shown. The number of layers is
finite, which thus results in a finite causal cone. Outside the causal cone,
quantum correlations are negligible.

2.2 Symmetry-protected topological phases

In the previous section, we discussed when two quantum states of matter can be consid-
ered as equivalent. Thereby, we argued that in practice it is often very hard to prove that
a given path of local, gapped Hamiltonians has a finite bulk gap in the thermodynamic
limit. However, we demonstrated that this is not necessary if we use local unitary cir-
cuits. Based on this formulation, we can give a rather general definition of SPT phases,
another class of SRE states. These states can be defined as follows [49, 50, 58]:

Symmetry-protected topological states. A short-ranged entangled quantum
state |¥) that is symmetric with respect to a given symmetry S, is called an SPT
state if it cannot be connected to a product state via a symmetric, local unitary
transformation defined in Eq. (2.2).

Given this rather general definition of SPT states, how do we in practice know that
there is no such unitary circuit? Since SPT states are symmetric, we cannot make use of
local order parameters to distinguish different SPTs; thus Landau’s theory of symmetry
breaking [3, 63] fails to classify such phases of matter. Instead, we will show that distinct
classes of SPTs can be differed by invariants that are quantized by symmetries:

Distinction of SPT phases. For a given symmetry S that protects distinct
classes of non-trivial SPTs, we can associate a discrete set of quantized invariants
Q ={q, .-, qn} with |Q| > 1 and n < co that assigns a label to each class of SPTs.
The values of the quantized invariants are unchanged by continuous deformations of
the Hamiltonians (see definition (II)). Each set of quantized invariants characterizes
a universality class.

For example, if we consider Fig. 2.1, then each bubble can be a different SPT to which
we can assign a quantum number. Note, there can also be more symmetries that protect
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a given phase. Thus, in general, we need to consider a set of symmetries denoted as
S = {95, 52,853, ..., }, where to each symmetry we define a set of quantized invariants.
If we add or remove certain symmetries, then formerly two equivalent states become
distinct or vice versa. In practice: To be able to assign labels to SPT phases, we first
have to define the set of protecting symmetries and their representations.

SPT phases—an overview

SPT phases of matter appear in various ways and can be protected by different kinds of
symmetries such as on-site symmetries (time reversal, spin rotations), spatial symmetries
(bond-centered inversion, C),-rotations) or combinations thereof [19, 20, 26, 64-66]. For
bosons, SPTs exist only in the presence of strong interactions because weakly-interacting
bosons have the tendency to cluster—thereby forming a Bose-Einstein condensate [67,
68]. For fermions, however, SPTs exist irrespective of interactions, which is a consequence
of Pauli blocking, but note that interactions can non-trivially change the classifications
of fermionic SPTs [69, 70]. SPTs in non-interacting, free-fermion systems usually appear
in the context of topological insulators [7T1-75]. However, not every topological insulator
is an SPT, but every free-fermion SPT is a topological insulator. For example, Chern
insulators are topological insulators but not an SPT. Indeed, these phases of matter do
not require any symmetry to be topologically non-trivial.

SPTs and boundaries

If SPT phases are considered on closed manifolds, then the ground state is unique,
gapped, and symmetric. Since SPTs are SRE states, the bulk has featureless excita-
tions [4, 52]. This contrasts with LRE states that exhibit topological order. For ex-
ample, for the formerly introduced toric code model, a Zs topologically ordered state,
excitations are so-called Abelian anyons that are particles that have non-trivial exchange
statistics”, which can even be fractional [76-78] or non-Abelian [77-79], that is, the ex-
change of two particles does not simply result in a phase factor; instead, corresponds to
a linear transformation of the state. It appears that the bulk of SPTs is by no means
different from that of a trivially disordered product state. However, this is not the full
story. If an SPT is coupled to gauge fields, then the resulting model can have excitations
that have non-trivial exchange statistics, revealing its non-trivial nature [80, 81].

The situation is different if SPTs are subjected to a manifold with edges because then
its non-trivial nature does not require further manipulations. This can be seen from
the argument given in Ref. [82]. Considering an SPT with boundary is equivalent to
an interface of a non-trivial SPT with the vacuum, which we denote as trivial phase.
Since on either side of the interface, phases are gapped and symmetric, we can contin-
uously tune parameters inside each phase without crossing a discontinuity. However,
by assumption both phases have been different such that there must be a gap closing
once we cross the interface. If this was not the case, then according to our definition,

9For Abelian anyons, the two particle wave function picks up an arbitrary phase factor under exchanging
two particles, U(x2, x1) = ¥ (x1,x2), 6 € R.
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both phases must be equivalent. Since the gap closing is spatially confined, this sig-
nals a zero-energy mode'®. In general, SPT phases are characterized by anomalies at
the boundary of the system, which can be gapless zero-energy modes, SSB, or even
topological order!'! [18, 71, 72, 82, 85-91].

Stacking property

Previously, we argued that to each class of an SPT, we can associate a quantized invari-
ant. As it turns out, the sets of quantized invariants form groups [64, 74]. From this,
we can deduce a so-called stacking property of SPTs, that is, forming a tensor product
of two SPTs, labeled by invariants g4 and ¢p, results in a third SPT phase, which has
a label g4 ® gg'2. For example, if there are only two different quantum numbers +1,
then stacking a non-trivial SPT with itself results in a trivial phase. For a non-trivial
SPT, we cannot remove the anomaly at the edges by adding symmetric perturbations;
however, if we stack SPTs such that the quantized invariant becomes trivial, then we
can find symmetric perturbations coupling the two SPTs such that the anomaly along
the boundary is removed.

Section overview

Up to this point, we have considered SPT phases from a general perspective. In the
following, however, we will demonstrate the general definitions along various examples
of bosonic SPTs in different dimensions and variations. Thereby, in Sec. 2.2.1, we start
with bosonic SPTs in one dimension, reviewing the former introduced cluster model and
show that its ground state is actually a non-trivial SPT. Afterwards we give a summary
of the general classification of these phases, and show how the Berry phase can serve as a
label for such states. This part is followed by two-dimensional bosonic SPTs, Sec. 2.2.2,
whose properties are discussed along an exactly solvable model of a 2D SPT. After these
two subsections, where we give an introduction to conventional bosonic SPTs, that have
nowadays been well-understood, we introduce in Sec. 2.2.3 the notion of higher-order
topology, that is, anomalies can not only appear at the one-dimensional boundary of a
2D SPT, but also on its 0D corners, while the 1D edge remains gapped. This section
starts with a concrete lattice example, and is then followed by a brief summary of
a general classification of these higher-order topological phases. Finally, in Sec. 2.2.4
we discuss a particular mechanism of trivializing SPTs without breaking the symmetry
or using its stacking property, and illustrate this, using the former discussed 2D SPT
example.

"Detailed examples of such interfaces are discussed in Refs. [83, 84]

"Note for bosonic systems the boundary must at least have dimension two since there is no topological
order for bosonic systems in one dimension [39, 49].

12Here “@” denotes the addition of group elements.
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2.2.1 Bosonic SPTs in one dimension

After the seminal works of Haldane [13, 14], who showed that integer spin antiferromag-
netic Heisenberg models behave fundamentally different from their half-integer counter-
parts, namely, in contrast to the former, integer spin chains have a bulk gap and ex-
ponentially decaying correlation functions, Affleck, Kennedy, Lieb and Tasaki (AKLT)
constructed an exactly solvable spin-1 model [15, 92], whose symmetric ground state
has zero-energy, spin-1/2 excitations exponentially confined to the boundary. Later,
Gu, Wen, Pollmann and others [16, 17, 93] uncovered the topological properties of these
phases, which, among other things, have been the aforementioned fractional zero-energy
excitations at the boundaries and degeneracies in the entanglement spectrum. The SPT
phase associated with the AKLT model, or the spin-1 Heisenberg model, is known as
Haldane phase, an SPT protected by spin rotations SO(3)'3, time reversal symmetry and
bond-centered inversion symmetry. A few years later, it turned out that one-dimensional
bosonic SPTs can be fully classified in terms of projective representations [94], whose
labels are given by the second cohomology group denoted as H?(G,U(1)). A systematic
classification and construction of such phases was given by Ref. [50, 64].

In this section we start with a concrete example, the Zo x Zs cluster model, and
consider the model for different boundary conditions—illustrating that its ground state
is actually a non-trivial SPT. Afterwards, we give the general classification in terms of
projective representations and summarize implications on ground states characterized
by non-trivial projective representations.

The Zy x Zsy cluster model

The previously introduced cluster model, Eq. (2.4), is an exactly solvable bosonic SPT
protected, among others, by Zs x Z symmetry'?. For illustrating the characterizing
properties, we focus on the limit ¢ = 0, J > 0. In this limit, the Hamiltonian reduce to

E[cluster = ZZn—1Xn2n+1a Zo X 7o : HXQn—la HXZn (26)

Note each term inside the Hamiltonian commutes and squares to identity.

Closed boundaries. For a closed manifold consisting of L sites, there are exactly L
terms in the Hamiltonian. Consequently, the ground state is obtained from the condition
that: R o

Zn—anZn+1 ’\chluster> = - |\Ilcluster> , vn. (27)

Since there is only a single ground state, it must be symmetric. The first excited state is
obtained by flipping a sign of a single term, which results in a finite energy gap. Thus,
as stated, for a closed manifold the ground state is gapped, unique and symmetric.
Open boundaries. On the other hand, if the system is considered with edges, then there
is a two-fold degeneracy on each edge. Although at first sight this degeneracy looks fine-
tuned, it is actually not. To illustrate this, consider the action of symmetry generators

13 Actually, the Zs X Zo subgroup is sufficient to protect this phase.
MFor an extended discussion of this model and its protecting symmetries see, for example, Ref. [38].
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on the ground state of a finite size system. Upon using that Zn_anZn+1 = —1, we
obtain (up to a sign):

cluster cluster cluster

[T Xon—1 1WGEC) ~ X1 2220 1S5S . T Xon 995G ~ 21201 X1 VG5 .
n n

(2.8)
This clearly shows that for SPTs symmetry acts only non-trivially near the edges of
the system, which is known as symmetry fractionalization [95] (for a brief review see
App. C). If we focus on the left edge of the system, then we see from the Hamiltonian
and the former result, that we can freely choose the A eigenvalue on the first site, which
results in a two-fold degeneracy. Upon applying the Zy symmetry on odd sites, the two
states are transformed into each other.
Projective transformations. Although globally symmetries commute, this is no longer
true if its action is considered in the ground state subspace (gs) restricted to a single

edge:
T T
() (1) (I ) (11
2[(%i2) 2] [ (20450)] [($2) 2] [0 (20 a50)]!
— (] 2u%12]) (2.5, %) (2.9)

where we used that bosonic operators defined on disjoint regions commute. Hence, on
a single edge, the low-energy representation of the global symmetry anticommutes. If a
representation has such a property, then it is called a projective representation [50, 94].
Let us emphasize an important point: This property is not fine-tuned and is protected
by the finite gap of this Hamiltonian. If the Hamiltonian is perturbed, then the effective
low-energy representations of the symmetry operators remain no longer on-site, but stay
exponentially close to the edge region [94, 95].

Zero-energy modes. The anticommutation relations found on a single edge imply
the existence of zero-energy modes, which we mentioned earlier. For two matrices to
anticommute, their dimension must be at least two,

det (%121 X]2]) = (-1)P = det (X1 XT) det (2:2]) = 1, (2.10)

which implies D > 1 and even. This property causes a two-fold degeneracy on each edge
of the system.

Entanglement spectrum. If we consider the ground state on a half-infinite chain, then
the anticommutation relation on the remaining edge is responsible for even degeneracies
in the entanglement spectrum. To illustrate this, we need two ingredients: First, the
two ground states are transformed into each other by an operator that is localized near
the edge, and leaves the bulk unchanged. Second, we need to bipartite the systems into
two parts; an edge region £ and a bulk region B, with the condition that the size of
the edge region is much larger than the localization length associated to the edge mode.
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Then, from the Schmidt decomposition of the ground states
|qliluster> = ZAO& |O‘;Z> ‘a113> ’ |\I]31uster> = ZAO& |O[<%J> ‘a123> ’ (211)
(03 (03

upon using that |ag) = |a%) for each a, we conclude that for each Schmidt state in
the bulk, there are two Schmidt states associated with the edge region. Since the two
states are orthogonal, each Schmidt value is at least two-fold degenerate, implying an

even degeneracy of the entanglement spectrum®.

Paramagnetic phase

If we repeat the above analysis for the paramagnetic phase defined in Eq. (2.4), then
we find that there is a unique, gapped and symmetric ground state for closed and open
boundary conditions. This implies that symmetries have a trivial projective representa-
tion in the low-energy subspace, or said differently, form a faithful representation of the
symmetry. Thus, according to our definition of SPTs, we find two quantized invariants
Zy = {1,—1,} for the Zo X Zgo symmetry defined above.

Classification in terms of group cohomology

In the previous example, we showed that all non-trivial properties followed from the
low-energy representation of the global symmetry, which were denoted as projective
representations. Indeed, one-dimensional bosonic SPTs were fully classified in terms of
projective representations [50, 64, 85, 94, 96]. Different classes of projective represen-
tations are labeled by the second cohomology group, denoted as H?(G,U(1)). For the
cluster model and the paramagnet, we argued that projective representations can either
commute or anticommute. Thus, we find that H?(Zy x Zs,U(1)) = Zs [64].

For the general classification, let us consider a local, gapped and symmetric Hamil-
tonian and a representation U9 of the corresponding (Abelian) symmetry group G.
Thereby, U9 is a faithful representation, that is, they obey the group multiplication
law

UIgh = 09", Vg,h e G. (2.12)

Similar to the previous example, the low-energy representation of the symmetry is ob-
tained from the action of U9 on the ground state, for which we thus write U9 = L?g(fl%.
For projective representations such as Z/Alg, the group multiplication law is obeyed only
up to a U(1) phase factor

Wy = w(g, ", sy = (g, Uy, (2.13)

where the complex conjugate results from the condition that: Uoh = Zflghdjg{h and U9" =
UIUh = L?gUfLA{I%LAlE. Hence, knowing the projective representations on a single edge is
sufficient; thus, we drop the subscript L(R) in the following and denote the low-energy

15The eigenvalues of the reduced density matrix are given by the square of the Schmidt values.
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representation of the symmetry as ¢9. From the definition of w(g,h), we see that it
is not invariant under rephasing, i.e., U9 — [(g)U9, which thus defines an equivalence
relation. Two phase factors, related by,

B(g)B(h)
B(gh) ’

are considered to be the same element in H?(G,U(1)) [64, 85]. The phase factors (or
equivalence classes) {w(g, h)} are denoted as 2-cocycles. Moreover, if it is possible to find
a set of phase factors {3(g)} such that w(g, h)’ = 1, then it is called a 2-coboundary'®.

Topological invariant: To define a proper topological invariant, we have to find an
expression that is invariant under gauge transformations (here rephasing). For Abelian
symmetry groups, such a gauge-invariant phase factor can be obtained from the quotient
of two 2-cocycles [94],

w'(g,h) = w(g,h) (2.14)

w(g,h) _ gn g1tk T
q(g,h) = =uiuU Ut U, 2.15
(9. = 202 o ) 2.15)
which is nothing else than the commutator previously used to classify the SPT of the
cluster model. Note, it is possible to find gauge-invariant phase factors for more com-
plicated groups as well, which has been discussed in Ref. [94].

Implications of non-trivial projective representations

For the concrete example of the cluster model, we proved that all non-trivial properties
such as zero-energy modes and degeneracies in the entanglement spectrum can be ob-
tained from the projective representations. Here, we will show that this is generically
the case.

Zero-energy modes. If we assume that the quantized invariant ¢(g, h) has a Z, clas-
sification, then the number of zero-energy modes on each edge is determined by the
irreducible dimension of the projective representations. The irreducible dimension can
be deduced by taking the determinant of the commutator:

det (G0 () "[U"") =la(g, )”
=det (219 [t19] ") det (1" ")
—1. (2.16)

which implies that D < n. If ¢(g,h) is an element of a subgroup of Z,, then the
dimension can be less than n. Hence, for such classification, the number of edge modes
is bounded by the dimension of the irreducible representation.

Entanglement spectrum. Pollmann and co-workers [93] showed that the entanglement
spectrum of non-trivial SPTs have degeneracies in multiples of the irreducible dimension
of projective representations. A crucial point for this to hold is that projective represen-
tations are exponentially localized near the edge of the system. Then, using a Schmidt

%For a detailed introduction to this, see, for example, Ref. [64].
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decomposition of a half-infinite chain with an edge region much larger than the local-
ization length, proves, similar to the cluster model, the degeneracy of the entanglement
spectrum. This property remains even if we consider the entanglement spectrum of an
infinite chain and, consequently, the degeneracy of the entanglement spectrum is a true
bulk property. Thus, this proves a bulk-boundary correspondence: The number of edge
modes determines the degeneracy of the entanglement spectrum.

Stacking property. Since projective representations are labeled by group elements, the
stacking property naturally follows. Indeed, if we consider a Zso label, similar to the clus-
ter model, then the SPT is trivialized!” by tacking two copies of the same Hamiltonian.
Such Hamiltonian can be written as:

I:[stack = I?[A ® ]]-B + ]]-A & ﬁBv (217)

where A, B label the two copies of the same Hamiltonian. With this, the projective
representations have been lifted to a linear one. By adding symmetric perturbations,
coupling these two Hamiltonians, the edge modes disappear and, thus, the ground state
is in a trivial phase.

In practice. Since SPT states are ground states of local, gapped Hamiltonians, these
states can be well approximated by tensor networks [97-99]. Once the tensor network
representation is found, either analytically or numerically, we can use the methods devel-
oped by Ref. [94] to obtain the projective representations and evaluate their commutation
relations.

Zak (Berry) phase

Another way of classifying certain bosonic SPT phases is to make use of the many-
body generalization of the Zak phase. In 1984 Berry [100] discovered that a quantum
mechanical wave function picks up a non-trivial, measurable geometric phase factor if
we adiabatically'® tune a parameter A € R of the Hamiltonian on a closed contour. The
phase depends solely on the path in parameter space and is defined as follows:

~+(C) = i}[CdA (TA[T(N) € R. (2.18)

Whenever we talk about the Berry phase, we actually mean e?, which is the physi-
cal relevant quantity since, unlike ~y, it is invariant under gauge transformations, i.e.,
[T(N) — N |T(N). In free-fermion systems, the Berry phase is known as Zak
phase [102]. There it was shown that if evaluated in the one-dimensional Brillouin zone,
it is quantized due to symmetry properties of the Bloch functions. Later, Hatsugai [103]
generalized this to the many-body context. Here, we will demonstrate its usefulness for
a relative of the paramagnet and the cluster model.

"Here we assume that there is no other symmetry that might protect a non-trivial SPT.
18 A change of parameters is adiabatically if the rate at which the parameter is changed is much slower
than the characteristic frequency of a quantum system AFE/k, where AFE is the energy gap [101].
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Quantum XY model. Upon a unitary transformation, given in App. B.5, Hamilto-
nian (2.4) map onto a dimerized quantum XY chain denoted by

L-1
Hxy(N) = 3 o) (S S + 80 S ) + (140 (SES + 828F),  (219)
n=1

where we introduced f,,(\) = (14 (—1)"\) and consider PBC. For —1 < X\ < 0 the trivial
phase dominates, while for 0 < A < 1 the ground state is a non-trivial SPT'9. In this
representation, the global U(1) symmetry is more apparent, namely, this Hamiltonian
conserves the total magnetization. The remaining Zs symmetry is generated by [],, X,
To probe the topology of the system, we have to introduce a symmetry twist, which
inserts non-trivial flux into the ring on which the Hamiltonian is defined. The resulting
Hamiltonian is given as follows:

L-1
Hyy(\6) = > ) (S Sy + S S ) + (14 2) (957 87 + 78,87, (2.20)
n=1

where ¢ € [0,27). The total flux is, according to Peierls substitution [104], given by the
sum of all phases, which here is ¢. The corresponding Zak (Berry) phase reads:

1) =i [ a0 (w010 0). 2:21)

In the presence of the Zy symmetry this phase is quantized, i.e., ¢7(*) = +1—independent
of A\. To see this, note that under the action of this symmetry the twisted Hamiltonian
change as:

[1Xn: Hxv(®) = Hxy(—¢) = [[ Xn: [¥(9)) = ) [W(—g)), (2.22)

which implies that v = —y + 27Z. In the topological phase v = 7 mod 27, while in the
trivial phase v = 0 mod 27, which gives another Zy label.

Gauge transformations. There is a subtlety with this phase, namely, only its difference
is well-defined. To illustrate this, note that there are many possibilities to introduce the
flux ¢ into the ring on which the model is defined. To this end, let us consider the
following gauge transformation:

V($) = exp [zf znjn (Zn — ;)] . (2.23)

If we apply this transformation on the Hamiltonian flxy()\, ¢), then the resulting model
is given by,

A

L
VIO e, )V (6) = 3 faV) (28580 +e728,55,,) . (229)
n=1

9For A = 0 the model has quantum critical point, see App. B.5.
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Under this transformation the Zak (Berry) phase, obtained from the new Hamiltonian,
is non-trivially shifted

0+ [Taswone) (-3 ) ey (229)

In the presence of the Zos symmetry this shift is quantized and independent of A. In fact,

we find:
n (2" L1 7r
ST o @0 (20— 5) 1WOL6) = =T (L+ D). (2.26)
m 0
Since L is even, which we here assume to be a multiple of four, we finally obtain that
the Zak (Berry) phase is non-trivially shifted to v(A) — (v(A) — 7/2) mod 27 for all A,
but the difference, v(1) — v(0) = 7, remains unchanged.

2.2.2 Two-dimensional bosonic SPTs

In the previous section, we showed that one-dimensional bosonic SPTs protected by on-
site symmetries are completely classified in terms of the second cohomology group. For
higher-dimensional SPTs a similar classification exists?’ and was systematically devel-
oped by Ref. [64]. In the case of two-dimensional interacting bosonic SPTs protected
by an on-site symmetry G, the classification is given in terms of the third cohomol-
ogy group H3(G,U(1)) and its elements are called 3-cocycles w(g, h, k) depending on
three elements g, h, k € G. A way to evaluate these 3-cocycles, knowing the low-energy
representation, has been developed by Else and Nayak [85]. The quintessence of this
approach is based on dimensional reduction. Thereby, the 3-cocycle is obtained from
the low-energy representation of the symmetry on the edge of a finite subsystem of the
boundary of the 2D SPT. In App. B.4 we review this approach in the context of gauge
anomalies. Another way to detect the 3-cocycle has been introduced in Refs. [18, 107]
using tensor network methods. In this section, however, we do not consider the general
classification; instead, we will study a concrete example of a 2D SPT known as the CZX
model [18] protected by Zs symmetry.

CZX model

In the consideration of this model, we follow closely the discussion of Ref. [39]. The
CZX model is defined on a square lattice with a four-site unit cell. Each site is made of
a spin-1/2 degree of freedom. The Hamiltonian for this model is a sum of commuting
terms,

I:ICZX :Zﬁp@) (]%T®P;®P£®Pg)
p

Hy = = (I (W + 1) (WD, By = (1) (1 + D (WD (2:27)

However, for higher-dimensional SPTs there are cases beyond the group cohomology classification [105,
106].
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Figure 2.3: CZX model. Panel (a) illustrates the action of the Hamiltonian on a single
plaquette. Each plaquette is surrounded by four projection operators (green
links) to ensure that the Hamiltonian is symmetric. Fig. (b) displays the
action of the global Zo symmetry on a given site, which consists of an on-site

part ~ X, and a two-site operation ~ Ucy. In panel (c) a possible boundary

of the CZX model is shown, where effective degrees of freedom are labeled

by {o:}. The figure is adapted from Refs. [18, 39].

whose action is illustrated in Fig. 2.3. The Zy symmetry of this model consists of an
on-site term that acts on each individual spin separately and a two-body term. The

symmetry operator inside each unit cell (uc) is defined as follows [18]:

4 3
UCZX7uc = (H Xs CZ,ss+1>
s=1 uc

s=1

Ucz,ss+1 = (1) (1] + [0 (ML 4+ 140 (1 = ) (WD s (2.28)
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Individual components of ﬁczx,uc commute and square to identity. Finally, the global
symmetry is then defined as a product over all unit cells,

Uczx = [[Uczxue: Ulzx = 1. (2.29)

uc

The first term of the symmetry operator ~ [], X, flips all spins simultaneously and,
thus, commutes with the Hamiltonian. For the second transformation, the situation is
a bit more complicated. If there was no the minus sign in the last term of ﬁcz7ss+1,
then this transformation would commute with the plaquette term. But since this not
the case, we have to introduce additional projectors ]51?, surrounding the plaquette, to
ensure that the symmetry commutes with the Hamiltonian. The projectors make sure
that neighboring spins are equal and, thus, there are always at least two terms that come
with a minus sign canceling each other (see also Fig. 2.4).

Closed manifold. On a closed manifold, the number of constraints is equal to the
number of unit cells. Since plaquette terms act on four spins simultaneously, all degrees

of freedom are fixed by the condition that:
iy (P @ P e Ple BY) [Wezx) = - [Wezx) (2.30)

The unique ground state is given by,
1
Wezx) = || — (1111 + D), - (2.31)
CZX 1;[ o) »

Since the ground state is unique, it must be symmetric. Clearly, if we flip all spins

Figure 2.4: Symmetry action. The action of the Zs symmetry on a particular con-
figuration. Since the signs of two neighboring plaquettes cancel each other,
the ground state is left invariant. Similarly, this holds for the Hamiltonian
of the 2D CZX model.

simultaneously of this state, then it is left invariant. For the other term to leave the
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state invariant, we use the same argument as above. Whenever there is a minus sign, it
always comes twice, see Fig. 2.4, which thus leaves the state invariant. The first excited
state is obtained if one of the constraints in Eq. (2.30) is violated. Hence, on a closed
manifold, there is a unique, gapped and symmetric ground state.

Open boundary conditions. If we consider the same model on a manifold with edges,
then the boundary is either gapless or SSB. To see this, let us consider the configuration
shown in Fig. 2.3c. The spins at the boundary (marked in purple) are not contained in
any plaquette, but their configuration is not arbitrary due to the action of the projectors.
For minimizing the energy, two neighboring spin-1/2 degrees of freedom either point
up [t1) or down ||)). Thus, in the ground state subspace two spin-1/2 degrees of
freedom give rise to an effective spin-1/2 degree of freedom, denoted by {o;} in this
figure. Consequently, the edge of the CZX model can be considered as an effective
one-dimensional chain of spin-1/2 degrees of freedom. To proceed, we need to find the
effective symmetry action for the composite spins, which is given by,

Uet = [[ i [] @cziiv1, U =1, (2.32)

2 3

where we used different symbols to emphasize that these operators act on effective de-
grees of freedom. In the following we consider the edge as an effective one-dimensional
system and argue that there exists no gapped, symmetric ground state = it must be ei-
ther gapless or SSB. Before we move on, let us shortly evaluate the following expression:

(Ucz,i—1i) (Ucziiv1) Ti (Ucz,i—1i) (Geziiv1) = Zic18iZi41- (2.33)

Thus, the two-site unitary transformation acts, up to a sign, exactly the same way as
the unitary circuit defined in Eq. (2.5)—mapping the paramagnet to the cluster model.
Hence, a possible Hamiltonian defined on the boundary degrees of freedom can be written
as: R

Hegqge = — Z (& + Zic1ZiZi) - (2.34)

7

However, as previously mentioned, this one-dimensional model is gapless if both Hamil-
tonians have the same weight?! (see also Sec. 6.1.3). Another Hamiltonian that is com-
patible with U is given by the Ising model,

A

Heqge = — Y _ 2ifiy1, (2.35)
7

which, however, has SSB with respect to Ug. Indeed, Chen and others [18, 108] have
shown that for a symmetry that corresponds to a non-trivial 3-cocycle there cannot be
a gapped, symmetric ground state in one dimension—implying SSB or gaplessness. In
App. B.4 we explicitly evaluate the 3-cocycle of this symmetry using the approach of
Else and Nayak [85], and demonstrate that it is indeed non-trivial. In fact, for this
symmetry group there are only two different SPTs, i.e., H3(Zy, U(1)) = Z [18].

2IThe relative sign among the two terms in the Hamiltonian is not relevant.
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2.2.3 Higher-order bosonic SPT phases

In the language of higher-order topological phases, which we will introduce soon, all
examples considered so far have been first-order SPTs, that is, the anomaly of the d-
dimensional SPT occurred on the (d—1)-dimensional boundary. However, recent studies
have refined the classification of SPT phases to also include crystalline symmetries,
leading to anomalies on the (d — k)-dimensional submanifold, thus the naming of a
k-th order SPT. For example, instead of having gapless modes on the one-dimensional
boundary of a 2D SPT, there can be symmetry-protected gapless corners modes or hinge
states in the three-dimensional case. In one dimension, there is only one order of SPTs,
while in two dimensions, there is a first-order and a second-order SPT. The latter is
characterized by anomalies at the corners, which can be gapless modes and/or fractional
charges (e.g., see Chap. 3).

Higher-order topological phases of matter have been extensively explored in non-
interacting fermionic systems, referred to as higher order topological insulators (HOTTI)
[21-24, 109-111] or fragile phases [112-114], and their classification is well-understood,
which, however, is based on momentum state representation, where non-interacting
fermions are exactly solvable. In the interacting setup, those phases are known as higher-
order symmetry-protected topological (HOSPT) phases [19, 20, 25, 26, 65, 115-117].
Similar to conventional SPTs (first-order SPTs), interacting bosonic HOSPT phases are
partially classified in terms of group cohomology, based on the interplay of global and
crystalline symmetries [26, 65]. Let us emphasize that for further discussions we focus
solely on second-order SPTs in two dimensions, where the global symmetry group of
interest is given by a direct product G = Gg X G.. Thereby, Gy is an on-site symmetry
and G, the spatial symmetry such as C,, rotations.

In the following section we first consider a concrete example of a bosonic HOSPT
phase, the so-called 2D dimerized quantum XY model, first introduced by Ref. [25] in
this context. Thereby, following this reference, we show that it has typical signatures of
ordinary SPTs, but the anomalies are at the corners and require spatial symmetry to be
robust. Finally, we give a brief introduction to the classification of these phases.

2D dimerized quantum XY-model

The higher-order topological nature of the 2D dimerized quantum XY model was first
discussed by Ref. [25]. This model is defined on a square lattice, where, similar to the
CZX model, each unit cell consists of four spin-1/2 degrees of freedom and individual
terms of the Hamiltonian act on plaquettes, as shown in Fig. 2.5. Thus, the Hamiltonian
is given by,

4
Hxy = ZHP’ Hy = Z (Xp,stmerl + Y78Yp,s+1) : (2.36)
p s=1
This model is symmetric with respect to a global Zo X Zo symmetry generated by,

ZoxZy: [[Xso ]]Z (2.37)

32



Chapter 2 Review of quantum phases and symmetry-protected topological phases

where the product is over all sites of the lattice. In addition, the Hamiltonian preserves
a global Cy symmetry around the center of the lattice (see Fig. 2.5).

Figure 2.5: 2D dimerized quantum XY-model. Hamiltonian (2.36) defined on a
square lattice with open boundary conditions. The Cj symmetry center
(cross) is defined with respect to the center of the model, and Cy rotations
are clockwise. The corners, labeled by {c¢;}, are completely decoupled; thus
spins can be freely chosen, which, however, in the presence of Cy symmetry
have to be in a spatially symmetric configuration.

Closed Manifold. On a closed manifold, the ground state is unique: each spin is part
of a plaquette, i.e., there are as many constraints as sites. The ground state is given
by [25],

1

v =TT |57 (P + W)+ 1)+ 1) = 5 (el + 11| - (238)

1

2 p
This state is clearly invariant if we flip all spins simultaneously, which is the case for
the Zo symmetry generated by [], X,. On the other hand, since down spins always
appear twice, the ground state is also invariant under [], Zs and, consequently, Zo X Zo
symmetric. The spatial symmetry maps different plaquettes to each other, and given
that all plaquettes look the same, the state is left invariant under such transformation.
For the plaquettes containing the symmetry center, we recognize that the Hamiltonian
here is equivalent to a one-dimensional XY model with PBC and, thus, translation
symmetric. Indeed, for these plaquettes Cy acts as a single-site translation. The first
excited state is obtained if a single plaquette is not in its ground state. The energy gap
evaluated by Ref. [25] is given by A, = 4(v/2 —1). Hence, as expected, the ground state
considered on a closed manifold is unique, gapped, and symmetric.

Open boundary conditions. If the system is considered with edges and corners, then
on the boundary the two spins, as shown in Fig. 2.5, form a singlet state, which is the
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ground state to a perfectly dimerized one-dimensional quantum XY model,

2

Frboundar, 2 2 > > SO

HX(;}m = ZH%Ya H%Y = Z (Xb,st,s+1 + }/b,sYbstﬂ) s (2.39)
b s=1

where |U4y) = Vo (It4) = {1)),- Thus, in contrast to first-order SPTs, edges of
second-order SPTs are gapped and symmetric. The corners of this model are completely
decoupled and can be chosen at will. However, for a Cy symmetric configuration, all
spins at the corners must be in the same state; either point up (as shown in Fig. 2.5) or
point down. Since we can change between both configurations without any energy cost,
there are zero-energy modes at the corners.

Projective transformations. Similar to the one-dimensional cluster model, the ground
state on a geometry with edges and corners is not symmetric. Indeed, we find:

HX wBC) = X, X, X, X, |[0C) HZ \OBCY = 2. Zey Zey Ze, |WRECY

(2.40)
Hence, analogously to the one-dimensional case, symmetry fractionalize and acts only
non-trivially near the corners of the systems. While globally symmetry commutes, that
is not the case at a single corner; instead, we find:

XeZe,Xe, 2oy = —1. (2.41)

This leads to a two-fold degeneracy at the corner of the system and a sixteen-fold de-
generacy in total, which is reduced to a two-fold degeneracy if we require Cy symmetry.
As we will discuss in Chap. 4, projective representations at the corners cause non-trivial,
symmetry-protected degeneracies of the entanglement spectrum of the reduced density
matrix of a single corner.

Zero-energy modes/stability of the phase. Since the corners are completely decoupled,
we can choose the corner spins at will, as long as the final configuration is compatible
with the spatial symmetry. In the following we will argue that Cy symmetry is essential
to the keep phase, and—in particular—the corner modes robust. The authors of Ref. [20]
argued that corner modes require Cy symmetry because otherwise we can attach one-
dimensional systems along the boundaries to gap out the corners. For the current model,
we could for example add another one-dimensional dimerized quantum XY model along a
single edge, and then couple boundary spins?2. However, in the presence of Cy symmetry
we need to add one-dimensional chains along each boundary and, consequently, there are
three spin-1/2 degrees of freedom meeting at each corner, which thus remain half-integer.

There is also another argument, which does not require adding degrees of freedom to
the boundary. So far, we argued that two phases remain separate if there is no gapped,
symmetric path of local Hamiltonians. In this definition, we require the bulk gap to stay
finite along the transformation. Here we will show that HOSPTs without spatial pro-
tection can be trivialized by a gap closing along the one-dimensional edge of the system.
Such a procedure is shown in Fig 2.6, where we transformed the state, upon an edge gap

22Recall that the one-dimensional XY model has a Z, classification and, thus, a stack of two of them
can be trivialized.
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Figure 2.6: Trivialization of the 2D XY model. Panels I-VI show a trivialization
process of the 2D XY model into a product state. Such process exists if we
allow for a gap closing along the edge, which happens in step II. The bulk
gap stays finite along the transformation.

closing, into a trivial product state. An essential point for this procedure to work is that
in the absence of C4y symmetry we can deform the central plaquette, as shown in the
figure. The ground state inside the unit cell is identical to Eq. (2.38). If we, on the other
hand, enforce Cy symmetry, then the hole boundary must be gapless, but since two edges
share a single corner (see also Ref. [22]), the corner mode cannot be removed regardless
of how we couple sites along the boundary, while respecting symmetry. Moreover, Cy
symmetry also forbids any deformation of the central plaquette. Thus, if we in addition
preserve C4 rotations, the two phases remain separate. In Chap. 3 we consider this in
more detail for a related model, which in a specific limit is identical to the 2D dimerized
quantum XY model discussed here.

Thus, unlike first-order SPTs, higher-order SPTs require in addition spatial symmetries
to be well-defined, although there are exceptions, namely, if there are subsystem symme-
tries, that are, symmetries that are conserved along one-dimensional subsystems [118].
For example, such symmetry could be particle number conservation along each row and
column of the system.

Group cohomology classification of bosonic HOSPTs and beyond

As briefly mentioned in the introduction, strongly-interacting bosonic HOSPTs protected
by a symmetry group G = G. X Gy are classified in terms of cohomology groups. Here,
we exclusively focus on two-dimensional second-order SPTs, where spatial symmetry is
given by G. = C, rotations. Then, according to Ref. [26] the classification of these
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phases is in terms of the first cohomology group H'(Z,,, H*(Go, U(1))?? with coefficients
taken from the second cohomology group of the on-site symmetry. For the example
above, the global symmetry is G = Cy X Zy X Zs, which results in H'(Zy,Zs) = Zs [26],
where we used that H?(Zo x Zs,U(1)) = Zy. Thus, there are two distinct HOSPTs
associated to this symmetry. Hence, according to our definition of SPTs, there are two
different quantized invariants {—1,1} distinguishing these two phases. In general, the
classification with H2(G,U(1)) = Z,, is given by [26]

HYZ, Lm) = Zgeanmy,  1m € N (2.42)

Physically, the classification is understood using the domain wall picture [26]: To this

Figure 2.7: Construction of HOSPTs. The classification of HOSPTs can be under-
stood in terms of the domain wall picture. Left: Each C), domain wall (beige
line) is decorated with a one-dimensional SPT such that in the center pro-
jective representations combine to a linear representation, which guarantees
a gapped, symmetric bulk. At the corners, there remain projective repre-
sentations. Right: The 2D XY model can be adiabatically transformed into
the shape shown here. Along the diagonals (beige and red) there are one-
dimensional topological XY chains that are symmetrically coupled in the
center of the chain.

end, we imagine that each C,, domain wall is decorated with a one-dimensional SPT,
whose topological index is an element of H?(G,U(1)). However, the SPTs cannot be
chosen at will. There is a compatibility condition, namely, the projective representations
in the center of the chain have to become a linear representation such that the bulk is
gapped and symmetric. What remains is a projective representation at the corners. This
is schematically shown in Fig. 2.7. In the same figure, we show how this construction
is realized in a concrete lattice model, the 2D dimerized quantum XY model. Upon an

231n the classification, spatial C), rotations become an internal Z,, symmetry [65].
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adiabatic transformation, the diagonals carry two topologically non-trivial 1D dimer-
ized quantum XY models, which are symmetrically coupled in the center to ensure a
symmetric, gapped bulk.

HOSPTs falling into this category of classifications have zero-energy excitations, which
are exponentially localized near the corners. The reasoning is similar to the one-
dimensional case discussed above. In addition, the projective representation at the cor-
ners will cause a non-trivial degeneracy in the entanglement spectrum of these phases,
which we discuss in more detail in Chap. 4.

HOSPTs beyond this classification. In the next three chapters we will demonstrate
that there are HOSPT phases beyond this classification, which, however, do not have
protected zero-energy modes. Nevertheless, these phases show non-trivial topological
signatures, such as fractional charges at the corners. For these cases, we consider
only a global Gy = U(1) symmetry, which cannot protect one-dimensional SPTs, i.e.,
H?(U(1),U(1)) = Z; [64]. According to the classification of Ref. [26], we obtain:
HY(Zyn,71) = 71 and, thus, do not expect non-trivial HOSPTs, which, however, is
not the case. In this sense, the classification given by Ref. [26] characterizes strong
HOSPTs—having zero-energy excitations exponentially localized near the corners.

2.2.4 Symmetry extension and trivialization of SPT phases

Symmetry-protected topological phases are only different in the presence of symmetries.
If the protecting symmetry is explicitly broken, then formerly distinct states become
equivalent. Consequently, such phases of matter can be transformed to a product state by
symmetry breaking. Alternatively, SPTs can be trivialized using their stacking property.
For instance, if a given class of SPTs has a Z, classification, we need to form a tensor
product of n copies (or stack with its inverse) such that we can trivialize the state by
introducing symmetric couplings. However, there is a third option how SPTs can be
trivialized, namely, by symmetry extension, which has been first discussed by Refs. [36—
38] in the context of the Haldane phase, and then systematically analyzed by Ref. [39].
Symmetry extension means that instead of considering a symmetry group G, we focus on
its extension G such that G = G /H is the quotient group of G by a normal subgroup?* H.
A paradigmatic example of such case, which is also discussed in Chap. 7, is the Haldane
phase, protected, among others, by spin-rotation symmetry SO(3). This phase is often
discussed in terms of spin chains, such as the bond-alternating antiferromagnetic spin-
1/2 Heisenberg model. In fact, this particular model results as an effective low-energy
description of fermions in terms of the Hubbard model®. In the fermionic Hilbert space,
the actual symmetry is SU(2) and not SO(3). For SU(2), however, it is known that it
cannot protect one-dimensional SPTs [64]. Thus, the Haldane phase can be trivialized
by fluctuating charges, which has been discussed in Refs. [36-38]. However, as shown by
Ref. [39] it is actually not necessary that the extended symmetry group cannot protect
non-trivial SPTs. The authors argued that in the extended symmetry group G a non-
trivial cocycle associated to a group G, with G = G /H, becomes a coboundary—meaning

24 A normal subgroup is a group such that for any § € G and h € H the following holds: (§)~'hg € H.
?5See Refs. [35, 119] for a derivation of the low-energy description.
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it can be transformed to identity upon a gauge transformation (cf. Eq. (2.14) for the
one-dimensional case).

Although the Haldane phase is a paradigmatic example to study this phenomenon, we
will not do this at this point because it investigated later in this thesis, Chap. 7, where
we reconsider such trivialization process from a different perspective, namely, asking
how immediate topological signatures disappear if we allow for fluctuating charges in
the low-energy description. Thereby, we introduce a new kind of SPT phases, so-called
quotient group symmetry-protected topological phases, that unlike conventional SPTs,
do not require a bulk phase transition to be trivialized—yet topological signatures such
as edge modes and degeneracies in the entanglement spectrum remain parametrically
stable (for more details see Chap. 7).

In this section, we will reconsider the 2D CZX model, following closely Ref. [39],
and show that for a different lattice termination, the boundary can get symmetric and
gapped, but this has as a consequence that the Zy symmetry near the boundary acts as
a Z4 symmetry. In this way, we have trivialized the SPT by symmetry extensions.

CZX model with a symmetric boundary

If we consider a different boundary termination of the 2D CZX model such that bound-
ary spins are fully contained in a plaquette, defined in Eq. (2.27) (see also Fig. 2.8),
then the boundary is gapped and symmetric. To achieve this, we have to modify the
lattice as follows: Previously, we argued that our building blocks are unit cells consisting
of four sites. However, very often the concept of unit cells is associated with transla-
tion symmetry. The idea is to group sites such that the full lattice can be built from
translating these building blocks. If we now terminate the system, then commonly it is
terminated such that we do not divide unit cells, as it is the case in Fig. 2.3c. However,
in principle there is no need to consider unit cells if translations symmetry is not relevant
or not a symmetry at all. Since the only constraint is that the lattice is square, we can
choose our individual building blocks to be single spin-1/2 degrees of freedom. With
that choice, the boundary in Fig. 2.8 is well-defined. To this end, we can define bulk
cells and edge cells, where the former contain four and the latter two spin-1/2 degrees
of freedom, respectively. To be consistent with the former discussion, Sec. 2.2.2, we still
use the wording of unit cells, but keep the discussion above in mind. Given this, we also
have to slightly modify the Hamiltonian near the edge, namely, whenever we consider a
boundary plaquette, then such plaquette is only surrounded by three projectors 151? in-
stead of four. Finally, the ground state of this Hamiltonian—including its boundary—is
symmetric and gapped,

Wez) = [[ \}5 () + [LL4), - (2.43)

Hence, by choosing a different boundary of the 2D CZX model, the anomaly at the

one-dimensional edge of the system disappears—resulting in an overall trivial phase.
Symmetry action. So far, we have seen that with a different boundary termination,

the edge is symmetric and gapped. However, this also changes the action of symmetry
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Figure 2.8: CZX model with a symmetric boundary. A possible boundary of the
CZX model is shown. In contrast to Fig. 2.3c, the “unit cell” along the
boundary consists of only two spins instead of four (for an explanation, see
text). This way, the boundary spins are fully contained in a plaquette term
of the Hamiltonian. Thus, unlike the case shown in Fig. 2.3c, this boundary
is symmetric and gapped. However, as a consequence, symmetry acts in
an extended way, i.e., it becomes a Z4 symmetry along the boundary. The
spin-1/2 degrees of freedom inside a unit cell 7 have additional labels, where
“4+” denotes the upper and “—” the lower spin, respectively. The figure is
adapted from Ref. [39].

along the boundary. To this end, let us consider the symmetry representation inside a
half unit cell denoted by i, where the two spin degrees of freedom are labeled by “+”
and “—", respectively (following the notation of Ref. [39]). Then, the symmetry is given
as follows [39]: R o

Uczxi=Xi+Xi-Ucziyi—- (2.44)

If we evaluate the square of this operator, then it does not square to identity; instead,
we obtain [39]:

N N A 2 A A~
(Xi,+Xi,—Ucz,z'+z‘—) =—Zi+Zi, (2.45)

i.e., the symmetry on the boundary does no longer act as Zo; instead, it becomes a
Z4 symmetry. However, note that in the bulk, the symmetry still squares to identity.
Nonetheless, choosing this termination of the lattice, the global symmetry is extended
from Zo — Z4. Given that a non-trivial SPT does not admit a gapped, symmetric
boundary, this state must be in a trivial phase and, consequently, the SPT is trivialized.

Symmetric, gapped ground state. In the previous analysis of the CZX model, Sec. 2.2.2,
we argued that the effective representation of symmetry along the boundary, Eq. (2.32),
is associated to a non-trivial 3-cocycle and, thus, forbids a gapped, symmetric ground

39



Chapter 2 Review of quantum phases and symmetry-protected topological phases

state. Here we will do the converse, namely, by showing that there exists a gapped,
symmetric state, we prove that the 3-cocycle associated to this representation must be

trivial?0. Indeed, using that Ucz;rim = (|11) (1] + [11) (1L + 1) Q] — 8 ()i s

it is easily shown that the following state:
1
V2

is symmetric with respect to the symmetry defined in Eq. (2.44), A possible symmetric
Hamiltonian to which this state is the unique ground state is given by,

|Wiyio) = (I1) + ‘¢T>)z‘+,i— ) (2.46)

H=— Z (XH-X@— + Y/z'+?z'— - A7;+ZAi_) , P = H [Wipio). (2.47)
i

i

Hence, we constructed a Hamiltonian that is invariant under this symmetry, and its
ground state is unique, gapped, and symmetric, which thus implies that the current
representation of symmetry is associated to a trivial 3-cocycle of Z4. Thus, this is an
example how a 3-cocycle of Zo has been trivialized in the extended symmetry group?”.

2.3 Summary & Outlook

In summary, we reviewed two equivalent definitions when two quantum states, being
the ground states of a local and gapped Hamiltonian, belong to the same phase. First,
we argued this is the case if there exists a path of local and gapped Hamiltonians that
connect these states. Second, a more practical definition was given in terms of local
unitary circuits. While for the first formulation we required that the bulk gap must
be system size independent, in the second version, this translates into a finite evolution
time or depth, if the local unitary transformation is given by a quantum circuit. More-
over, only those quantum circuits were allowed that can be continuously transformed to
identity, which was crucial in the presence of symmetry. Indeed, we argued that sym-
metries can lead to further restriction of paths/local unitary transformations and, thus,
formerly equivalent states can become distinct. From these definitions, we argued that
there are two fundamentally different quantum states. All states that can be connected
to a product state via such local unitary circuit are short-ranged entangled states, and
otherwise named long-ranged entangled states. Without symmetries, all SRE belong to
the same phase. In contrast, LRE states do not require any symmetries to be topological
non-trivial, but symmetries can also enrich these phases.

After a discussion of equivalent states of matter, we discussed a particular class of
SRE states, so-called SPT phases that have a symmetric bulk and, consequently, cannot
be detected using Landau’s theory of symmetry breaking; however, if we consider such
phases with boundaries, there can be zero-energy modes, SSB, or even topological order.
While for first-order SPTs such anomalies occur on the (d—1)-dimensional boundary, for

26In the proofs of Refs. [18, 108] it was shown that for any gapped symmetric state, the 3-cocycle
associated to the representation of symmetry must be trivial.
*"Note this last discussion is not part of Ref. [39].
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k-th order SPTs, also named higher-order SPTs, anomalies are on the (d— k)-dimensional
boundary, which can be corners in 2D, or hinges in 3D.

To demonstrate the properties of SPT phases, we studied various examples of bosonic
SPTs. We started from the one-dimensional cluster model, a bosonic SPT phase pro-
tected by Zo X Zo symmetry. Thereby, we showed that for one-dimensional bosonic
SPTs all characteristic properties such as edge modes or degeneracies in the entangle-
ment spectrum follow from projective representations labeled by the second cohomology
group H?(G,U(1)).

Further, we argued that related groups also classify SPTs in higher dimensions: Indeed,
many first-order, d-dimensional bosonic SPTs are classified by the (d+1)-th cohomology
group H™1(G,U(1)), which for two dimensions result in the third cohomology group.
This we explicitly demonstrated for an exactly solvable 2D SPT phase, the CZX model,
an SPT protected by Zo symmetry, whose boundary is either gapless or SSB because
the low-energy representation of the symmetry at the boundary is associated to a non-
trivial 3-cocycle. A similar classification exists for higher-order bosonic SPTs protected
by a direct product of a spatial symmetry and an on-site symmetry. In contrast to
conventional SPTs, these phases are classified by the first cohomology group, which in
the case of C, rotations is given by H!(Z,, H*(G,U(1)). The coefficients are taken
from the second cohomology group of the on-site symmetry. The intuition is that one-
dimensional SPTs are aligned on domains walls of the spatial symmetry such that in the
bulk, projective representations trivialize each other. To demonstrate this explicitly, we
studied the 2D dimerized quantum XY model on a square lattice, thereby exploring its
non-trivial HOSPT phase. In particular, we showed that these phases are only robust
in combination with spatial symmetries because otherwise they can be trivialized by
aligning one-dimensional systems at the boundary or by an edge gap closing.

In the final part, we considered different possibilities to trivialize SPTs. Since SPTs
are only different from product states in the presence of symmetries, one way to make
them trivial is to break the protecting symmetry. Alternatively, we can use the stacking
property of SPTs. However, there is another method of trivializing SPTs, namely, by
symmetry extension. This we demonstrated along the previously introduced 2D CZX
model. Here, we showed that the SPT can be trivialized by choosing a different boundary
termination, which naturally leads to an extension from Zs to Z4. Thereby, the non-
trivial 3-cocycle of Zo symmetry has been trivialized in Z4 (Note since we have already
cited the corresponding references in individual sections, we did not do it here again.).

Outlook. In the following three chapters we focus on higher-order SPTs, which are
not captured by the aforementioned classification of these phases; however, share many
properties, in particular, the degeneracy of the entanglement spectrum and anomalies
at the corners. In the second part of this thesis, we study how symmetry extension
can change the low-energy properties of underlying systems. On one hand, we consider
cases where the extended symmetry group itself protects non-trivial SPTs. Thereby,
we study, among other things, how the process of symmetry extension change low-
energy properties, in particular, at quantum criticality. On the other hand, we study
the trivialization of the Haldane phase, and ask, how immediate topological signatures
disappear.
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Higher-order
symmetry-protected topological phenomena
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Chapter 3

The super-lattice Bose-Hubbard model—an
experimentally accessible HOSPT phase

In this chapter, we investigate higher-order topology in a strongly-interacting system.
We propose an experimentally accessible, two-dimensional ultracold atomic system, a
super-lattice Bose-Hubbard model (SL-BHM), supporting an HOSPT phase protected
by a combination of a U(1) charge conservation and Cy lattice symmetry. This model is
the strongly-interacting counterpart of the non-interacting Benalcazar-Bernevig-Hughes
model (BBH) [21]—a generalization of the one-dimensional Su-Schrieffer—Heeger (SSH) [28]
model. The BBH model is a non-interacting higher-order topological insulator (HOTT)
protected, among others, by Cj and chiral symmetry—hosting gapless modes on its
corners. However, unlike in one dimension, where there is an exact mapping between
the SSH model and the 1D SL-BHM at infinitely strong on-site repulsion [33], the 2D
SL-BHM and the BBH model are only related at two, very fine-tuned points. Thus, it
is initially not clear to which extent the signatures of the non-interacting model survive
in the presence of interactions. For instance, the integer classification of topological
free-fermion systems reduce to a Zg classification in the presence of interactions [69].

Another important aspect is the experimental verification of theoretical concepts.
Thus, it is crucial for theorists to construct models and observables that can be mea-
sured in experiments. Unfortunately, the experimental realization of the BBH model is
challenging, as it requires a non-trivial gauge flux per plaquette to guarantee a finite
bulk gap. This is not the case for the 2D SL-BHM. Another advantage of the latter is
that it directly allows studying the influence of interactions on higher-order topological
phases. To this end, we construct a genuine topological invariant—a fractional corner
charge—which is experimentally accessible. Moreover, we provide a full counting statis-
tics (FCS) to which experimentalists, using ultracold atomic setups [30-32], can compare
to.

This chapter is based on [P1] and structured as follows: In Sec. 3.1 we introduce the
Hamiltonian and the relevant symmetries of the 2D SL-BHM. Thereby, we briefly discuss
its limiting cases and its connection to the two-dimensional dimerized quantum XY
model, introduced in Sec. 2.2.3, and the BBH model. Afterwards, in Sec. 3.2 we consider
the phase diagram of the 2D SL-BHM obtained using the density matrix renormalization
group (DMRG) and give a short summary of the main ideas of the algorithm. Then,
in Sec. 3.3 we classify the two distinct topological phases of the 2D SL-BHM using a
higher-order Zak (Berry) phase and a fractional corner charge and discuss their relation.
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Finally, in Sec. 3.4 we show the FCS for both the 1D SL-BHM and the 2D SL-BHM,
supporting our claim that the fractional corner charge is a genuine topological invariant.
In addition, we argue that the parameters used in our considerations are experimentally
accessible.

3.1 Introduction of the two-dimensional SL-BHM

As initially pointed out, the non-interacting BBH model has severe drawbacks. On one
hand, it requires a gauge flux to have a gapped bulk and, second, it does not allow
studying interactions and their consequences for higher-order topological phases. These
problems can be solved if we instead consider the two-dimensional SL-BHM, a stronlgy-
interacting model. To argue this, we first need to introduce the Hamiltonian and its
symmetries. Moreover, we will briefly talk about its relation to other models realizing a
higher-order topological phase.

3.1.1 The SL-BHM on a square lattice

We consider the following SL-BHM on a two-dimensional square lattice of size L x L
with L even,

L-1
H=-1% > (t(fﬁ)&Ly&xH,y + h.c.) + ey
rz=1y=1
U & L
+ 5 Z ﬁ$,y (,ﬁxay - 1) — K Z ﬁ$,y7 (31)
5E7y=1 I,yzl

where &Ly (Gz,y) is the creation (annihilation) operator at site (z,y), and 7, , = dlyy&%y.
The particles can tunnel between neighboring sites with modulated hopping amplitudes

t(¢), ¢ € {=z,y},
t, for ¢ €{1,3,...,L—1}
t(¢) = (3.2)
1—t, for (€{2,4,....L -2}
where t € [0, 1], while the parameter U > 0 controls the on-site repulsion between the
particles and p is the chemical potential (see Fig. 3.1a). If the on-site interaction is
infinitely strong, i.e., U — oo, then the Hamiltonian describes the physics of hardcore
bosons characterized by ﬁ%,y = flgy. Whenever we consider hardcore bosons, we denote

local operators as follows: Gz, — by, and dlyy — b;,y with commutation relations:

{IA)Ly, IA)%y} = 1., {?)L’y, Bx’,y’} =0, z#£2'Vy#£y. (3.3)

Thus, locally hardcore bosons fulfill fermionic commutation relations; however, globally
bosonic commutation relations are preserved.
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Figure 3.1: 2D SL-BHM showing an HOSPT phase with quantized fractional
corner charges. a) The SL-BHM has a 2 x 2 unit cell, with two different
hopping amplitudes inside and between unit cells, ¢ and 1 — ¢, respectively.
The ground state is topological trivial (non-trivial) for ¢ = 1 (¢ = 0). b) Aver-
age occupation number of lattice sites in the topological phase with particle
number N = L?/2—2, displaying four holes localized around the corners, giv-
ing rise to fractional charges Qcorner = 1/2. ¢) The full distribution function
of corner charges for the trivial (topological) phase, peaked around a quan-
tized fractional part 0(1/2). We used the parameters N = L?/2(L?/2 — 2),
t=0.9(0.1), U = 32 and &y = 3.2(3.08).

3.1.2 Symmetries of the SL-BHM

Hamiltonian (3.1) is Cy symmetric with respect to the center of the lattice and preserves
the total particle number N = 22,y iy, which gives rise to a global U(1)x Cy symmetry.
In the case of hardcore bosons, U — 0o, the system has two additional antiunitary ZZ
symmetries denoted by S = L, ((Aaxy + 81:;;) K and C = 1L, ((A);rcy - ?)my> K, where K
is the operator of complex conjugation. Under these transformations, local operators
change as follows:

S: ZA)L’y “— i)x’y, C: IA)x’y — —IA)L’y, C: ZA)Ly — —(A)gc’y (3.4)

Note on-site S squares to identity Sgy = 1,4, while ¢ squares to minus identity égy =

_]]_x7y
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3.1.3 Fixed-point phases and relation to others

Here we briefly discuss the exactly solvable cases of the 2D SL-BHM and consider its
relation with other models discussed in literature. Thereby, we mainly focus on the
sector at half-filling and set the chemical potential u = 0.

Fixed-point phases

To get a feeling for the two topological distinct phases of the 2D SL-BHM at half-filling,
we briefly discuss the exactly solvable limits £ = 0 and ¢ = 1, respectively. In both cases,
there is a finite bulk gap; for strong interactions U > max(¢,1 — t), the bulk gap is of
order A ~ O(max(t,1 —1)).

In the trivial phase (TR) with ¢ = 1, the ground state at half-filling is unique and
Cy-symmetric (see Fig. 3.3a). In the topological phase (TO) with ¢ = 0, the four corners
are decoupled and each of them can be either filled or empty (see Fig. 3.3b). To obtain a
Cy4-symmetric ground state with bulk and edges at half-filling, the total particle number
has to deviate from exact half-filling N = Ny, as N = Ny £+ 2 with Ny = L2/2.

This filling anomaly!, giving rise to quantized fractional corner charges (see Fig. 3.1),
was already discussed in the context of non-interacting higher-order topological phases [27].
For hardcore bosons, the antiunitary symmetry ¢ protects in addition a two-fold degen-
eracy at each corner, which is a consequence of the property that (fgy = —1;, on-site.
This implies that corners can be occupied or empty, i.e., the particle sectors N = No £k
with k € {—2,...,2} are degenerate. However, note that not all configurations are com-
patible with the spatial symmetry. Once U is lowered, this degeneracy is lifted, but the
filling anomaly remains. Comparing the charge distributions of the two phases, we find
a fractional charge Qcorner = 1/2 localized around the corners in the topological phase,
Fig. 3.1, measured with respect to the average bulk filling ny (for a rigorous definition
of Qcorner see Eq. (3.20) below).

Quantum XY model

The SL-BHM considered in the limit of hardcore bosons is equivalent? to the two-
dimensional spin-1/2 quantum XY model, which was studied in Ref. [25] and reviewed
in Sec. 2.2.3. The identification of operators read:

288, =By +beys 28U, =i (B, —bey) 25, = Luy — 20y, (3.5)

The chemical potential introduced in Eq. (3.1) corresponds (up to a constant shift) to
an external magnetic field in the XY model. In Ref. [25] it was argued that for ¢ > 1 —1¢
the ground state realizes a HOSPT phase protected by Zs x Zy x C4 symmetry (see

also Sec. 2.2.3). The protecting on-site symmetries are generated by L, e™%y and

'The filling anomaly is a consequence of open boundary conditions. For periodic boundary conditions,
both phases have a unique, Cy-symmetric ground state at the same filling no = 1/2.

2Tt is actually the same. The Hilbert space of hardcore bosons and spin-1/2 degrees of freedom is
identical.
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L., €™y, In the same reference, it was argued that these symmetries protect a tow-
fold degeneracy at each corner, which is robust as long as in addition Cy symmetry is
preserved. Such a two-fold degeneracy is also protected by a combination of ZI x Cy
which, in the case of spin-1/2 degrees of freedom, corresponds to time reversal symmetry
C—T= [sy e™Siy K. As showed previously, on a single site, this symmetry squares
to minus identity leading to a Kramers degeneracy—a twofold degeneracy of half-integer
spin states. Note, the other representation of the antiunitary symmetry cannot protect
a Kramers degeneracy.

Benalcazar-Bernevig-Hughes model

The BBH model is a free-fermion model, which is the two-dimensional generalization
of the famous one-dimensional SSH model. The BBH model was first introduced in
Ref. [21] and is one of the first examples of higher-order topological systems protected,
among others, by a combination of chiral symmetry and Cy rotations. Similar to the 2D
SL-BHM, the BBH model is a collection of plaquette Hamiltonians defined as follows:

HE = 23: (eleje1 +he) = (e + lea)

J=1

4
FIII:'\D) = Z (lA);-lA)jJrl + hC) , 65 = 81, (36)
=1

where we introduced the superscripts “F” for fermions and “B” for bosons, respectively.
Graphically, the plaquette Hamiltonians are illustrated in Fig. 3.2. The edges can be
written in a similar way. In the perfect dimerized limits, i.e., t = 0 or ¢t = 1 and
U — oo (hardcore bosons) there is an exact mapping between the 2D SL-BHM and the
BBH model. The mapping is given by the Jordan-Wigner transformation (JW) relating
bosonic and fermionic operators in the following way:

b = ™2 el by = e ™, (3.7)
Inserting this transformation in ]:I}])3 we arrive at f[g (here we explicitly used that the
systems are at half-filling). We note that the plaquette Hamiltonian of the BBH model
contains a w-flux per plaquette, since it can be written as

4
j=1
with ¢1 = ¢3 = ¢3 = 0 and ¢4 = m. According to Peierls substitution [104], the total
magnetic flux per plaquette is the sum of all phase factors ® = >, ¢; = 7. Indeed,
for the two-dimensional SSH model to have a finite bulk gap, plaquettes must contain a
m-flux [21, 120], which naturally arise if obtained from the bosonic model at half-filling.

The bosonic antiunitary symmetry Sg = [] pll; (i); + @) K (formerly called S ) with
plaquettes defined as shown in the trivial cases ¢t = 1, Fig. 3.2, maps to the fermionic
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a) b)
BBH, t = BBH, t =1 SL-BHM,t=0  SL-BHM, t=1

feibit Bitdete
R

Figure 3.2: 2D lattice models. a) 2D BBH model with a w-flux insertion per plaquette
for t = 0 (topological) and ¢t = 1 (trivial). b) 2D SL-BHM at infinite
interaction strength U — oo for ¢ = 0 (topological) and ¢ = 1 (trivial).
For the limits ¢ = 0 (¢ = 1), both models are in one-to-one correspondence.
They can be mapped to each other using the Jordan-Wigner transformation
applied to each plaquette and edge Hamiltonian individually.

chiral symmetry Sp = 111 (é; + (=1) éj> K, which together with Cy symmetry pro-
tects the non-trivial topology of the BBH model [21]. It is important to note that the
exact relationship only holds for the perfect dimerized limits at U — oo. There have
been attempts to apply the JW transformation away from the dimerized limits (using
hardcore bosons) [25], but after the transformation one obtains the BBH model in an ex-
ternal gauge field. To circumvent this problem, the authors used a mean-field treatment,
which is, nevertheless, not an exact relation.

3.2 A numerical study: Robustness of gapped phases at
half-filling

Before we discuss the numerical results obtained using DMRG, we briefly give an insight
into the main idea of this algorithm.

DMRG in a nutshell

DMRG, which was first introduced by S. White [40, 41], has shown to be a powerful tool
to study ground states of one-dimensional gapped and local Hamiltonians. The success
of this algorithm is based on the fact that ground states of such systems fulfill an area
law [97, 121], that is, the entanglement entropy of a subsystem grows with the size of the
boundary, which in one dimension is a point and, thus, constant. Consequently, if a wave
function is written in a Schmidt decomposition® only a few eigenvalues of the reduced

A Schmidt decomposition of a state |[U) can be written as [¥) = Y Aq|aa)|ap), where {A,} are
the Schmidt values and {|a.a(py)} the Schmidt states of the region A(B).
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density matrix contribute significantly to the entanglement [98, 122]. This is precisely the
property on which the truncation scheme of DMRG is built on, namely, in the algorithm
we keep only those states that contribute most to the weight of the spectrum of the
reduced density matrix. As many other algorithms, the DMRG method is a variational
Ansatz for finding the lowest energy eigenstate of a given Hamiltonian*. Commonly, this
algorithm is formulated in terms of matrix product states (MPSs) [98, 122], a particular
class of tensor network states [99, 123, 124], which have turned out to approximate true
ground states of one-dimensional many-body systems extremely well. The reason is that
those states inherently fulfill the area law (as we shall see soon). For a generic quantum
system, the complexity grows exponentially with the number of degrees of freedom:;
however, the number of states contributing to ground states of one-dimensional local
and gapped systems is very little [99, 124]. This is where MPSs become so powerful;
the idea of MPSs is to approximate the coefficient of the wave functions by a matrix
product ¢,y 5, = tr(A% ... A%L)% with L sites and A% € CX*X| which reduces the
number of parameters drastically, namely, this way the number of parameters grows
only polynomially instead of exponentially as L is increased [99, 124]. The maximal
entanglement captured by MPSs is S ~ logx, which is indeed a constant for a given
X- Hence, MPSs inherently fulfill the area law. The bond dimension x controls the
quality of the approximation in DMRG calculations. For gapless systems, however, the
entanglement entropy grows indefinitely and, thus, the MPS bond dimension.

DMRG in two dimensions. DMRG has been successfully generalized to two-dimensional
systems [125], but it is much less powerful as the computational costs scale exponen-
tially with the system width (along y)%. Nevertheless, DMRG is a good starting point,
and it gives first insight into the nature of a two-dimensional system”—in particular—if
Quantum Monte Carlo suffers from a sign problem [125]. For calculating bulk prop-
erties, the two-dimensional system is considered on a cylinder with infinite extension
along x and finite circumference along y. Numerical results can then be extrapolated
in bond dimension x and circumference L,. If correlations of a two-dimensional system
are short-ranged and the correlation length is much less than the circumference of the
cylinder, then this a faithful approximation.

Phase diagram

In the previous section, we argued that the 2D SL-BHM in the limit of U — oo and
strongly anisotropic hopping amplitudes realizes two distinct quantum phases. To study
the robustness of the gapped phases, we mainly focus on a parameter regime (¢, U, u = 0)
where the bulk is incompressible® and the average filling in the bulk is ng = 1/2. Thereby,

(V| H|¥)

5 (wlw) -

Here we assumed the simplest case of a translation invariant MPS.

SAll the information of neighboring stripes is contained in a single MPS bond. For two-dimensional
systems, the area law predicts that the entropy scales with the length of the boundary S ~ [, which
implies x ~ €.

“In 2011 Yan et al. [42] uncovered a gapped spin-liquid state of the antiferromagnetic spin-1/2 Heisen-
berg model on a kagome lattice using DMRG in two dimensions.

on

8This means that the density is insensitive to small changes of the chemical potential x = ou =0 [30].

4One wishes to minimize the functional E[¥] =
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Figure 3.3: Phase diagram and fixed-point states. Exactly solvable limits of both
phases are shown for the trivial (TR) and topological phase (TO) in a) and
b), respectively. In the topological phase, the corner of the lattice is com-
pletely decoupled from the rest of the system. Panel ¢) shows the bulk corre-
lation length £ against the interpolation parameter t obtained from DMRG
on an infinite cylinder with circumference L, = 6. The diverging correlation
length is characteristic for the superfluid (SF) phase. The Hilbert space was
truncated to maximal four bosons per site, and we kept x = 500 states for
the simulations.

we want to answer the question to which extent the gapped phases remain as we decrease
U and the anisotropy of hopping amplitudes, such that they become of the same order
t ~ (1—t). Therefore, we applied the infinite DMRG method [40, 122, 126, 127] to the 2D
SL-BHM and considered the system on an infinite cylinder L, — oo with circumference
L, = 6 and evaluated the bulk correlation length ¢° shown in Fig. 3.3c. To uncover
the gapped regions, we evaluated the bulk correlation length for various values of the
bond dimension x (for more details, see App. A). The phase diagram, Fig. 3.3c, clearly
shows that the 2D SL-BHM has two extended gapped phases denoted as topological
and trivial, respectively. The gapped regions are separated by a gapless superfluid (SF)
regime.

Similar to the entanglement entropy of a subsystem, the bulk correlation length diverges for gapless
systems.
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3.3 Topological classification of the 2D SL-BHM

This section is at the heart of this chapter, as it contains the topological classification
of the 2D SL-BHM. We briefly argue why concepts of non-interacting systems cannot
be used to classify the topology of the 2D SL-BHM and explain why higher multipole
moments such as a quadrupole operator is not a faithful quantity to distinguish different
phases of the 2D SL-BHM. Afterwards, we consider the higher-order Zak (Berry) phase,
first introduced by Araki et al. [128], and then the fractional corner charge. Thereby,
we argue that it serves as a genuine topological invariant.

3.3.1 Failure of non-interacting classifications and higher multipole
moments

Concepts of non-interacting HOTIs [21-24, 109-111] very often rely on the momentum
state representation at which non-interacting fermionic systems become exactly solvable.
In the case of strongly-interacting systems there is no advantage of transforming the
system to momentum space as it does not simplify the problem—it remains not solvable.
Thus, many concepts developed in the non-interacting setup cannot be used for strongly-
interacting systems.

Quadrupole operator. There have been other attempts to classify higher-order topology
by generalizing the many-body polarization introduced by Resta [45] to a many-body
quadrupole operator [129, 130]. However, it was shown that for U(1) conserving systems,
such an operator is not well-defined in the presence of periodic boundary conditions [131].
Any state of a given Hilbert space on which such operator acts, must obey the same
boundary conditions, which is not the case if the system does not conserve the dipole
moments along x and y. Nevertheless, if a system conserves the total charge and dipole
moments, a quadrupole operator can be meaningfully defined [132]. In Sec. 5.2.3 we
review this discussion from a more physical point of view using Thouless pumps, which
clearly demonstrates that a quadrupole operator is indeed not sufficient to characterize
the HOSPTs of the 2D SL-BHM.

3.3.2 Higher-order Zak (Berry) phase

The higher-order Zak (Berry) phase, classifying HOSPTs, was first introduced in Ref. [128]
and is a proper topological invariant if the ground state is non-degenerate'?. In the pres-
ence of C4 symmetry, it is quantized. To this end, we consider the 2D SL-BHM with
PBC. The higher-order Zak (Berry) phase is defined with respect to a local twist of the
central plaquette, Fig. 3.2 at t = 0, see also Fig. 3.4, while the remaining part of the
Hamiltonian, Eq. (3.1), is unchanged. The local twist is introduced via a product of

three unitary operations
3
U: Hﬁj’ Uj :6_mj¢j, (3.9)
=1

10We will elaborate more on this in Sec. 5.1
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Figure 3.4: Local twist. The resulting Hamiltonian after inserting the local twist in the
central plaquette. The hopping terms responsible for PBC are not shown.
Although four variables are displayed, only three of them are independent.
One of the variables is fixed by the zero flux condition }_; 6; = 0.

such that the central plaquette transforms as follows:
UtHpU = ®2=95a8a, + e%3=92)a1a, + e~ 3alas + e1ala, + hoc.. (3.10)

Finally, we define ¢; = Zgzl 0; together with a zero flur condition, i.e., >2;0; = 0.
The resulting Hamiltonian is shown in Fig. 3.4. After inserting the local twist, the
ground state, |¥ (61, 62,03,04)), depends on four variables; however, only three of them
are independent, with (61, 62,63) € R3.

Paths in parameter space

Although we have introduced three independent variables, it turns out that for the
particular paths we choose a single parameter [ € [0,1) is sufficient. To this end, we
consider four Cy symmetry related paths, £, ..., L4, which are defined as follows:

£1:O—>G0—>27T€1, 52:27T€1—>G0—>27T62
£3 = 2mes — Go — 271'83, [,4 = 2me3 — G(] — 0, (3.11)

where {e;} denotes the standard basis of R*, Go = 53, €; and O is the origin. Along
each path, the higher-order Zak (Berry) phase reads'!:

fyj:z'f AL (@18 (1)) mod 27, 1€ [0,1). (3.12)
L;(1)

To obtain =1, for example, the parametrization is as follows:

61 =0y = 03 = 27, 6, = —67l, 0< 1<}
Ll:z{ PTR TR T A, T T TR T (3.13)

01 = 2xl, 92:93:%7T(1—l), 94:—%7T(l+2), %<l<1’

and similarly for the other trajectories.

1This phase is well-defined modulo 2, which is a consequence of the fact that wave functions are only
defined up to a U(1) phase factor.
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Quantization of the higher-order Zak (Berry) phase

A first step towards a quantization of the higher-order Zak (Berry) phase is to note that
the sum over all paths vanishes,

Y Li=0=> 7 =0mod 27. (3.14)

Second, C4 symmetry maps individual paths to each other Cy : £; — L£;41. From this,
we obtain that all four higher-order Zak (Berry) phases are identical (modulo 27),

Y1 = Y2 = 3 = 4 mod 2. (3.15)

This property, together with Eq. (3.14), implies quantization of the higher-order Zak
(Berry) phase,
Z
> v =4y =0mod 27T:>’y:7rz. (3.16)

(]

For the 2D SL-BHM at half-filling the higher-order Zak (Berry) phase is given by v =
{0, 7}, which can be deduced from the non-degenerate ground states at the exactly
solvable limits ¢ = 0 and ¢ = 1, respectively. Note that the difference Ay = (¢t =
0)—~(t = 1) is invariant under continuous, symmetric deformations of the Hamiltonian'2.
To numerically evaluate the higher-order Zak (Berry) phase, we considered the 2D SL-
BHM on a 4 x 4 torus with fixed-particle number N = 8. The numerical results are
shown in Fig. 3.5b, clearly indicating that the gapped phases realizes two distinct HOSPT
phases. The quantized plateaus of the higher-order Zak (Berry) phase in Fig. 3.5b persist

in the SF phase purely due to finite size effects.

3.3.3 Fractional corner charges

The higher-order Zak (Berry) can distinguish the two distinct topological phases realized
by the 2D SL-BHM at half-filling. However, for an actual experiment to measure this
topological invariant is a very challenging task, since artificial gauge fields at arbitrary
values are required. In this part, we show that the fractional corner charge distinguishes
the two gapped phases of the 2D SL-BHM and is a genuine topological invariant that is
experimentally accessible.

Filling anomaly

In Sec. 3.1.3 we argued that in the topological phase, ¢t = 0, the system suffers from
a filling anomaly if the model is considered with open boundary conditions. Namely,
the Cy-symmetric ground states have particle numbers N = Ny £ 2, where Ny is the
particle number at half-filling. For hardcore bosons, the ground states of these particle
sectors have the same energy; however, once U < oo the degeneracy is lifted, but the

12Continuous symmetric deformations are defined such that the bulk gap of a given Hamiltonian does
not close (see also Sec. 2.2.1).
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filling anomaly remains. This is also the reason the 2D SL-BHM at finite U cannot
be captured by the group cohomology classification discussed in Sec. 2.2.3. For a Cy-
symmetric state, the average particle number in each quadrant must be the same

<NQ1> = <NQ2> = <NQ3> = <NQ4>7 (3'17)

from which we obtain (N,,) = N/4, where {g;} labels different quadrants. Note here
we used that the Hamiltonian, Eq. (3.1), conserves the total particle number and, thus,
replaced the operator N> N by its quantum number. From the trivial phase, we know
that Ny mod 4 = 0, which implies that each quadrant in the topological phase with
N = Ny + 2 carries on average a fractional charge ~ 1/2 (mod 1).

Corner charge

If bulk and edges are at half-filling ny = 1/2, then fractional charges must sit near the
corners. If we define individual charges with respect to the average filling ~ (7, , — no),
then the following holds'3:

4Qcorner + 4Qedges + Qbulk = 27 (318)

where Cy symmetry ensures that edges and corners must have the same total charge.
By assumption, bulk, and edges are at half-filling, i.e., Qpuik = Qedge = 0, which implies

Qcorner = 1/2 mod 1. (3.19)

For the exactly solvable case at t = 0, we find that Qcorner = (fcorner — 10) = 1/2 with

zero fluctuations (AQeomer)? = (Q%imer) — <Qcomer>2 = 0. If t > 0, then the fractional
charge is no longer on-site and starts to penetrate into bulk and edge regions—resulting
in non-trivial quantum fluctuations. For the fractional corner charge to be a well-defined
invariant, its quantum fluctuations in the thermodynamic limit must vanish. To keep
track of this, we equip the operator of the fractional corner charge Qcomer with an

exponentially decaying envelope function'*
A _2/g2 R
Qcorner — Z e " [Seny (nx,y - TL()) ; (320)
x?y

where r = (z,y)? gives the position on the lattice. The width of the Gaussian envelope
function is determined by &epv, which has to be much larger than the localization length
&pn of a particle or hole state pinned at the corner £, < env and much smaller than
the system size £eny < L. The first constraint is needed because within a region of ~ 5120c
particle number fluctuations are of order one (An)? ~ O(1)—destroying the quantization

13Since the system is insulating with a finite correlation length, there is a clear notion of how to divide
such a system using envelope functions [133, 134]. However, for the argument the precise definitions
are not necessary.

1 This way we ensure a smooth cut-off, which would be not the case if we were using a Heaviside step
function. A hard cut-off would cause particle number fluctuations of order one at the end of the cut.
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of the corner charge. The second constraint ensures that we do not pick up contributions
from other corners. For sufficiently large system sizes, &.,v becomes independent of L—
rendering the fractional corner charge as a genuine topological invariant as L — co. The
localization length is defined through the participation ratio [135],

2
Eoh = (Z Anaz,y> /> (Angy)?, (3.21)
Y €,y

where Angy = [(figy) — 1ol X O (£((Azy) — no)), With “+(=)” for §,p) and with ©
denoting the Heaviside step function. Similar to the higher-order Zak (Berry) phase, the
fractional corner charge distinguishes the two distinct HOSPT phases of the 2D SL-BHM
with Qcorner = 0(1/2) mod 1 in the trivial (topological) phase. The numerical results
are shown in Fig. 3.5a.

a) b)
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Figure 3.5: Topological invariants. a) Corner charge Qcorner as a function of hopping
t at half-filling N = Ny, quantized to Qcorner = 0(1/2) in the gapped triv-
ial (topological) phase. We used DMRG on an 8 x 8 square lattice, taking
U = 32, &env = 2.8. b) Higher-order Zak (Berry) phase 7 as a function of the
hopping parameter, quantized around vy = 0 (7) in the gapped trivial (topo-
logical) phase. The result is obtained for a 4 x 4 square lattice with periodic
boundary conditions at half-filling (Ny = 8).

Stability of the fractional corner charge

To be a proper topological invariant, the fractional corner charge must be immune to
continuous deformations of the Hamiltonian, i.e., any symmetric perturbations that do
not close the bulk gap. Note, this does not forbid terms that lead to an edge gap
closing (which we partly discussed in Sec. 2.2.3). Indeed, even if the edge gap closes,
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the fractional part of the corner charge cannot change. To demonstrate this, we define
polarizations denoted by P8¢ for each edge!®. Concentrating on a single corner, the
change of the corner charge AQcorner, due to arbitrary edge manipulations, is directly
related to the change of the polarizations of the two edges meeting at this corner, A PS8
and AP;dge, by the King-Smith-Vanderbilt relation [134]

ACgcorner = Z APCedge mod 1. (322)
¢e{zy}

Due to C4 symmetry, the contributions of the edge polarizations APg‘jdge and AP;dge
cancel each other, confirming that Qcorner is robust against edge manipulations, even if
the edge gap closes and, thus, reflects the properties of the bulk. This argument again
emphasizes the need of spatial protections for higher-order topological phases.

3.3.4 Relation of topological invariants

In the previous discussions we argued that both the higher-order Zak (Berry) phase and
the fractional corner charge classify the gapped phases of the 2D SL-BHM; however,
unlike in one dimension, where the fractional charge at the edge and the many-body
generalization of the Zak (Berry) phase are related by a bulk-boundary correspondence,
this relation is not yet clear in higher dimensions and is part of Chap. 5. Nevertheless, it
is worthwhile to briefly repeat the argument of the one-dimensional SL-BHM because it
also manifests that the fluctuations of the fractional charge in the thermodynamic limit
must vanish.

One-dimensional SL-BHM

The gapped phases of the 1D SL-BHM with a bulk at half-filling'® also realize two dis-
tinct topological phases, labelled by the bulk polarization Pip pulk, proven to be quan-
tized to Pip puik = 0(1/2) mod 1 for a system with periodic boundary conditions [33].
This quantization relies on inversion symmetry only and Pip pux is directly related to
a Zak (Berry) phase picked up by the interacting many-body wave function for twisted
boundary conditions [45, 103], similar to what we discussed in Sec. 3.3.2. In a system
with sharp edges, bulk-boundary correspondence manifests in a charge localized around
the edge, Q1D edge; such that the changes of Q1p eqge are related to changes of the bulk
polarization through AQ1p edge = APiDbulk [134]. Since the latter is quantized and di-
rectly related to a topological invariant (the many-body Zak (Berry) phase [33, 45]), the
quantum fluctuations of AQ1p edge have to vanish in the thermodynamic limit L — oo.

15From the limiting case t = 0, we observe that the edges itself form a one-dimensional SL-BHM, which
has extensively discussed in Ref. [33].

16The 1D SL-BHM also shows a filling anomaly; for the same chemical potential the two phases differ
in their total particle number, with N = Ny (No — 1) in the TR (TO) phase. (See Fig. 1 of Ref. [33]).
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3.4 Fractional corner charges in the context of experiments

The final part of this chapter considers the measurement of the fractional corner charge
and briefly discusses the experimental realization of the 2D SL-BHM. Thereby, we ex-
plicitly provide data that can be measured in ultracold atomic setups using single-site
resolution of quantum gas microscopes [30-32].

3.4.1 Measurement of fractional corner charges

For the fractional corner charge to be a proper topological invariant, we argued that
its quantum fluctuations must vanish in the thermodynamic limit. To demonstrate
this, we evaluated the full counting statistics of the edge and corner charges for both
phases of the 1D and 2D SL-BHM, respectively. We obtained the ground state of the
system using DMRG, and then generated single snapshots according to the probability
distribution given by the wave function using perfect sampling [136]. Figs. 3.6a and 3.6b
display the FCS of the 1D system in both phases for two different system sizes L, clearly
demonstrating that the distributions centered around Q1p eqge = 0(1/2) get sharper as L
increases. Figs. 3.6c and 3.6d show the 2D FCS in the TR and TO phases, respectively.
Here the accessible system size L is more limited and the FCS still shows significant
finite size effects, in contrast to the 1D case. This results in a broader distribution that
is, however, clearly centered around Qcorner = 0(1/2).

Let us emphasize, that the data shown in Fig. 3.6 could have taken from an actual
experiment, where after each state preparation a single snapshot is made, and the data
are drawn in a histogram [32]. This makes the fractional corner charge such a powerful
topological invariant. It is experimentally accessible and allows for a direct confirmation
of theoretical predictions.

3.4.2 Discussion of experimental realizations

Here, we argue that the parameter ratios used in the numerical calculations are in an
experimentally accessible regime. Since the 2D SL-BHM is considered in the strongly-
interacting regime, i.e., U > max(t, (1 —t)) = 7 the relevant ratio is given by 7/U. From
Ref. [30], page 905, we see that this ratio for the SL-BHM can be estimated to be

T d VO
—~ 2 —24/ — 2
U a P E,’ (3.23)

where d is the lattice spacing, a the s — wave scattering length, V the lattice depth and
E, the recoil energy. In the same reference [30], page 900, it is mentioned that typical
values of these parameters are a ~ 5nm and d ~ 0.5um. Thus, the ratio d/a is of order
O(d/a) ~ 10*. For the 2D SL-BHM, the ratio of 7/U is of order O(7/U) ~ 1072 — 1073,
and therefore, the ratio of Vp/E, is of magnitude,

Vo

o (E) ~ 50, (3.24)
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Figure 3.6: Full counting statistics of edge and corner charges. a) and b) FCS of
fractional edge charge Qcqge Of the 1D SL-BHM (defined in Ref. [33]) in the
TR and TO phases, for two different system sizes L = 24 and L = 200. The
distribution is peaked around the quantized value 0(1/2) in the TR (TO)
phase and gets sharper with increasing L, confirming that Qegge is a good
quantum number in the thermodynamic limit. Parameters for the TR (TO)
phase: N = Ny (Ng — 1), t1 = 0.2(1), ta = 1(0.2), U = 10. The envelopes
are eny = 12 (12) for L = 24 and &y = 53 (45) for L = 200, respectively. c)
and d) FCS of fractional corner charge Qcorner, measured in the TR (TO)
phase of the 2D SL-BHM for system size 10 x 10, peaked around 0(1/2).
The width of the distribution should approach to zero in the thermodynamic
limit, similar to the 1D case. Results were obtained for N = Ny (Ny — 2),
t=0.9(0.1), U = 32 and &y = 3.2(3.08).

which is in a regime of experimental accessibility, see, for example, Ref. [137], where the
ratio was even three times higher than the estimate in Eq. (3.24).

3.5 Summary & Outlook

In summary, we have proposed an experimentally accessible ultracold atomic system,
a 2D SL-BHM around half-filling, with alternating hopping amplitudes ¢t and 1 — ¢ re-
alizing an interacting HOSPT phase protected by charge conservation and Cy lattice
symmetry. We identified the hardcore boson model with the dimerized spin-1/2 quan-
tum XY model and discussed its connection with a non-interacting HOTT—the BBH
model—and showed that these two models are only equivalent at two points, namely,
for hardcore bosons, U — oo, and t = 0 or t = 1. Further, relying on DMRG simula-
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tions, we explored the phase diagram of the 2D SL-BHM and showed that it hosts two
gapped topological phases'”, separated by a gapless superfluid region. Concentrating on
the gapped phases, we argued that they are topologically distinct and differ in terms
of a quantized fractional charge localized around the corners, intimately connected to a
quantized higher-order Zak (Berry) phase. This fractional charge is robust against edge
manipulations and reflects the properties of the bulk. By sampling snapshots of the
ground state wave function in the Fock basis, we have demonstrated that the full dis-
tribution of the corner charge is peaked around the fractionally quantized value 0 (1/2)
in the trivial (topological) phase. A similar sampling can be experimentally realized in
ultracold atomic settings by using state-of-the-art quantum gas microscopes [31, 32].

Outlook. Although we showed that the fractional corner charge and the higher-order
Zak (Berry) phase give the same results, a precise connection as in the one-dimensional
case is missing. This is puzzle is partially solved in Chap. 5 of this thesis. Furthermore,
for one-dimensional SPTs, there are non-trivial signatures of topology reflected in the
entanglement spectrum. Namely, it was shown that a non-trivial SPT exhibit degenera-
cies in the spectrum of the reduced density matrix [93] (see also Sec. 2.2.1). Naturally,
the question arises if such signatures extend to higher-order topological systems, which
will be part of a discussion of the next chapter.

1"The trivial phase is a topological phase with vanishing higher-order Zak (Berry) phase and fractional
corner charge, respectively, which are protected by symmetry.
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Chapter 4

Higher-order entanglement and many-body
invariant

In this chapter, we extend the discussion on higher-order topological systems and con-
sider it from two different points of view: On one hand, we still lack an experimen-
tally accessible many-body invariant that recognizes higher-order topology in a strongly-
interacting setup, that captures bulk properties and is related to the fractional corner
charges discussed earlier. On the other hand—a more theoretical point of view—is the
study of the many-body entanglement spectrum, which has been shown to contain char-
acteristic information on topological properties of quantum phases of matter [17, 138
144].

To this end, using the 2D SL-BHM as toy model, we first introduce a many-body
invariant that differentiates non-trivial HOSPT phases from trivial ones, based on the
fact, that the corresponding flux insertion operator does not commute with C), rotation
symmetry—resulting in a non-trivial shift of angular momentum. This non-commutative
algebra uniquely characterizes HOSPT phases with fractional charges at the corners.
One can further relate this many-body invariant to the discrete Wen-Zee [43, 44, 145]
response, which intertwines the U(1) gauge field and spin-connection. The Wen-Zee
response can be probed either by tracking the angular momentum shift under a 27
gauge flux insertion or via measuring the charge density distribution in the presence
of disclinations [20, 44, 114, 145, 146]. Remarkably, such topological response could
potentially be probed and simulated in ultracold atom systems with synthetic gauge
fields created by laser-assisted tunneling or rotating traps.

Second, we propose a general recipe to detect HOSPT phases from a new higher-
order entanglement perspective. Different from conventional one-dimensional symmetry-
protected topological phases, where the entanglement spectrum displays gapless (or de-
generate) modes akin to the edge spectrum [17, 93], some HOSPT phases might exhibit
gappable (non-degenerate) and featureless entanglement spectra under any arbitrary,
symmetry allowed spatial cut. More precisely, if we merely cut out a C,-wedge or perform
a Cp-symmetric bipartition, the entanglement spectrum could display a unique ground
state even though the state is in a non-trivial HOSPT phase. This implies that the con-
ventional diagnosis of entanglement spectra fails to detect many HOSPT phases. Thus,
naturally, the question arises whether we can still reveal fingerprints of HOSPT phases
using entanglement spectroscopy. To this end, we introduce a new type of entanglement
property, dubbed “higher-order entanglement” as a fingerprint to differentiate topological
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distinct HOSPT phases. The entanglement branching structure refers to a hierarchical
sequence of entanglement spectra instead of a single spectrum. By symmetrically bipar-
titioning a C),-symmetric wave function, we initially obtain the first-order entanglement
spectrum, which might contain non-degenerate eigenstates. Each non-degenerate eigen-
state, upon further bipartitions, should then eventually at some order exhibit a fully
degenerate spectrum with respect to each C,-wedge. Consequently, the entanglement of
HOSPT phases manifests a branching structure, where any non-degenerate eigenvector
of the initial entanglement spectrum contains a degenerate entanglement spectrum upon
further cuts.

Overview. This chapter is based on [P2] and divided into three main sections: First,
in Sec. 4.1 we demonstrate using iDMRG that the 2D SL-BHM realizes, aside from the
half-filled case, stable and gapped phases of matter for filling factors ng € {1/4,3/4}.
Moreover, we shortly discuss the exactly solvable ground states of different fillings and
review their topological classifications.

Second, in Sec. 4.2 we introduce the previously mentioned many-body invariant and
discuss its relation to the generalized Wen-Zee response. To this end, we start with
showing that the higher-order Zak (Berry) phase measures the Cy eigenvalue after a 27
flux insertion. From this observation, we then construct a U(1) flux insertion operator.
Further, from the non-trivial commutation relations of the symmetry operators, we
deduce that the same flux can be introduced via a symmetry twist related to a Zg4
subgroup. This implies that the Z4 x C4 subgroup is sufficient to protect the HOSPT
phases.

In the second half of this section, we study the response of the system to topological
defects such as disclinations—starting from a lattice perspective—and reveal the con-
nection to curvature. Afterwards, we briefly review how disclinations are treated in a
continuum approximation and discuss their relation to the spin-connection. Based on
this, we can study the discrete Wen-Zee response from a field theory point of view. This
section ends with a numerical study of small clusters of the 2D SL-BHM, where we
evaluate the many-body invariant for various fillings. Moreover, we briefly discuss how
the many-body invariant can be implemented in experimental setups.

Lastly, in Sec. 4.3 we consider entanglement properties of HOSPT phases. To this end,
we start with the case, where the SL-BHM has an additional antiunitary particle-hole
symmetry that has projective representations at the corners.

Second, focusing solely on cases with U(1) x Cy symmetry, we show that, upon a bi-
partition of the system into two Cy-symmetric related regions, certain fillings have exact
degeneracies in their entanglement spectrum, while for others we find both; degenerate
and non-degenerate Schmidt states. At this point, we introduce the notion of higher-
order entanglement, where we explicitly show that further bipartitions of non-degenerate
Schmidt states result in a fully degenerate entanglement spectrum.
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4.1 HOSPTs in plateaus of the SL-BHM

In the previous chapter, Chap. 3, we showed that the 2D SL-BHM has two extended
gapped phases at half-filling. In this first part, we show that it also has stable, gapped
phases for fillings no = {1/4,3/4}.

Figure 4.1: Lattice with flux insertion. Super-lattice hardcore boson model on a
square lattice with a 2 x 2 unit cell with couplings ¢ within and 1 —¢ between
unit cells, respectively. Gapped HOSPT phases occurring at commensurate
bulk fillings factors ng = {1/4,1/2,3/4} exhibiting different HOSPT orders
(a) t =0and (b) t = 1. A flux insertion of ¢ at the central plaquette is used
to define a many-body invariant (see text for details).

4.1.1 Gapped phases of the SL-BHM at different fillings

To detect possible gapped phases of the 2D SL-BHM at different fillings ng, we evaluated
the ground state of Hamiltonian (3.1) (see also Fig. 4.1) using hardcore bosons on an
infinite cylinder along = and finite circumference along y with L, = 6. For this, we
fixed the hopping amplitudes to t = 0.1 and tuned the chemical potential p. The results
are shown in Fig. 4.2, where we see that there are indeed extended plateaus for fillings
ng = {1/4,1/2,3/4}—separated by a superfluid gapless region, as expected. While we
show here the case ¢ = 0.1, an identical structure shows up for ¢ = 0.9 (more generally,
exchanging t <+ 1 — ¢ leaves the spectral bulk properties unchanged).

Exactly solvable cases

The ground states in the plateaus are adiabatically connected to the zero-correlation
length limits at t = 0 and ¢ = 1, respectively. In these limiting cases, both ground states
can be represented as a plaquette product state [¢o) = [Iimy i) (assuming PBC),
where the product is over all plaquettes with strong bonds and ng is the average bulk
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Figure 4.2: Gapped phases. Particle density ng as function of the chemical poten-
tial p for the 2D SL-BHM obtained from DMRG simulations on an infinite
cylinder with circumference L, = 6 and ¢t = 0.1. Extended plateaus occur at
commensurate bulk particle densities ng = {1/4,1/2,3/4}.

filling,
[WT)4) = % (]1000) 4 [0100) +0010) + [0001)) (4.1)
1 1
1)) = NG (11100) +[0110) +0011) + [1001)) + 3 (]1010) +[0101)) (4.2)
[¥5)4) = % (J0111) + |1011) + |1101) 4 [1110)) . (4.3)

Topological classification

According to Sec. 3.3.2 each of these states is characterized by a non-trivial higher-order
Zak (Berry) phase v = {3, 7, %77}, clearly distinguishing these phases from the trivial
case, t = 1, which itself has a vanishing higher-order Zak (Berry) phase. Equivalently,
as claimed in Sec. 3.3.3, if HOSPT phases at fillings ng € {1/4,1/2,3/4} are considered
with open boundary conditions, then the non-trivial topology is reflected by fractional
corner charges Qcorner = {1/4,1/2,3/4}. As in the half-filled case, the fractional corner
charges are a consequence of the filling anomalies +1 and 43, respectively. Note that,
unlike in the half-filled case, we have to add additional, symmetry preserving terms to
the Hamiltonian to guarantee gapped edges with appropriate filling factors. Despite the
existence of fractional corner charges, the gapless modes at the corners can be symmet-
rically gapped out by turning on a chemical potential at each corner to pin the particle
configurations. Subsequently, the degeneracy at the corner is merely a consequence of
the filling anomaly and is not protected by symmetry.
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4.2 Many-body invariant for HOSPT phases

Although the mathematical structure and classification of interacting HOSPT phases
(or topological crystalline phases, broadly defined) is now well understood [19, 20, 26,
65, 115, 116, 147, 148], experimentally accessible bulk many-body invariants [128-130)]
for the characterization of such phases are still lacking. The obstacle lies in the fact that
the associated topological or entanglement structure cannot be measured by any local
operator. To tackle this problem, we introduce in this section a many-body invariant for
HOSPT phases, which is closely related to the discrete Wen-Zee response [43, 44, 145],
where a flux insertion changes the angular momentum in specific ways, and leverage its
relationship with the fractional corner charge.

The section is structured as follows: We first prove, Sec. 4.2.1, that the previously
introduced higher-order Zak (Berry) phase measures the Cy eigenvalue after a 27 flux
insertion. Based on this, we define in Sec. 4.2.2 an experimentally accessible many-body
invariant, a U(1) flux insertion operator, and after a short excursion on disclinations
and their relation to differential geometry, we discuss the connection of the many-body
invariant to the discrete Wen-Zee response. This section ends with numerical calcula-
tions, demonstrating that the new invariant indeed distinguishes different HOSPTs and
a brief discussion on its experimental realization (see Sec. 4.2.3).

4.2.1 Higher-order Zak (Berry) phase and its relation to the C, eigenvalue

We demonstrate now that the higher-order Zak (Berry) phase measures the Cy eigenvalue
of the ground state of the non-trivially twisted Hamiltonian. To see this, let us recall
from Sec. 3.3.2 that the higher-order Zak (Berry) phase is obtained from a local twist of
the central plaquette equipped with a zero flux condition }°;6; = 0 (which, e.g., fixes
04). The twisted plaquette Hamiltonian reads (see also Fig. 3.2)%:

4
Hp(©) =Y e®1bl b +hec., © = (61,0203 047 (4.4)
j=1

Note that the central plaquette contains the C4 symmetry center. From the paths defined
in Eq. (3.11), we conclude that the central plaquette Hamiltonian is invariant under Cjy
rotations at initial and final points of each path, and at Gy2. At this point, the phases
are given by ©(Gy) = (3,3, %, —30)T.

Cy eigenvalue

Here, we prove that the higher-order Zak (Berry) phase measures the Cy eigenvalue of
the ground state at ®(Gy). For this, we use that the higher-order Zak (Berry) phase

! Although this is written for hardcore bosons, this equally well holds for finite U < oo.
2This vector is defined by Gy = 5(1,1, nT.

64



Chapter 4 Higher-order entanglement and many-body invariant

can be evaluated by the following discretized formula [101, 149]:

i i NN AR
Vi =~ hm ImlogH (©,)[¥ (e p+1)> e = ( 1792793,94) (4.5)
p=1

where Gi corresponds to the path Ei, Eq. (3.11), which itself is divided into M little
pieces. Moreover we identify |¥(©%,,,)) = |¥(0})) since individual paths £; form
closed loops; thus initial and final states are identical. As each state in Eq. (4.5) appears
twice, this expression is inherently gauge invariant, which is also the reason it is used
for numerical purposes. Using a particular gauge, called parallel-transport gauge® [101],
the expression of the higher-order Zak (Berry) phase reduce to (for clarity, we choose

Yi =)
7 == lim Imlog (¥(©},)¥(©}))
= — Imlog (¥(2m, 0,0, —27)|¥(0,0,0,0)) (4.6)

where |\iJ(G)Il,> denotes the state defined with respect to the parallel transport gauge. To
arrive at the conclusion, we make use of the fact that we are free to shift all phases by
a constant term. Hence, we obtain (¢ = §),

= —Imlog (¥(27 — ¢, —p, —p, =21 + 39) | ¥ (—p, —p, =, 3¢))
= — Imlog (¥ (3, —p, —p, =) ¥ (—¢p, —0, =9, 3¢0))
= — Imlog (U (—p, —p, =, 3¢)|Cy ' [¥(—p, —p, —¢, 3¢))
L T log ((0(Gy))|C4 #(O(Go))) (47)

where in the last step we used that K |¥(@) = |¥(—0))*. Given that formula (4.5) is
inherently gauge invariant and all higher-order Zak (Berry) phases—in the presence of
C4 symmetry—are equal, we proved that 7; measures indeed the Cj eigenvalue of the
ground state at @(Gy).

4.2.2 Constructing a many-body invariant and Wen-Zee response

In the last section, we proved that the higher-order Zak (Berry) phase, introduced by
Araki et al. [128], measures the Cy eigenvalue of the ground state of the twisted Hamil-
tonian. However, to study the interplay between the U(1) symmetry and the spatial
C4 symmetry, the higher-order Zak (Berry) phase is not the optimal choice. Instead,
we will introduce a many-body invariant that reveals the non-trivial interplay of those

3The main idea is to choose a gauge such that Vp < M : Imlog (¥(®%)|¥(®%,,)) = 0. However,
choosing such a gauge introduces a phase difference between the initial and final state, which is
exactly the higher-order Zak (Berry) phase.

4There is another subtlety, namely, if we act with C4 on a particular state, the transformed state can in
general pickup a phase. However, using the gauge degree of freedom, we can choose an initial gauge
such that this phase is trivial, and the last step is justified.
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symmetries based on symmetry twists of the global U(1) and C4 symmetry. Thereby, we
show that the subgroup Z4 x Cj is sufficient to protect the phase. Finally, considering
topological defects such as disclinations in a continuum approximation, we study the
generalized Wen-Zee response using topological field theory.

U(1) flux insertion

At the Cy-symmetric point @(Gp), the Hamiltonian is unchanged if we choose all four
phases to be equal, i.e., §; = 6y = 03 = 04 = T (instead of 04 = —%ﬂ'). If we do this,
then we have introduced a 27 flux into the central plaquette, schematically shown in
Fig. 4.1. Bosons hopping around the central plaquette pick up a phase. If we label the
lattice sites by polar coordinates (r;, ¢;), with the origin in the C4 symmetry center,

then the 27 flux can be introduced via the following unitary operator:

U =exp |i Y ¢ji(rj,é5) |, (4.8)

JE sites

while there is no net flux in any other plaquette. To insert this 27 flux into the central
plaquette, we first need to separate the hoppings that lead to PBC. Therefore, we write
the Hamiltonian as follows:

H = Hopc + 6Hppe, (4.9)

where Hope contains all hoppings shown in Fig. 4.1 and §Hppc leads to PBC. Finally,
the 27 flux is inserted by acting with Us; on the Hamiltonian with open boundary
conditions, R

ﬁQﬂ- = Ugﬂ.ﬁOBcUgﬁ + (5]2’1330. (4.10)

This is important because if we acted on the full Hamiltonian, then we would introduce
the 27 flux in two plaquettes. For what follows, we consider the Hamiltonian with open
boundary conditions; however, for numerical purposes it is more suitable to take PBC
because then, we do not have to consider edge effects.

Commutation relations and angular momentum shift

At this point, we can study the interplay between flux insertion and Cy symmetry. To
this end, we define the action of the spatial symmetry on local operators as follows:

Cyin(rj, ¢5)Cy o= n(rj, ¢j — 7/2), (4.11)

rotating each site clockwise by an angle of 7. Hence, the commutation relation of the
flux insertion operator and Cy reads:

UJTFC4UQ7.- = exp <Z7;N> Cy, (4.12)

which depends on the total particle number modulo four. Thus, for HOSPTs suffering
from a filling anomaly, the angular moment is shifted. To demonstrate this explicitly,
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let us act with the gauged spatial symmetry on the exactly solvable plaquette states
defined in Egs. (4.1, 4.2, 4.3). Before flux insertion, all plaquette states have zero
angular momentum; however, after flux insertion the angular momentum is shifted:

T~ i3
exp <12N) C4|1/)1D/4> =e?2 |¢1D/4>
LT~ %
exp <12N) C4|¢1D/2> =e Wlm/2>
T~ §3T
exp (’LQN) C4W:?/4> = ' W?,D/4>- (4.13)

Thus, the U(1) flux insertion leads to a shift of the angular momentum® J — J + ﬁ with
l € Z4. Note this property remains true even away from the exactly solvable limits since
the symmetry eigenvalue cannot change unless the bulk gap closes.

A discrete gauge flux

From the commutation relation with the flux insertion operator, Eq. (4.12), we see that
it is the particle number modulo four which plays an important role. Indeed, if we insert
the 27 flux in the central plaquette via the Z4 subgroup generated by By = expi%N ,
then the previous results, i.e., the commutation relation Eq. (4.12) and the non-trivial
angular momentum shift remain. The symmetry twist, generated by the Z4 subgroup,
is defined by (using polar coordinates),

~ T 0 3T - o
Vaor = exp (22N2> exp (WN:;%) exp (12N51> exp (27T’LN7T7r> ) (4.14)

where introduced a particle number operator for each quadrant. This also shows that
the Z4 x C4 symmetry is sufficient to protect the four distinct HOSPT phases of the 2D
SL-BHM. This is in agreement with the result of the previous chapter, Chap. 3, where we
saw that it is the fractional part of the charge per quadrant that distinguished different
HOSPT phases. Since we enforced a global U(1) symmetry, together with a second
condition, namely, that edges and bulk have on average a filling ng € {1/4,1/2,3/4}—
the fractional charge was found at the corner of the system5.

Disclinations and charge

So far, we studied the response of the system after flux insertion associated to the internal
U(1) symmetry. In this part, we want to consider the response of the HOSPT phases
by introducing flux associated to the spatial symmetry. A symmetry twist associated to
a spatial symmetry is equivalent to a topological defect in the lattice [20, 65], which for
the model considered here means to introduce disclinations. Physically, this corresponds
to remove a part of the system and recombine the remaining sites. For C4 symmetry, we

®The eigenvalues of Cy are given by ™/,
SWithout the global U (1) symmetry we can in principle remove all particles in a Cy-symmetric manner,

except the particles in the central plaquette, see Fig. 4.4.
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)

Figure 4.3: A $-disclination after removing one quadrant. The remaining sites are
reconnected, introducing a topological defect in the lattice. The red circles
highlight the corners and the disclination core. The blue star denotes the
observer and the blue arrow his/her view at the beginning of the cycle. The
observer is following the path marked with orange arrows. To perform the
closed loop, the observer has to be rotated by 90° as a first step. The figure
is adapted from Ref. [150].

can remove one, two, three, or four quadrants (see Fig 4.3). Each of these procedures
corresponds to a %fn, n € Zy4 disclination flux”. For HOSPT phases with filling anomaly,
the disclination core binds a fractional charge. Before we argue this explicitly, let us
emphasize that there is a sum rule (see also Ref. [151]). From the previous chapter,
Chap. 3, we know that the sum over all corner charges modulo integer is zero. Thus,
this must remain true before and after we removed a quadrant of the system. Recall for
a system with total particle number N = 4k + [, upon subtracting the average filling,
the corner charge takes values 41/4 with | € Z4 labeling different HOSPTs®. Thus, the
sum of the corner charges is equal to [ (or vanishes modulo an integer).

Trivial phase: To understand the physics of the trivial phase, it is sufficient to study its
fixed-point limit, shown in Fig. 4.1b. If we remove a quadrant? of this phase, displayed
in Fig. 4.4, then we simply obtain a copy of the total system with just one quarter of the
total particle number. Since there was not any corner charge before, there is no charge
bound to the disclination core. This result is consistent with previous discussion, where
the trivial phase did not experience an angular momentum shift after flux insertion.

Topological phase: For the topological fixed-point limit, Fig. 4.1a, the situation is a bit
more complicated. However, as sketched in Fig. 4.4, we can first symmetrically localize all
particles—except the one in the central plaquette—and then remove one quadrant. From
the same figure, we see that the upper-left corner, arising from the central plaquette,

"Below, we will explicitly show that a disclination corresponds to a curvature flux.

81n the following we do not differentiate between positive and negative corner charges; what is important
is the fractional part.

9We assume that the size of this quadrant is much larger than £? where ¢ denotes the correlation length.
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Figure 4.4: Disclinations of fixed-point phases. Left: Removing a quadrant of the
trivial fixed-point limit. The removed subsystem is a copy of the total sys-
tem. Right: Removing a quadrant of the topological fixed-point limit at
half-filling. In addition, the blue points label particles, which can be Cy
symmetrically localized, demonstrating that the removed subsystem is again
a copy of the total system with vanishing total fractional charge.

can have different occupations depending on the overall filling. Nevertheless, the total
fractional charge of the removed quadrant is zero'®, which implies that there must be a
fractional charge 1/4 bound to the disclination core. This is a consequence of the fact
that initially each quadrant carries a fractional charge, whose total sum is equal to [
(or vanishes modulo an integer). The fractional charge bound to the disclination core
exactly agrees with the angular moment shift discussed previously.

From Fig. 4.4 we see once more that if we give up the global U(1) symmetry and
only preserve its Z, subgroup that we can symmetrically remove all particles in the
trivial case, and all particles, surrounding the central plaquette, in the topological case.
However, what remains is the fractional charge inside each quadrant!

Disclinations and differential geometry

To develop a field theoretical argument, describing the previous interplay of electromag-
netic and gravitational degrees of freedom, we need to understand how one deals with
disclinations in the framework of differential geometry, using a continuum approximation
of crystals, where the crystalline background is considered as a continuous medium [152—
154].

Lattice. As a starting point, however, we first study this connection from a lattice
point of view, following closely Ref. [155]. To this end, we imagine an observer inside
the lattice, performing closed loops in either configuration, i.e., in the ideal crystal or the
crystal containing a disclination. Thereby, he/she is able to run along the lines, shown
in Fig. 4.3, whenever his/her view is oriented along the lines. In the ideal crystal, the
observer encircles the central plaquette, while in the second case the disclination core.

0Note, we assumed that the removed system can be considered as a copy of the large system.
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The amount of rotation and translation he/she gathered, while performing the closed
loop counter-clockwise, defines the holonomy of the path. If the observer starts facing
south, then the holonomy of the closed loop shown in Fig. 4.3 is given by'!,

A sl A 2 A 2 A 2 2 ~4
Pa T3¢, - T4 T3¢, - T4 - T3¢, - T4 - T3¢, = To - Ty = 1, (4.15)

where 74 rotates the observer by 7/2, Tew is a translation along z and we used that
7y Tez = Tey - 4. If we consider the view of the observer as a vector, then we have
parallel transported a vector around a closed loop. Since the observer did neither pick
up translations nor rotations, the holonomy of this path is trivial, which is generically
the case for flat spaces such as the Euclidean space'?. Instead, in the presence of a
disclination, the path has non-trivial holonomy,

oA oA oA N .3
T4 - TZez T4 T2ez T4 T2ez = Tf2ezr4- (416)

Indeed, a non-trivial holonomy implies a non-trivial curvature of space. This is the
connection to differential geometry we want = disclinations are a source of curvature'®.

For what follows, we consider only the amount of rotation picked up when encircling
the disclination core. The angle € accumulated during the path is called the Frank
angle and uniquely determines the disclination. For the given example here, we find
that Q = —7/2 (7} is a rotation counter-clockwise by 37/2). The negative sign tells us
that material has been removed; however, the sign is not consistently used in literature.
Very often a positive sign is associated with removing material, while adding additional
material is associated with a negative sign (see, for example, Ref. [47]).

Continuum approximation. In this second part, we follow the sign conventions that
whenever material is removed, the Frank angle  is positive. As said in the begin-
ning, topological defects such as disclinations can be treated within the framework of
differential geometry if we assume that the crystalline background can be considered as
a continuous medium [152-154]. In this setup, a perfect crystal is characterized by a
flat Riemannian manifold with Euclidean metric d;; = diag(+, +,+) (considering three
dimensions), i.e., there is neither curvature nor torsion, which implies the absence of
disclinations and/or dislocations. A crystal with disclinations, however, corresponds to
a Riemannian manifold with non-trivial curvature [152, 156], i.e., the metric describing
space is no longer flat'4. If on such manifold, a vector is parallel transported around
a closed loop, then the initial and final vector differ. How these vectors differ is de-
termined by the Riemann curvature tensor. Indeed, if a vector with components vP is

1 0On each corner the local zy frame is rotated by 90°.

12We already learned in school how to parallel transport a vector in Euclidean space. After performing
a closed loop, initial and final vector are identical.

13 An intuitive approach to disclinations: Imagine the following situation: Take a piece of paper and
scissors. First, we cut the paper such that all its sides have the same lengths. Afterwards, we remove
one quadrant, and then try to reconnect the remaining edges. If we do this, then unavoidably the
paper near the disclination core starts to curve.

'4The 2-sphere is an example of a curved Riemannian manifold. The metric tensor is given by ges = 1
and gg¢ = sin? 0. All other components are zero.
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parallel transported around a closed loop, on an infinitesimal square, on a manifold with
sides dz and dy, we obtain [157]'5:

VP —oP = da™dy" RpP v, (4.17)

where the indices m,n, p, ¢ label coordinates of an arbitrary curvilinear coordinate sys-
tem!® and R4 is the Riemann curvature tensor!”. For a flat manifold, the Riemann
curvature tensor is identically zero. Moreover, in two dimensions it is completely speci-
fied by the Levi-Cevita tensor and the Gaussian curvature [157]%:

R’mnpq = Kemnﬁpqv €Emn = \/§€mm €pg = \/gépq (418)

where €,,, denotes the Levi-Cevita symbol with €12 = 1 and /g the square root of the
determinant of the metric tensor.

Alternatively, the Riemann curvature tensor can be fully expressed in terms of the
spin-connection denoted by wyp,'?, which in two dimensions reduce to [157]

Rmnpq = (8mwn — 8nwm) €pq- (419)
Comparing the results of Eq. (4.18) and Eq. (4.19), we obtain:

(Omwn — Onwm) = K\/G€mn. (4.20)

Finally, we can make the connection to the Frank angle characterizing disclinations. For
a two-dimensional system, the Frank angle 2 is defined through the following integral [44,
152]:
1
Q= dz™w,, = = / dz™ A dz" (Opmwn — Onwim) , (4.21)
C(z™) 2 S(zm™)

where the curve encircles the disclination core?’. For this, we used the generalized Stokes
theorem. Using Eq. (4.20), we arrive at the final result

Q= / d?z\/gK, d*z =dz; A das. (4.22)
S
This definition is reminiscent of electromagnetism, where ® is the flux of the magnetic

flux density through a surface ® = [¢ B, associated to some closed curve C' [44, 158].
Consequently, as stated previously, a disclination is a non-trivial source of curvature.

5Here we used a symmetry property of the Riemann curvature tensor, namely, that Rkli]- = Rijkl.

16 An example of such coordinates is given by polar coordinates where {z', 2%} = {r, ¢}.

Indices can be raised and lowered using the metric tensor gyn.

!8For the sphere, with det(g) = R?sin®@ and K = R™2, we find Ry, = sin® 6.

19Tn two dimensions this can be written as wWmpg = Wm€pq [157].

20The integration is on a manifold with non-trivial curvature and the wedge product is defined as follows:
dz ANdy = —dy A dzx.
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Wen-Zee response

Now we have set the stage to study the interplay of electromagnetic and gravitational
degrees of freedom using topological field theory. Thereby, we demonstrate from the
field theory point of view that a magnetic flux carries fractional angular momentum and
a disclination (= curvature flux) carries fractional charge. This is exactly described by
the discrete Wen-Zee response. The Wen-Zee response has been first discovered in the
context of the quantum Hall effect (QHE) [43], which is shortly reviewed in the box
below.

Wen-Zee response and QHE

For the integer QHE effect on a plane, the electron number N, and the number
of magnetic flux quanta Ny are related by an integer v, the filling factor, N, =
vNg [159, 160]. Moreover, a longitudinal electric field along x causes a current
density along y, j, = 04y E; where 0,y = 5-% is the quantized Hall conductivity.
The response of the Hall states to an external electromagnetic field in curved
space-time can be described by an effective topological field theory (= independent

of the metric); the Chern-Simons theory in (241)D [159-162]

Scg = ﬁ/diix g#P)\AMapAA — /d3x\/§ J*AL+ /d3x\/§ PoAo (4.23)

where A, is the external electromagnetic U(1) gauge potential, /g the square root
of the determinant of the metric tensor and é* is the Levi-Cevita symbol. The
current density of the system can be obtained from the principle of least action
with respect to A, [161, 162],

1 8Scs v B+dB i _ v ;B (4.24)

0=/54, " m 5 T m g

where j° = p and pg is the ground state density of the unperturbed system. For
a system on a two-dimensional plane, we find that /g = 1. Thus, integrating the
zeroth component over the two-dimensional space, we obtain: N, = vNy. So far,
we considered the QHE on a two-dimensional plane; however, if considered on a
compact manifold such as a 2-sphere, the relation between the electron number
and magnetic flux quanta experiences a non-trivial shift: N, = vNy — N, =
vN, + % [43, 159]. This shift is solely a consequence of the non-trivial topology
of the sphere and related to its curvature. Indeed, Wen and Zee showed that if the
QHE is considered on a compact manifold, there is another topological term that
needs to be included into the effective field theoretic description [43] (following
the conventions of Ref. [163]):

Scs — Sos + Swz = Scs + % /d?’x €‘up>‘wu8pA>\ (4.25)
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The second field w),, behaving like a U(1) gauge field, is the spin-connection and
is related to the Gaussian curvature K as follows [162, 163] (see also Eq. (4.19)):

O1wz — Oow1 = K /g (4.26)

Again, from the principle of least action we obtain the particle number density,

By + 6B
N4

which is non-trivially shifted. Integrating this over the 2-sphere, using the Gauss-
Bonnet theorem, we get the total particle number,

v K
= —B+—K, B= 4.2
p 2 o ’ )

Ne =vNy + QE/ d?z\/g K = vNg + kx(S?) = vNy + 2k, (4.28)
7 Js2

which implies k = v?/2. Note for a torus there is no shift, since x(7?) = 0.
Replacing w; — A; and K — B, we see that the curl of w is a source of flux.
Given this analogy, let us recall that a charged particle moving in a magnetic
field acquires an Aharanov-Bohm phase exp (ig § A), thus similarly we can define
a quantum number s, which was called spin (not the spin of electrons) such that
a particle with spin s, moving on a manifold with curvature acquires a phase
exp (is $w) [43]. Wen and Zee interpreted this spin semiclassically as angular
momentum of the Larmor orbits, for which they found that s, = (n — 1/2) for
the n-th Landau level [43].

“Here we choose units such that h=c=¢ = 1.

Recently, the ideas of the Wen-Zee response have been generalized to classify SPTs
protected by a combination of spatial and internal symmetries such as Cy x Zg [44],
which is a generalization of Ref. [164]. There the authors have classified SPTs protected
by a direct product of cyclic groups using topological field theories such as Chern-Simons
or Dijkgraaf-Witten field theories. In the generalization of the Wen-Zee response, the
authors of Ref. [44] studied only those field theories that are irreducible in the sense
that any non-trivial subgroup of the total symmetry group contributes to the protection
of the SPT. Indeed, the authors concluded that in 241D the symmetry group Cy X Z4
is sufficient to protect bosonic SPT phases, which agrees perfectly with our previous
results, namely, that the HOSPT phases of the 2D SL-BHM are protected by C4 X Zg4
symmetry?!. To arrive at this conclusion, the authors of Ref. [44] considered the following
topological field theory on a compact manifold M3 (using the notation of differential
forms):

Swz = L wAdA, € Zy, (4.29)
21 Jm,
where [ labels the level of the field theory. As we will see soon, this integer characterizes

*'However, for the fractional corner charges to be meaningful we need to enforce U(1) x Ca.

73



Chapter 4 Higher-order entanglement and many-body invariant

the fractional charge as well as the fractional angular momentum. The fields w?? and
A are non-dynamical Z, gauge fields associated to gravitational and electromagnetic
degrees of freedom, respectively. To study the classification, there have been three
conditions: (i) the large gauge transformations of the fields have periodicity of 2,

7{514 =0 mod 2, j{&u =0 mod 2, (4.30)
(ii) the fields have Z, gauge symmetry,
2 2
]{A:nAZw, fw:nwzw, (na,ny) € Zy X Ly, (4.31)

and (i47) a Dirac quantization condition (= the total flux is multiple of 27)

dA = 0 mod 2, dw = 0 mod 27. (4.32)
Mo Ma

For the partition function ~ €%z to be invariant under large gauge transformations,
we must require that [ € Z. The second constraint, i.e., the level identification, [ ~ [ 44
can be obtained from flux identification [164]. Although globally the total flux must be
multiple of 27, locally we can allow for fractional fluxes so called monodromy defects,
which can be viewed as external flux insertions or symmetry twists [44, 164]. On the lat-
tice, for example, such an isolated defect corresponds to a disclination. From Eq. (4.31)
we see that if a given region contains exactly four defects, then this is equivalent to no
defect (modulo 27)?%. Again, from the lattice point of view, this is consistent with the
fact that only the fractional charge is relevant.

Response. To study the response of the system, we need to evaluate the variation of
the action with respect to the fields w, and A, from which we obtain the associated
currents. From the integral over the zeroth component of the currents, we obtain the
fractional values of the charge and angular momentum [44]:

1 9 0Swz l 1 9 0Swz l
Q=7 [, &V NS i ] v Vabde T

Note that the charge is associated with respect to a variation of wy (the gauge field
belonging to gravitational degrees of freedom), while the fractional angular momentum
is the response of a variation with respect to Ag (the gauge field linked to electromagnetic
degrees of freedom). This result agrees perfectly with what we found in the previous
discussion. A 27 flux insertion leads to an angular momentum shift®* J — J + é and a

(4.33)

disclination binds a fractional charge i.

4.2.3 Numerical measurement of the Wen-Zee response

We now numerically compute the previously introduced many-body invariant, using
exact diagonalization of small clusters (see Fig. 4.5). For this, we calculate the shift of

22The field w corresponds to the previously defined spin-connection (cf. Eq. (4.19)).

231f the fields had different gauge symmetries, say Zy, and Zy,, then flux identification would give
I ~ 1+ Ni2, where N1z = gcd(N1, N2) is the greatest common divisor.

21Recall, the eigenvalues associated to Cy symmetry are defined by >/,
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Figure 4.5: Numerical data of Wen-Zee response. Angular momentum shift of
Hamiltonian (3.1) after inserting a 27 flux through the central plaquette.
The numerical data is shown for 4 x 4 clusters at different commensurate
filling factors ng = {1/4,1/2,3/4} with gapped corners. Panel (a) shows the
response for a /2 rotation of the full lattice and (b) for a partial rotation
that only involves the central plaquette.

the angular momentum quantum number modulo four defined by:

= 2 (arg (Ch), — arg (C)g) mod 4, (4.34)
where [ = 1, 2,3 and the expectation values are taken with respect to the ground states
with [¢), and without flux insertion [¢)),, respectively. Thereby, the former state is the
ground state of Hamiltonian (4.10) and [¢)), is the ground state of Hamiltonian without
flux (4.9). We expect that there is only a non-zero shift if the ground state has non-
trivial topology, or more precisely, describes one out of three different HOSPT phases
with non-zero fractional corner charges. To illustrate the results, let us consider the case
t =0, at filling ng = 1/2 with |¢1D/2>0 defined in Eq. (4.2) and

1
V1)), :ﬁ(—mom +]0110) — |0011) + |1001))

~ 2 (11010 — 0101)). (4.35)
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Using Eq. (4.34), we find a non-trivial shift [ = 2 and, hence, the ground state is
topological non-trivial. Analogously, we can understand the response for filling factors
no = 1/4 and ny = 3/4. As the quantized Wen-Zee response ﬁw A dA is local, a
27 flux insertion changes the configuration of the wave function only within an area
spanned by the correlation length around the center. Moreover, the non-trivial topology
can already be detected by a partial rotation of a symmetric block of sites around the
center (e.g., the central plaquette = C~’4). Since Cyy does generally not commute with the
Hamiltonian, except in the limits ¢ = 0 and ¢ = 1, we find (Cy)y, ~ e~*Bell3 | where /5
is the linear size of the rotated block and a > 0 some constant. The angular momentum
shift [ extracted from this quantity can still be used to characterize the phases, as shown
in Fig. 4.5b. Furthermore, let us emphasize that the partial rotation serves as a bulk
invariant as long as the ground state is locally C4-symmetric. Importantly, it does not
depend on a symmetric termination of the lattice.

Experimental realization

We expect that the invariant can be probed in cold atom or ion trap experiments by in-
troducing an artificial U(1) gauge flux created by rotating traps or coherent light—matter
interaction and measuring the angular momentum shift implemented by local random
unitaries [165-167].

4.3 Entanglement diagnosis for HOSPT phases

The study of many-body entanglement, as obtained from the reduced density matrix
pa for a bipartition of the system into two disjoint parts A and B, has been shown
to be a very useful tool for the characterization of quantum phases of matter [168].
Moreover, the relation between the topological structure and the entanglement spectrum,
i.e., the spectrum of the reduced density matrix p4, has been widely explored [17, 138-
144]. Remarkably, most salient topological properties including quasi particle statistics,
edge excitations, central charge and topological Berry phase can be readily reached by
scrutinizing the entanglement spectrum.

In Ref. [169] it has been proposed that certain HOSPT phases can be characterized by
the entanglement spectrum, more precisely, it was suggested that the low-lying eigenval-
ues e, of the entanglement Hamiltonian A5 (i.e., the logarithm of the reduced density
matrix) reflects the energy spectrum of the in-gap states and, hence, can be treated as
a fingerprint of topological phases. However, such straightforward correspondence be-
tween bulk topology and entanglement spectrum might not apply to strongly-interacting
HOSPT states. First and foremost, some interacting HOSPT states contain a feature-
less gapped entanglement spectrum, equivalently to their trivial phase counterparts. In
addition, the correspondence between the low-lying part of the entanglement spectrum
and the bulk topology cannot be taken too literally [143]. Since the reduced density

£p
1-¢&p

ZFor free-fermion systems, the spectrum e, is given by e, = — log where &, are the eigenvalues of

the reduced density matrix [170].
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matrix is the partition function of the entanglement Hamiltonian (EH) at finite temper-
atures, the high-energy modes in the entanglement spectrum (ES) also contribute to the
intertwined features of the ground state. In particular, the low-lying states of the ES
may undergo a phase transition, while the bulk phase remains unchanged [143].

In this section, we analyze the universal features of the many-body EH in various
interacting HOSPT phases. It is worthy to emphasize that both the low-lying states and
the highly excited part of the ES are responsible for the ground state pattern of HOSPT
phases, so there is no reason to overlook the excited states in the EH. To set the stage,
we will first establish a Kramers theorem for the EH in HOSPT phases:

If the symmetry operator acting on each C,, corner is projective, then the reduced den-
stty matrix with respect to each C,, corner cut exhibits level degeneracies for the whole
entanglement spectrum.

However, for generic C), x U(1) symmetric HOSPT phases, which do not render a projec-
tive symmetry at the corner, the ES upon spatial bipartition might be non-degenerate
and, hence, cannot be treated as a fingerprint for HOSPT states. To conquer this
obstacle, we introduce a new entanglement property—higher-order entanglement, as il-
lustrated in Fig. 4.6b. The basic idea is that we implement further bipartitions for the

(a) (b)

€a b

Ca

Figure 4.6: Higher-order entanglement branching structure. In panel (a) the
ground state is divided into four symmetric regions and in (b) the hierarchi-
cal sequencing of the entanglement spectrum is shown. First, we trace out
region (2-4) to obtain the reduced density matrix for region (1-3). Second,
for any single-valued eigenvector of the entanglement Hamiltonian the entan-
glement spectrum between regions 1 and 3 is calculated, showing a two-fold
degeneracy for the full spectrum.

non-degenerate part of the spectrum, which in turn shows degeneracies. This higher-
order entanglement branching phenomena is a unique feature of HOSPT phases, and is
closely connected to the fractional corner charge and Wen-Zee response. In particular,
the higher-order entanglement indicates that the traditional ES is inadequate for charac-
terizing the topological feature of the ground state. A complete viewpoint of the ground
state structure requires a hierarchical sequence of the entanglement branch.
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4.3.1 Entanglement spectrum for HOSPTs with projective symmetry at the
corner

In this part, we explore the ES of HOSPT phases protected by C, x G symmetry, in
which G renders a projective representation at the C), corner. For example, the HOSPT
phase in the SL-BHM with p = 0 and ng = 1/2 has particle (hole) states localized at
the corners, which are protected by C (with ng = —1,y), Eq. (3.4), and Cy symmetry,
respectively. We denote this as the generalized Kramers theorem of the entanglement
Hamiltonian.

To this end, let us consider a Schmidt decomposition, with Schmidt values {A,}, that
cuts out one quadrant of the ground state |)g),

o) =D AalAa)1|Ba)asa, (4.36)

where the regions (1) and (2-3-4) are defined as in Fig. 4.6a. The Schmidt states {|Aqs)1}
and {|Bg)234} form an orthogonal basis of the two parts, respectively (see Fig 4.7). The

15.0 -
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Figure 4.7: Entanglement spectrum of a corner. Corner entanglement spectrum for
the particle-hole symmetric case (¢ = 0) with even degeneracies of the low-
energy part in the HOSPT phase with half-charge corner states. The weak
symmetry breaking potential at the corners, which we use to obtain a unique
ground state, leads to a breaking of degeneracies at higher entanglement
energies. In the trivial phase, we obtain a gapped featureless entanglement
spectrum.

reduced density matrix p; is diagonal in the Schmidt basis p; = 3, A3|Aa)11<Aa| and
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the entanglement spectrum is given by e, = —2log A,. We first demonstrate that the
Schmidt spectrum is block diagonal in the G basis, provided G is a symmetry of the
ground state. Let us act with the symmetry operation G on the ground state such that,

Glipo) = D NaG|Aa)1G|Ba)234. (4.37)

As G is an internal on-site symmetry, it acts on the two regions independently. We then
set G| Ay )1 as the new basis for the Schmidt decomposition and by doing so, the reduced
density matrix for region (1) is,

pr=7 GAAd)11{AG™ = GG (4.38)

This implies that G commutes with the reduced density matrix p; and the Schmidt
spectrum is block diagonal with blocks labelled by the symmetry eigenvalues. Now
assume G has a projective representation at the corners. We start with a simple example
where G = C. This is precisely the case in Eq. (3.1) at p =0 and U — oo (= hardcore
bosons). As the reduced density matrix p; commutes with C, we can regard the EH
p1 = e ™ as a many-body system with ¢ symmetry. Since C is projective for each
corner, we have C? = —1 for 01, which indicates C is projective when acting on the
reduced density matrix with respect to the corner region. Consequently, all eigenstates
in the EH come in Kramer pairs. For the last statement to be true, it is crucial that C
is antiunitary?S.

Numerical evaluation

To demonstrate the previous result, we take the model in Eq. (3.1) at the ¢ symmetric
point = 0,U — o0, i.e., hardcore bosons at half-filling. In the HOSPT state (¢t — 0),
the corner is decoupled—resulting in a two-fold level degeneracy and in a projective
representation of ¢ symmetry at the corner. In numerical simulations, these zero energy
states at the corner would unavoidably couple with each other due to finite size effects.
To avoid such long-range entanglement from the corner zero modes, we apply a weak local
chemical potential at each corner to pin the corner configurations without affecting the
bulk. Although ¢ symmetry is weakly broken near the corners, the two-fold degeneracy
of the low-lying states in the ES, contributed from the local entanglement near the cut-
center, still persists. However, the degeneracy of the highly excited spectrum is slightly
lifted as a consequence of the weak symmetry breaking near the corners. In Fig. 4.7 we
plot the ES with respect to the relative hopping amplitude ¢. In the HOSPT phase, the
low-lying part of the ES exhibits a robust two level degeneracy. As already mentioned,
the high-energy part displays level splitting due to ¢ symmetry breaking at the corners.
In the trivial phase, the ES is featureless with a unique ground state.

26The antiunitary part is crucial for the proof of Kramers theorem. Assume there is a unique ground
state such that C |¥) = ¢|¥). Applying C twice on this state gives: C?|¥) = |c|* |¥); however, with
C% = —1 this implies |c|2 = —1, which is a contradiction. Hence, there cannot be a unique state.
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4.3.2 Higher-order entanglement in HOSPT phases

We will now explore the properties of the entanglement spectrum of HOSPT phases that
do not exhibit projective representations at the corners. We begin by demonstrating
that the HOSPT model in Eq. (3.1) with Cy x U(1) symmetry can host featureless
entanglement spectra for any spatial cut away from p = 0 (i.e., broken particle-hole
symmetry). Let us again focus on the reduced density matrix p; with respect to the
Cy-symmetric quadrant cut in Figs. 4.6a and 4.7. For HOSPT phases with corner charge
Qcorner = 1/4(3/4), away from the points with fine-tuned ¢, the ES for region (1) has
a unique ground state. This non-degenerate spectrum is a consequence of the broken
¢ symmetry?’. Thus, the configurations with even or odd number of charges in each
quadrant have different weights. Let us consider a typical fixed-point wave function of
the HOSPT phases with 1/4 charge at the corner, which can be written as a product of
plaquette entangled states, analogously to Eq. (4.1). If we trace out a corner site from the
plaquette, the reduced density matrix has unique eigenvalues 1/4 and 3/4, respectively.
Meanwhile, if we make a Cy-symmetric cut as shown in Fig. 4.6a by tracing out the

b
(a) ng =1/4 (b) ng =1/2
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Figure 4.8: Higher-order entanglement. Higher-order entanglement spectrum for a
Cy-symmetric bipartition (1-3)-(2-4) (see Fig. 4.6a) of the ground state of
Hamiltonian (3.1) (x =0, U — o) by tracing out the two diagonal corners.
The simulation is made for t = 0.1 with corner charges 1/4 (a) and 1/2 (b),
respectively. The latter case shows a featureless entanglement spectrum with
a unique ground state.

region (2-4), we find a robust degeneracy and all eigenvalues appear in pairs as shown
in Fig. 4.8a. If we, however, consider a HOSPT phase with corner charge Qcorner = 1/2,
the ES for region (1-3) has unique and degenerate low-lying states (see Fig. 4.8b). To
summarize, the traditional ES is insufficient for recognizing generic HOSPT phases,
since it provides only limited information about the ground state topology. We therefore
introduce a new entanglement property—~higher-order entanglement with a hierarchical
sequence of the ES to categorize distinct HOSPT phases.

2TNote, such a state can never be particle-hole symmetric since the number of holes and particles is
different.

80



Chapter 4 Higher-order entanglement and many-body invariant

Cy x U(1) symmetry

We now elaborate the power of higher-order entanglement branching for HOSPT phases
with C4 x U(1) symmetry, but the argument can be generalized to any Con symmetry.
As a starting point, we bipartite the system into two C4 symmetry related regions (1-3)
and (2-4), respectively (see Figs. 4.6a and 4.9a). The Schmidt decomposition for the two
regions is given by,

[ho) = > AalAa)13|Ba)as- (4.39)

The two halves are related by symmetry, and thus the Schmidt states are transformed
into each other |A,)13 <> C4|Bg)24. Since the ground state |t¢)g) is Cy-symmetric, no
matrix elements connecting states with different Schmidt eigenvalues A, can occur. A
unique Schmidt value A, implies that |Ay)13 = C4|Ba)24 with two equal configurations.
When |Ay)13 # C4|Ba)24, the Schmidt spectrum has to be degenerate to ensure that
the state is Cy-symmetric. Moreover, as the theory is U(1) symmetric, each Schmidt
state has a well-defined charge number. When the HOSPT phase contains fractional
corner charges Qcorner = 1/4 (3/4), the total charge number of the ground state is odd
4N + 1 (4N + 3). Under this circumstance, the Schmidt states |Ay)13 and |Bg)24 must
have different U(1) charges to ensure that the total charge number is odd. This in
turn implies that |Ay)13 # C4|Ba)24 and, consequently, all Schmidt values A, must be
degenerate for a Cy-symmetric ground state |t)g).

Higher-order entanglement

When the HOSPT phase contains fractional corner charges Qcorner = 1/2, with the total
charge being even 4N + 2, it is possible to have unique Schmidt values. For this specific
case, the ground state wave function of the Cy x U (1) symmetry-protected HOSPT phase
is adiabatically connected to two, in the C4 symmetry center crossing, one-dimensional
SL-BHMs along the diagonal and off-diagonal direction, respectively (see also Fig. 2.7).
Although the corner still carries fractional charge, there is no entanglement between
regions (1-3) and (2-4) resulting in a single-valued ES.

This is where the higher-order entanglement becomes crucial: We first separate the
Schmidt spectrum into a degenerate part (with |Aq)13 # C4|Ba)24) and a unique part
(with |An)13 = C4|Ba)24), as shown in Fig. 4.9a. Let us further bipartite each unique
Schmidt state to obtain a hierarchical sequence of the higher-order ES (see Fig. 4.9b),

Aa)is = 3 MO 11D5)s. (4.40)
il

Note that equivalently we could have considered the corresponding state |B,)o4. The
two halves are related by Cy = C% symmetry and, consequently, the Schmidt states
are transformed into each other |C,)1 <+ C3|Ds)s with A, = As. Moreover, all unique
Schmidt states |A,)13 must have charge number 2N + 1 to guarantee the total charge of
the ground state is 4N +2. Thus, we can use a similar argument to show that all Schmidt
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Figure 4.9: Higher-order entanglement spectrum. Entanglement spectra of the
HOSPT phase with half-corner charge at t = 0.1. (a) Entanglement spectrum
for a bipartition in which the two parts are related by the Cy symmetry. (b)
Higher-order entanglement branches of the unique Schmidt states with exact
degeneracies.

values must come in degenerate pairs. In particular, there cannot be a single state in the
decomposition with |C,)1 = C2]| D)3 and, thus, the entire spectrum must be degenerate.
The argument flows as follows: If there is a single state with |Cy); = C2|D,)s, then
|Cy)1 should carry 1/2 charge number to guarantee the total charge for |A,)13 being
odd. However, as the elementary charge is an integer, half charges only appear as a cat
state |0) 4+ |1) and, consequently, breaking U(1) symmetry. Numerically, as shown in
Fig 4.9, we confirmed the expected higher-order entanglement branching structure for
the SL-BHM defined in Eq. (3.1).

Generalizations to Co»

A similar argument holds for Co» symmetric HOSPT phases: The entanglement branch-
ing structure is similar, but we just need to duplicate the bipartition step further as the
initial Schmidt spectrum might contain a series of non-degenerate eigenstates. If we take
such state out and redo the bipartition n — 1 times, the resultant n-th order spectrum
should always contain two-fold degeneracies. In particular, it is worth emphasizing that
if we merely make a Con symmetric corner cut and calculate the ES of that region, the
ES may not display any robust degeneracy. This is obvious for the plaquette entangled
state W?')j/ 4) defined in Eq. (4.3) with ES eigenvalues 1/4 and 3/4, respectively.
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4.4 Summary & Outlook

In this chapter, we took two different routes to characterize higher-order topology in
strongly-interacting models, such as the two-dimensional SL-BHM. Thereby, starting
from the higher-order Zak (Berry) phase, we derived a topological many-body invari-
ant that characterizes HOSPTs by revealing a non-commutative algebra with C,, rota-
tions that is closely related to fractional corner charges found in the previous chapter
(Chap. 3). The interplay of electromagnetic and gravitational degrees of freedom is de-
scribed by the discrete Wen-Zee response. To study the corresponding topological field
theory, we first argued that lattice defects such as disclinations are a source of curvature
and in a continuum description are closely related to the spin-connection®®. Finally,
using exact diagonalization of small clusters, we demonstrated the practical relevance of
the many-body invariant.

Second, we studied the entanglement spectrum of HOSPT phases and revealed its
non-trivial relation to fractional corner charges as well as the discrete Wen-Zee response.
To this end, we first considered the entanglement spectrum of HOSPTs that have an ad-
ditional symmetry rendering projective representations at the corners and established a
generalized Kramers theorem. Further, we introduced a new concept called higher-order
entanglement, to scrutinize and differentiate various higher-order topological phases from
a hierarchical sequence of the entanglement structure. Namely, certain HOSPTs, upon a
Ch-symmetric bipartition, have at first-order a featureless entanglement spectrum, that
is, the spectrum contains both; degenerate and non-degenerate Schmidt states. However,
if a HOSPT phase is non-trivial, we showed that if we further bipartite non-degenerate
Schmidt states, we finally obtain a fully degenerate entanglement spectrum.

Outlook. So far, we studied the discrete Wen-Zee response only for a particular model;
however, as several times said, we believe that the Ansatz is true in general and holds
for all U(1) x C), symmetric HOSPTs. To this end, it might be useful to study another
concrete example. Alternatively, another route we could take is to study HOSPTs in
higher dimensions and ask, to which extent those ideas can be generalized. Definitely,
all of those are certainly valid questions/thoughts; however, at this stage we are mostly
interested in another point: Although we made a significant step forward in finding a
bulk-boundary correspondence, we have not yet found a relation that equates changes
of the fractional corner charge and the higher-order Zak (Berry) phase, similar to the
one-dimensional case (see Sec. 3.3.4). A first step towards such a relation is shown in
the next chapter.

28Recall, the spin-connection forms the second gauge field in the field theory description of the Wen-Zee
response.
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Chapter 5

Thouless pumps and bulk-boundary
correspondence in higher-order
symmetry-protected topological phases

Protected (gapless) modes on submanifolds of topological phases of matter are a charac-
teristic phenomenon of such states. For one-dimensional systems such as the SSH model,
charge accumulation at the 0D boundary results from a non-trivial bulk polarization,
which, discovered by King-Smith and Vanderbilt [171], was shown to be a manifestation
of the Zak (Berry) phase of the underlying Bloch bands [102, 172]. Resta generalized
this soon to interacting many-body systems with periodic boundaries by relating the
polarization to the many-body position operator and the generalized Zak (phase) [45]
(see also Sec. 3.3.4). Intuitively, the bulk-boundary correspondence for such systems can
be understood as follows: Changing the bulk polarization is intimately linked to changes
of the charges residing at the boundary. Such quantized charge transport is exactly
described by topological Thouless pumps [29, 173-177].

As we have seen in Chap. 3 the one-dimensional SL-BHM at half-filling is character-
ized by a filling anomaly resulting in fractional edge charges, which are in one-to-one
correspondence with a bulk polarization [29, 177]. Since the construction of the 1D
and 2D system is closely connected, it is tempting to believe that such bulk-boundary
correspondence can be straightforwardly generalized. As partially discussed in Chap. 3,
there were proposals by recent works [129, 130] that tried to generalize the many-body
polarization of Resta to a many-body quadrupole operator; however, these approaches
have sparked controversy for U(1) conserving systems [131] because the definition of
such operator has led to inconsistent results.

Although we saw that the Cy higher-order Zak (Berry) phase and the fractional corner
charge signal non-trivial topology of the 2D SL-BHM, there has been no exact corre-
spondence between those two invariants so far. As a first step towards such relation, we
introduce a simplified version of a higher-order Zak (Berry) phase that, however, is only
well-defined for HOSPTs with hardcore bosons at half-filling. Nevertheless, by extend-
ing the ideas of Resta’s seminal work [45] to higher-order topology, upon using Thouless
pumps and quantized charge transports, we can find an exact correspondence between
a topological bulk invariant and fractional corner charges—obtaining a bulk-boundary
correspondence for strongly-interacting higher-order topological systems.

Overview. This chapter is based on [P3] and divided into four main sections: In the
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first part, Sec. 5.1, we reconsider the Cy higher-order Zak (Berry) phase introduced by
Ref. [128] and consider peculiarities of the invariant as we approach the thermodynamic
limit. To resolve these, we introduce a new kind of boundary conditions so-called Cor-
ner Periodic Boundary Conditions (CPBC), upon which we construct a simplified Zy
quantized higher-order Zak (Berry) phase.

Further, in Sec. 5.2 we consider two different Thouless pumps connecting topologically
distinct HOSPT phases and characterize the charge transport in terms of four Chern
numbers that are directly linked to the windings of the Zg higher-order Zak (Berry)
phases, defined for each corner. Thereby, the Chern numbers have to fulfill a sum rule to
guarantee net charge conservation. Moreover, we briefly argue that the Zo higher-order
Zak (Berry) phase can characterize Thouless pumps even at finite interaction strength,
although its quantizing symmetry is broken. This section ends with a numerical case
study of Thouless pumps of the SL-BHM and a brief discussion on quadrupole operators,
based on insights we obtained from the Thouless pumps.

Section 5.3 is at the heart of this chapter, since it proves the bulk-boundary corre-
spondence by extending Resta’s idea [45] to higher-order topological systems. Moreover,
using an adiabatic expansion, we can relate the change of the corner charge during one
cycle to a current through the corner, which is sensed by the Zs higher-order Zak (Berry)
phase introduced at this corner. Moreover, to build on this, using a half-Thouless pump
cycle, we can directly relate a non-trivial, quantized change of the Zy higher-order Zak
(Berry) phase to the emergence of quantized fractional corner charges.

Lastly, in Sec. 5.4 we shortly discuss a possible extension of the bulk-boundary corre-
spondence for the Cy higher-order Zak (Berry) phase, which we extensively discussed in
Chap. 3. Thereby, we shed light on aspects that directly generalize and sketch a possible
way how the bulk-boundary correspondence remains true for this invariant—although
we have not worked out the details yet.

5.1 The higher-order Zak (Berry) phase revised

In the previous chapters we have seen that the higher-order Zak (Berry) phase introduced
by Ref. [128] distinguishes the topologically distinct HOSPT phases of the 2D SL-BHM
at different fillings. However, up to this point, we have not yet justified that this invariant
is actually well-defined if we approach the thermodynamic limit. To this end, we start in
this section with discussing certain difficulties of the higher-order Zak (Berry) phase as
we approach L — oo. Then, we present a possible solution to overcome these problems
by defining new boundary conditions, and finally we introduce a simplified higher-order
Zak (Berry) phase quantized for HOSPTs with U(1) x Zg x C4 symmetry using two
different gauge choices.

5.1.1 Deficiencies of the higher-order Zak (Berry) phase

In Chap. 3 we showed that the higher-order Zak (Berry) phase can be obtained from
twisting the central plaquette of the many-body Hamiltonian (see Fig. 3.4). Although
there is a zero flux condition for the central plaquette, there is, however, non-zero flux
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in the neighboring plaquettes, which can be seen from Fig. 3.4. For finite systems, this
is not problematic because there is always a finite gap'; however, for infinite systems,
L — oo, we are not guaranteed that the bulk gap under flux insertion remains finite.
If the bulk gap was not finite in the thermodynamic limit, that would imply that the
higher-order Zak (Berry) phase is not a genuine topological invariant. One solution to
this problem would be to find a gauge transformation that distributes the local twists
over many links such that locally the flux is proportional to ~ 1/L and, hence, locally
the flux vanish as we approach the thermodynamic limit. However, here we will present
another solution, namely, introducing new boundary conditions.

5.1.2 Corner periodic boundary conditions

To circumvent the previous problem of inserting finite flux in the bulk, we introduce
new boundary conditions so-called Corner Periodic Boundary Conditions (CPBC) con-
necting only the links at the corners, as displayed in Fig. 5.1. Compared to PBC, such a

(@) (b)

Figure 5.1: CPBC and higher-order Zak (Berry) phases. Corner periodic bound-
ary conditions for the 2D SL-BHM, with fluxes (shaded regions) at the
corner-connecting links. Compared to PBC, such a system has edges. (a) If
we apply the construction of the higher-order Zak (Berry) phase of Ref. [128§]
to the corner-connecting links, then we are guaranteed to not introduce flux
in the bulk of the system. Panel (b) shows the Zy higher-order Zak (Berry)
phase. Only two out of our links are twisted, and there is only a single pa-
rameter 6.

system has edges and, consequently, we can clearly distinguish bulk and edge properties.
Moreover, this allows us to move the Ansatz of Ref. [128] to the outside of the system,
which guarantees that there is no flux in the bulk of the system and renders the higher-

1Clearly, there are exceptions. In particular, there might be level crossings due to changes of quantum
numbers.
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order Zak (Berry) phase to be a well-defined, genuine topological invariant as L — oc.
However, this Ansatz has also drawbacks, in particular, for fillings ng € {1/4,3/4}.
While for the half-filled case the edges in the thermodynamic limit are well-defined, the
situation is different for other fillings. Here we must add terms to the boundary that,
on one hand, ensure the correct filling, and, on the other hand, keep edges gapped as
L — oo.

5.1.3 A Z, quantized higher-order Zak (Berry) phase

For studying a bulk-boundary correspondence, we first introduce a simplified higher-
order Zak (Berry) phase that distinguishes the HOSPTs of the SL-BHM for hardcore
bosons at half-filling. In Sec. 3.1 we showed that the SL-BHM in this limit has two
additional antiunitary symmetries. One of those we denoted by S, Eq. (3.4), which
has the property that ‘SA':%y = 1. For what follows, we redefine this operator, namely, we
remove the operation of complex conjugation in the definition and consider it as a unitary
Zs symmetry, i.e., S48 = i. However, the action on local operators is unchanged and
given as follows: Bly > 5x7y2.

Construction of the Z, higher-order Zak (Berry) phase

The construction is similar to the higher-order Zak (Berry) phase introduced in Sec. 3.3.2.
To this end, we decompose the Hamiltonian into two parts HCOPBC — FOBC L FC where
HC contains the corner-connecting links and HOBC is defined in Eq. (3.1). If we label
the corners counter-clockwise, starting from the upper-left corner, then this Hamiltonian
is given by>

A = —t (af, e, + af, ey + af, e, + af, 00, +hoc) (5.1)

The phase twist is then introduced by applying the gauge transformations Ui, i €
{1,2,3,4} on H® only:
HE(6) = U (0)HTi(0), (5.2)

with [71(0) = ¢ Here ¢, is the particle number operator at the i-th corner. Since
there are four corners, there are four possible ways to introduce the phase twist, as
shown in Fig. 5.2. Although Cj is not crucial for the quantization of this phase, it,
nevertheless, relates different gauge choices Cy : UZ — Ui_l,_]_, where rotations are defined
counter-clockwise. Compared to the Cy-quantized higher-order Zak (Berry) phase, this
simplified version depends entirely on a single parameter. Again, we have a zero flux
condition, namely, summing up all phase factors along the corner-connecting links results
in zero total flux. Finally, the Zy higher-order Zak (Berry) phase is evaluated via the

following formula:
2

Vi =i A d (i (0)[g|1i(0)) - (5.3)

2Recall that for hardcore bosons we use a different notation.
3Since this is true for any value of U we use the general notation of bosonic operators.
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Figure 5.2: Direction-dependent sensing of charge flow. Model with corner-

periodic boundary conditions (CPBC). We propose four gauge choices U1
(a), Ua, Us, Uy (b) that are connected by Cy-symmetry, Eq. (5.2). The
higher-order Zak (Berry) phases defined on these choices act as sensors of
charge flow. They are only sensitive in the direction of the electric field
(blue) that is induced when the flux in the outer super-cells becomes time-
dependent.

Quantization of the Z; higher-order Zak (Berry) phase

To show quantization of the Zg higher-order Zak (Berry) phase, we assume U — oo and
use that the twisted Hamiltonians transforms under S as follows*:

SHEPBC(0)S = ALTBC(~9), (5.4)

which implies that S [1;(6)) = ") |4p;(—0)). Using this, we obtain:

2T "
vi=i ) df (1:(6)1S5% 86| 11(6))
2 2w
=1 ; d0 (¢i(—0)|9|1i(—0)) — ; df 9pp(0)
= —; + 27Z, (5.5)

which implies that 27; = 0 mod 27 and consequently v; € {0,7}°. Indeed, as shown
in Fig. 5.3, we see that the Zy higher-order Zak (Berry) phase distinguishes the two
topologically inequivalent phases of the SL-BHM at half-filling and U — oo. Thereby,

“Note that $% = 1.
°In the last step of the derivation we used that |t);(6 + 27)) = |10:(6)).
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Figure 5.3: Quantized Z; higher-order Zak (Berry) phase. We show 71 (72,73
and 74 look identical) as a function of the tunneling parameter ¢ at half-
filling (N = L?/2) and with CPBC for L = 4. The insets show the density
expectation values of a 4 x 4 system at filling N = L?/2+2. Even though the
non-trivial phase (¢ > 0.5) does not exhibit any corner states due to CPBC,
the two extra particles above half-filling lead to an occupation imbalance
between edge doublets and bulk plaquettes that is unique to the non-trivial
phase.

Cy symmetry ensures that the Zo higher-order Zak (Berry) phases on each corner are
the same, i.e., y1 = ... = 74 mod 27.

A different gauge choice

Later, in Sec. 5.3 we prove a rigorous bulk-boundary correspondence for the Zso higher-
order Zak (Berry) phase. However, this necessitates that we are able to apply perturba-
tion theory, which requires the phase twists locally to be of order ~ 1/L. To this end,
we use the degree of freedom that there are many ways of how we can introduce the
phase twists into the system (cf. Sec. 2.2.1). Up to this point, we chose to twist the
corner-connecting links; however, choosing another gauge transformation @(0)—deﬁned
with respect to each corner—we can distribute the phase twists over all hoppings in
a triangle T; spanned by the corners c¢;—1 < ¢; — cj4+1. This is graphically shown in
Fig. 5.4 (for ¢ = 1). Thereby, as desired, each phase twist is of order ~ 1/L. For the
triangle 717, for example, the gauge transformation is given by

N 0 . N R
V1(9> = exp <'LLX1> , Xi= Z fx,y;ln:v,ya fx,y;l = (y —z). (5.6)
xayETl
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Figure 5.4: A different gauge choice. In the new gauge, the phase twist is distributed
over all hoppings contained in the upper triangle 77 spanned by the corners
co < ¢1 — ¢4. Each hopping is modulated by a phase factor with angle 6/L.
The direction is such that a particle hopping from right (bottom) to left (top)
acquires a phase factor e’/L. Inside the bulk there is no flux, but there is a
flux & = # in the outer rings formed by CPBC. The gauge transformations
for the other triangles can be obtained by applying Cy symmetry on this
configuration.

Other triangles and gauge choices can be obtained from applying Cy rotations counter-
clockwise. The new Hamiltonian, obtained from this gauge choice, reads:

1GEPC(0) = Vi(0)BETEC (0)V; (9). (5.7)

Note, unlike ﬁf PBC (), this Hamiltonian is not invariant under a shift of 27, instead:
flg‘fBC(H +27) = %(QW)ﬁg‘fBC(Q)ViT(%r). After applying the gauge transformation
to the Hamiltonian, the resulting Zy higher-order Zak (Berry) phase experiences a non-

trivial shift:
2

v =~ [ 46O (@) (58)
0

However, by applying the same trick as shown in Eq. (5.5), it is easily derived that the
shift, in the presence of S symmetry, is quantized and given by,

2m X T
a0 O T r0) = T 3 Fug (59)

z,yeT;

Although individual values of the Zs higher-order Zak (Berry) phase are shifted, the
difference is unchanged, i.e., Ay; = Av;.yy mod 27, which is sufficient because in actual
experiments only differences are accessible [172].
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5.2 Introduction to Thouless pumps and their application

A Thouless pump is a cyclic adiabatic variation of external parameters along a sym-
metry breaking path. If the path encircles a gapless point (or region) separating two
topologically distinct quantum phases, then it leads to quantized charge transport that
characterizes the topology of the bulk [29, 173-177]. Before we proceed, let us briefly
explain the keywords: The path must be cyclic because to characterize the topology
of the path, using Chern numbers, we need to have a two-dimensional compact mani-
fold such as a torus, which is defined by the corresponding parameters. For example,
for non-interacting systems, the parameter space is usually given by the 2D Brillouin
zone [71, 178]. Further, the path must be adiabatic® since we want to relate changes of
ground state properties to Chern numbers. Moreover, by definition, such a path only
exists if we explicitly break those symmetries that distinguish the two topologically dis-
tinct phases (see Sec. 2.1.2). Lastly, it is important that the path encircles the gapless
point /region. From a physical standpoint, we can interpret this as a source of flux, which
is quantized, if integrated over a compact manifold. Otherwise, the Chern number can
be rewritten as a winding number of the Zg higher-order Zak (Berry) phase. A curve
not encircling the gapless point/region can be continuously shrunk to a point. Clearly,
such a path cannot have a non-trivial winding number.

For the 2D SL-BHM, the pumping cycle consists of a closed trajectory in a A-t param-
eter space characterized by a single parameter A. The path crosses two Zo-symmetric
(as well as Cy-symmetric) points and avoids—by explicit symmetry breaking—closing
the bulk gap, see Fig. 5.5b. Here, A controls the strength of additional on-site poten-
tials. The arrangement of the local density terms dictates the direction of the charge
transport, while the Zs higher-order Zak (Berry) phases serve as direction dependent
sensors of charge flow (see Fig. 5.2).

In this section, we first introduce the pumping procedures, which are used to inves-
tigate the quantized charge transport in the 2D SL-BHM. Second, we discuss how to
characterize Thouless pumps using Chern numbers and their relation to the Zy higher-
order Zak (Berry) phase and charge transport. Lastly, we consider a concrete case study
of the 2D SL-BHM on small clusters using exact diagonalization. From these results,
we briefly argue why a quadrupole operator cannot characterize the HOSPTs of the 2D
SL-BHM.

5.2.1 Pumping procedures

In this part, we introduce two different pumping procedures, from which we gain inside
into the topology of the 2D SL-BHM at half-filling and U — oo.

Si.e., at each point along the path the system is in its instantaneous ground state and there is a finite

gap to the excited states.
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Figure 5.5: Thouless pumps in the 2D SL-BHM. (a) Interacting bosons on a square
lattice with staggered tunneling (strengths ¢ and 1 — ¢, respectively) and
OBC. (b) Thouless pump parametrized by A € [0, 27), as defined in the text,
with A controlling additional on-site potentials shown in (c). (c¢) Density
evolution during a diagonal (upper panel) and a non-diagonal (lower panel)
half-Thouless pump cycle, ending in a quadrupole and a dipole configuration,
respectively. On the left, the corresponding arrangements of the additional
on-site potentials are sketched: For creating a diagonal Thouless pump, we
add in each plaquette shifts of equal sign on diagonally opposite sites. For
creating a non-diagonal Thouless pump, we add shifts of the same sign on
the same side.

Diagonal Charge transport (diagonal pump)

For the diagonal pump, each plaquette is decorated with on-site potentials in a cross-
diagonal arrangement, Fig. 5.5¢ top left. The corresponding Hamiltonian is defined as
follows:

D
H{f2C (0 0) = HOPCO) + AE (X 0) + AQ) Y (~)leHPHuDla, o (5.10)
z,y=—D

where D = (L —1)/2". The parameter 6 is associated to the Zy higher-order Zak (Berry)
phase, while A controls the pump procedure. The subscript “i” tells us on which corner

"These coordinates are measured from the Cy symmetry center placed in the center of the lattice.
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we introduce the phase twist, as shown in Fig. 5.2. The trajectory in A-f parameter space
is a shifted circle with ¢(A\) = (1 +cos \)/2 and A(\) = sin A (see Fig. 5.5b). If we apply
this pumping procedure for a Hamiltonian with open boundary condition at half-filling
and track the density evolution over a half-cycle, then charge accumulates such that
there is a quadrupole configuration, which is displayed in Fig. 5.5c. All corners carry
fractional charge, where the sign of fractional charges on diagonally opposite corners is
different. In total, there are two fractional charges with positive +1/2 and two with
negative sign —1/2, respectively.

Symmetry transformations. For finding a sum rule of the four Chern numbers asso-
ciated to each corner, and a characterization of the half-cycle, it is useful to study how
Hamiltonian (5.10) transforms under symmetries. Indeed, the arrangement of local den-
sity terms in Hamiltonian (5.10) transforms nicely under Cy symmetry (setting 6 = 0),
namely,

Cy: HGEPC(N) = HGEPC (—N). (5.11)

Similarly, it transforms under S, which, however, leads to a constant shift,

S:HSPBO(N) - ﬁgiBC(—)\) + const. (5.12)

resulting from S : Ay — Ly — Ny

Horizontal charge transport (non-diagonal pump)

For the second procedure, each column has the same sign of the on-site potentials. The
corresponding Hamiltonian reads:

D
TGPC (A, 0) = HOPCO) + HE (X, 0) = A Y. (=) iy, (5.13)
z,y=—D

The parameters have the same parametrization as previously. However, this time, if we
track the density for a system with open boundary conditions over a half-cycle, then the
final charge configuration has the form of a dipole, i.e, on the left the two corners carry
fractional charge with positive sign +1/2, while the corners on the right have a particle
missing and, thus, carry a fractional charge with a negative sign —1/2.
Symmetry transformations. Likewise to the previous path, this trajectory transforms
nicely under Cy = C% symmetry with (6 = 0):
Co : HEFBO(N) — HELPO (-, (5.14)

hor hor

while for 8, we again obtain a constant shift,

S HEPBC(\) — ASFPBC(—)) + const.. (5.15)

hor
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5.2.2 Characterization of Thouless pumps

Here, we first argue that the four Chern numbers characterizing the Thouless pump
are the winding numbers of the Zy higher-order Zak (Berry) phases. Second, we show
how charge transport and Chern numbers are related. Using the symmetry properties
of the pumping procedures and the Zy higher-order Zak (Berry) phases, we relate the
fractional corner charge to the Zs higher-order Zak (Berry) phase. Lastly, we argue that
although the global Zy symmetry for softcore bosons, i.e., U < oo is broken, the Zo
higher-order Zak (Berry) phase can still be used to characterize the Thouless pumps.

Chern numbers and the Z; higher-order Zak (Berry) phases

In seminal works [173-176] Thouless, Niu and others showed that the many-body Chern
number for a two parameter dependent wave function, |¢(A, #)), where parameter space
defines a torus, (A, 0) € T?, can be written as:
7 2m 2

Ci= g/o dA ; db ((Oai(N, 0)]0g1i (N, 0)) — (Dgtbi (N, 0)|Oxhi (N, 0))) (5.16)
where the subscript on the Chern number is explained soon. This integral formula
is precisely the flux of the Berry curvature through the surface of a compact mani-
fold [71, 178] and, thus, integer quantized C' € Z. On the other hand, using that
(Opi( N, 0)| (N, 0)) = — (Pi(\, )00 (N, 0)), the Chern number reads:

q 27 27 1 2
=" " ax aA/O (0000, 0)) = 5= [ dh drm(), (5.17)

21 Jo
which is nothing else than the winding number of the i-th Zs higher-order Zak (Berry)
phase. Note that in the definition of the Chern number we could have also used ;.1
because the shift, defined in Eq. (5.8), is gauge-invariant and, thus, periodic in A —
A+ 2.

Sum rule. The sum over all four Chern numbers of the diagonal and horizontal pump
is zero, which can be deduced from the symmetry properties of the paths defined in
Eq. (5.11) and Eq. (5.14). For example, if we consider the diagonal arrangement, then
we obtain (by a similar trick as used in Eq. (5.5)):

2

1
Ci=—t [ drayu()
27 Jo
C 1 2
== dXdipa (=)
™Jo
1 2

= — [T A i (A
o o O\Yit1(A)

o (5.18)

A similar argument we can use for the horizontal path. There we find that C; = —Cj3
and Cy = —C4. As we will see in the next section, the sum rule guarantees charge
conservation.
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Chern number and quantized charge transport

Later, in Sec. 5.3 we will prove that the charge transport is related to the Chern number
by extending Resta’s argument [45] to higher-order topological systems. A key step in
this process is, that the adiabatic flux insertion in Eq. (5.7) can be directly related to
a current passing diagonally through a corner, J; = dgHu.y (6)]g—=o for i = {1,...,4}%.
Integrating up these currents along an adiabatic path, touching two HOSPTs, gives the
total charge pumped during one cycle,

Age, = —Ci. (5.19)

From Eq. (5.17) it follows that this is given by the change of the Zy higher-order Zak
(Berry) phase over one cycle. Thus, the sum rule of the Chern numbers indeed corre-
sponds to charge conservation along a cycle. Moreover, this shows that we need in total
four Chern numbers to fully specify the charge flow in HOSPT phases.

Half-Thouless pump cycle

From the density plots of Fig. 5.5¢, we conclude that after a half-cycle, charges at the
corners pile up. Under assumption of Eq. (5.19), which is proved in Sec. 5.3, we show
that after a half-cycle the change in corner charge is given by

Agtlt = —C;/2. (5.20)

To this end let us consider the following path: For A € {0,7} we follow the path
introduced above, also shown in Fig. 5.5b, which we denote as L£y. On the second half;
however, we use the path SLq. This path is obtained as follows: From each state of £,
the state on the second half can be obtained via applying S. Thus, the total path reads:
L=LyU (—Sﬁo). The minus sign is needed since we have to reverse the orientation of
the path to have a closed trajectory. Hence, we obtain:

2mC; = § Ao = [T ar o) - [T dh a0 22 [T dh o), (G21)
L 0 0 0
which implies that

i L /r
Aghalf — _G _7/ dX yvi(A). (5.22)
* 2 T Jo

For getting this result, we used the symmetry properties of the pumping procedures,
Eq. (5.12) and Eq. (5.15), and of +;, defined in Eq. (5.5). Note if we, on the other hand,
write: 0

Agiatt = 2 =50 gy (5.23)

v T

then this equation defines the corner charge only modulo integer because ; is only
defined modulo 27. This happens since we have lost the information about the path
(see also Ref. [179]). The previous result clearly shows that after a half-cycle we moved
from the trivial to the topological phase, and the emergence of fractional corner charges
is directly related to quantized changes of the Zy higher-order Zak (Berry) phase.

8However, for the evaluation of the Chern number it does not matter which gauge choice we use.
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Softcore bosons

If we consider the SL-BHM with finite interactions, then the additional Zs symmetry is
broken and the remaining symmetries are U (1) x Cy—still distinguishing HOSPTs of the
SL-BHM. This clearly implies that our Zg higher-order Zak (Berry) phase is no longer
quantized in individual HOSPT phases; however, the associated Chern numbers defined
as the winding number of these phases are unchanged. Consequently, this particular
higher-order Zak (Berry) phase can still be used to characterize Thouless pumps of
softcore bosons, although its quantizing symmetry is broken. However, if the Zo higher-
order Zak (Berry) phases loses its quantization, we can no longer use it to characterize
the change of the fractional charge during a half-cycle. But, in Sec. 5.4 we show that
this relation remains true if we instead consider the Cjy higher-order Zak (Berry) phase.

5.2.3 Numerical evaluation of Thouless pumps and quadrupole operators

Having characterized Thouless pumps in terms of Chern numbers and quantized charge
transports, we now numerically evaluate the previously introduced pumping procedures,
using exact diagonalization of an 4 x 4 SL-BHM at half-filling and hardcore bosons with
CPBC. To this end, we evaluate the Chern numbers and the Zy higher-order Zak (Berry)
phase, using the following discretized formulas [149]:

N

’Yi()\n-i—l) _ 71()\71)
2w 2 ’

N
%) = = T Wa i1 (V))s  [n(N) = [N, 272))
n=1

1 2

Ci :g 0 dA (9)\"}/,'()\) = zn: {

(5.24)

with a sufficiently large number of discrete points in the intervals (A, 6,) € [0,27) x
[0, 27).

Diagonal pump: As shown in Fig. 5.6b, the four Chern numbers are extracted from
the windings of the Zs higher-order Zak (Berry) phases and read C42& = (—1,1,—1,1).
Clearly, the total charge is conserved. Moreover, a negative (positive) Chern number
means charge transport towards (away from) the corner. Furthermore, as predicted,
consecutive Chern numbers have opposite sign.

Horizontal pump: Here, in Fig. 5.6¢,d, the four Chern numbers are specified by CP°* =
(=1,—-1,1,1), i.e., charge flows towards (away from) left (right) corner such that a dipole
configuration after a half-cycle appears. Furthermore, as stated above, sequential Chern
numbers have the same sign.

Quadrupole operator

In Sec. 3.3.1 we already discussed that a quadrupole operator, defined as the generaliza-
tion of the many-body polarization, is not well-defined for classifying U(1) conserving
HOSPT phases without conservation of dipole moments. From the Thouless pumps dis-
cussed in this section, Fig. 5.5 and Fig. 5.6, we can also physically understand that a
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Figure 5.6: Chern number tuples for diagonal and non-diagonal Thouless
pumps. (b, d) Evolution of the Zy higher-order Zak (Berry) phases 7; along
the diagonal (upper panel) and non-diagonal (lower panel) Thouless pumps,
Eq. (5.10) and Eq. (5.13), respectively. (a, ¢) The charge flows towards (away
from) a corner are characterized by a negative (positive) Chern number Cj.

quadrupole operator is not sufficient to describe the system because there can be both:
a quadrupole and a dipole configuration.

5.3 A bulk-boundary correspondence

A unifying feature of certain topological phases of matter is the correspondence between
bulk and edge properties. In this sense, changes of bulk topology are directly related to
changes on the edges [21, 22, 29, 71, 74, 75, 177, 178]. This correspondence reflects the
fact that, unlike SSB phases, such states of matter are symmetric and, hence, no local
order parameter distinguishes them. If we form a spatial interface of two such phases,
then there must occur a phase transition, which is locally confined near the interface.
Hence, if such interface is between the vacuum (trivial phase) and a topological phase,

97



Chapter 5 Thouless pumps and bulk-boundary correspondence in higher-order
symmetry-protected topological phases

there can be, among other things, gapless edge modes. Such interfaces, for instance, can
easily be constructed from Chern insulators with different Chern numbers [84, 180].

In this section, we will prove such bulk-boundary correspondence for the 2D SL-BHM
with hardcore bosons at half-filling and relate the Zy higher-order Zak (Berry) phase
to fractional charges sitting at the corner?. To this end, we first introduce a lattice
Hamiltonian in Sec. 5.3.1 and briefly repeat the discussion on flux insertion. Afterwards,
we generalize in Sec. 5.3.2 the Ansatz of Resta [45] to higher-order topological systems,
and then in Sec. 5.3.3, we define a current operator as well as consider charge transport.
By relating two initially distinct phases factors, we finally arrive at the desired bulk-
boundary correspondence (see Sec. 5.3.4).

Before we proceed, let us emphasize that no step in this section requires the limit of
hardcore bosons and, thus, remains true for finite U. Thus, whenever necessary, we stick
to the general labelling of operators.

5.3.1 Lattice Hamiltonian

For proving a bulk-boundary correspondence, it turns out to be useful to define a lattice
Hamiltonian that depends on a parameter o € R¢, where d is the dimension of parameter
space. A given Hamiltonian can be written as follows:

ACPBC = F9PC 4 HS. (5.25)

aoBC

H gfgc is the Hamiltonian for open boundaries and H gc includes the links con-

necting different corners. Note in the definition ﬁgfgc

chemical potentials ~ >°, Ay Mg, that might break global symmetries of ﬁgP BC,
while keeping global charge conservation'®. An example of such Hamiltonian is given in
Eq. (5.10).

where

we allow for arbitrary on-site

Flux insertion

Another essential ingredient for the upcoming proof is to introduce phase twists, as
discussed in Sec. 5.1.3. To this end, we first apply the gauge transformation U;(#), and
then subsequently the gauge transformation V;(6) to finally arrive at the Hamiltonian

SEEC(0) = V(o) (AQES. + U (0) HSU(0)) Vi (0), (5.26)
which is graphically shown in Fig. 5.4. Recall that this Hamiltonian does not return to
its initial form after a 27 shift, namely, HSPEC (0 + 2n) = V;(2m)HSPBC (0)V;(27).

o,V o,V

5.3.2 Generalizing Resta’s construction

The main ideas of Resta’s construction [45] are to use non-degenerate perturbation
theory, to relate the generator of the gauge transformation, defined in Eq. (5.6), to

In the presence of this additional symmetry, the modes at the corner are actually gapless.
107t is assumed that the overall filling is not changed by adding such terms.
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another phase, which is in direct correspondence with the Zy higher-order Zak (Berry)
phase and, second, to make the parameters time-dependent, to connect changes of this
phase to an adiabatic current and charge transport.

A new phase

As a starting point, we assume that the initial lattice Hamiltonian, i.e., with no flux

Hgﬁgc(O) = HSPBC has a unique ground state HSPBC |00 = EO |W0). Hence, if

0 = 27 (or equivalently ® = 27, see Fig. 5.4)!!, then we find that
HEEPC (2m) Vi(2m) [W0) = EQ Vi(2m) | W) (5.27)

From non-degenerate perturbation theory up to first-order, we obtain (L — 0):

J CPBC’ 0
Vi(2m) |00 = @) [ |wl) + Z’\I}J (Wa| 9 HE T (0)lg—o Vo)

> (s ) , (528

where the sum runs over all excited states. Moreover, as pointed out by Resta [45],
there can in general be a global phase in the expansion denoted by 4;(cx). Later, we
show that the phase ¥;(«) is related to the Zy higher-order Zak (Berry) phase considered
previously. To arrive at this result, we used the following expansion:

N 27
HGTPC (2m) = AP + 0G0 (0)lj—o (5.29)
where we introduced the notation § = 6/L'2.

Expectation value of X;

Due to CPBC, the expectation value of (X;), = (V0| X;|0%) is not well-defined. How-
ever, similar to the one dimensional case [45], we can define the expectation value of a
many-body operator as:

. L
(Xi)q = 5 mlog (0] % [90) (mod L), (5.30)

which is well-defined modulo L. Using Eqgs. (5.28) and (5.30), we obtain:

L

o= o) | (5.31)

<X ) 2

"'Note, compared to Ref. [45], we put the factor 1/L in the definition of the gauge transformation V;(0).
12Since we put the factor 1/L in the definition of the gauge transformation, taking the derivative w.r.t
0 means we have to make use of the chain rule.
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Time dependence and adiabatic change of parameters

Similarly to Ref. [45], we now want to relate Eq. (5.31) to a physical observable. There-
fore, we assume an adiabatic change of parameters, i.e., & — a(7) where 7 denotes time
to not confuse it with the hopping parameter ¢. Usmg the corresponding instantaneous
eigenstates |\IJ] )> (shorthand we write |U%,)), we can calculate the time derivative of

Eq. (5.30)

d L g0 2mi % go PO 2mi X g0
4= L << TR (e i) 532
T T\ W) (WY e E WY,
Inserting the results of Eq. (5.28), and keeping only first-order terms we obtain:
d o L QIF L 79
— (Xi) o = D (W2|WL) = +c.c.|, (5.33)
dr 7>0 Egz - Eljl

where c.c. means complex conjugation. Here, similar to Resta [45], we use that H,
is time reversal symmetric. Since particles are spinless, this is just given by complex
conjugation 7 = K with 72_1&%1,7‘ = Qgy, 'f’_ld;@’y'f‘ = &L,y and 717 = —i. This
symmetry guarantees that all instantaneous eigenstates can be chosen to be real and that
the overlap (¥ |®¥%) = 0!, The imaginary unit “;” appears because the derivative is of
the form 667[:15,11‘330(9)’9:0 ~ i(AT — A) with 7 1AT = A. Thus, taking its imaginary
part corresponds to multiplying it with an additional factor of (—i) or i, for the complex
conjugate part, respectively.

5.3.3 Adiabatic current and total charge transport

Here, following Ref. [174], we construct an expression for the adiabatic current and
connect it to the time derivative in Eq. (5.33). Similar to our previous discussion,
we use a shorthand notation, i.e., f[g(lif)gc = ﬁngBC. As we are at this point only
interested in the adiabatic change of parameters, we do not consider a # dependence

here. Moreover, we assume that after one period, 7 = T, the Hamiltonian returns to

: CPBC _— CPBC
itself Ha(T+T) Ha(T .

Adiabatic approximation

The density matrix associated with the adiabatic evolution is defined as:

P = Pt = W0 y) (P | +AR(T), (5.34)
—_— ——

13The argument goes as follows: The ground state can always be chosen to be an eigenstate of T with
TIEd) = |w2). From 9, (U2 |¥%) = 0 if follows that (U9, |T8) must be imaginary. However, if |¥,)
is real, then also its time derivative is real. Thus, (¥2|¥2) = 0.
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where ﬁi N = pL is the density matrix associated with instantaneous eigenstates. The
time evolution of the complete density matrix is governed by,

i0rpa = [HSTPC, Ap(r)] (5.35)

Dropping higher-order terms such as 9;Ap(7) [181], we obtain for the instantaneous
density matrix:

i0.pL ~ [ﬁgPBC,Aﬁ(T)] . (5.36)
Further, we can write,
(WO 17 (Drp8 ) [Wh) =i O (WEIPEIWE) —i (Wh|ph|WE,) —i (S| h W)

=0 =0
=i (U9 | W) (5.37)

Here we used the following identities: First, the instantaneous eigenstates are orthogonal
(U|W%) = doj. Second, the time derivative of 8, (UQ[¥%) = 0 vanishes and, thus,
(U9 |WL) = — (VY |¥L). Moreover, we find that

(o [ASTEC, Ap(r)] [wh) = (BS - L) (Wa|Ap(T)|Wh) . (5.38)

Note that the term proportional to 7 = 0 vanish. Inserting Eq. (5.36) into Eq. (5.38)
and, using the result of Eq. (5.37), gives:

(00|74

OO |Ap(T) |0 ,
(Uol|Ap(T)|¥,) = Eg—Eja

> 0. (5.39)

Charge transport

The total charge transport over one period 1" averaged over space'? is defined as follows:

1 (T s
= Z/o dr tr (paJ) , (5.40)
where J is the current operator, which at this point is just a general operator and will

be defined later. To evaluate the trace, we choose instantaneous eigenstates as our basis
and replace po, by Eq. (5.34). Thus, the total charge transport reads:

:ll;/TdT tr (ﬁaj>
L/ dr

14The generator of the gauge transformation is linear in coordinates, which, as we shall see, results in a
charge transport along the diagonals, which thus gives rise to the factor 1/L.

(1+(A02) (Jya +> (A P apy (H | (5.41)

7>0
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where (>Jajl = (Ul ]\I/‘Z):) Moreover, we used that there is no population of higher-
energy instantaneous eigenstates, i.e., (A[}>jj, = 0 for j > 0 and j/ > 0 (adiabatic
theorem [181]). Since the current is odd under time reversal symmetry, we have that
<j>00 = — <j>00. Because the total charge current per length is real, the first term

proportional to <j )oo Vanish, and we are left with:

1T )
:f/ ar tr (pa )

=13 [ (@ D+ 8 )

]>0

0 J
Z/ ( (Vg "I’Ej (7 +C.c.>.

]>0

(5.42)

The expression of the integral looks almost like the expression of Eq. (5.33). Thus, if

'7TCPBC

we replace the current operator with J — —03Hy 0y l5_o and C — C;, we obtain the

charge transport associated to corner ¢;,

o ] jo
- Z/ ( \II ’\IIE) <(_i)80~Hg,lzi50|9 0> +CC>

(5.33) d
= — (X;)
L/ d

(5.30) A;
ol 2r |

which is given by the change #; over one period, normalized by 27.

Current operator

(5.43)

Now we need to justify that 0 g L BC| g—o indeed corresponds to a current. Evaluating

the derivative'® for i = 1 gives:

aéﬁg, Z Z ( Qi1 yafﬂy ay, yafHL?J) Z Z

yeEA $ET1 xEA yETl

o AT A _A-‘-A _A-I-A _ATA
it [<a04acl g, Qe g, Qey — Qg Qe

=i <A}}’”7T1, _ AR > i (—Aheer 4 Ak

Ath ) 4 Ahmer) (-1
RN —1) T\ Ahye 1

—JTH (N + T (R,

At A
< xy—&-la%y Qg yQa,y+1

(5.44)

5Note by applying Cs4 symmetry we can generate all other derivatives 9; H gPBC,_ o and currents,

respectively.
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where A is the set of all lattice points, Tll is defined such that the sums in the above

equation do not contain the corner-connecting hopping terms. The operator ARz
defines the difference of particles hopping along the z(y)-direction in T 1/, and the operator
AR*W)et defines a similar expression for the corner ¢; only. Multiplying those terms with
the imaginary unit gives indeed a current. Note that the sign of each term is chosen

such that a positive expectation value of iAh”’Tll (@) with v € {z,y} means a current
along x(y). The final result shows that a non-zero expectation value of the derivative
05 H CPBC| j—o is equal to the projection of the current along the diagonal in the triangle
Tl. Thus, this expectation value measures the net charge Ag., that passes the corner
over one period of time T'. Hence, using Eq. (5.43), we obtain:

A5;
or |

Age, = (5.45)

5.3.4 The relation to the Z, higher-order Zak (Berry) phase

To arrive at the conclusion, we have to find a relation between the Zs higher-order Zak
(Berry) phase and the phase 7;(a), which is done in this last part.

Perturbation theory

To this end, we first evaluate the ground states of ﬁg’igc(ﬁ) using non-degenerate
perturbation theory up to first-order, similar to Eq. (5.28),

Vo iv (nAG)) = e | WD) + RLIEALEY
j>0 (Eg - Etjx)

: (5.46)

where nA# = n2%, n < N. Moreover, we defined Ji =0 gfgc( Ng—o- As a next step,
we evaluate the overlap of two states differing by A#:

il 3o ]?
n(n + 1)A62  |(Th| Ji | W5)]

L2 - (Eg B E&)Q ’
(5.47)

<\Ija KR V(HAH)’\I’g’Z7v((n + 1)A6)> :eiA(bn-H,n 1+

where the term inside the brackets is real. Note if we went to higher-order perturbation
theory, then there would also be imaginary terms inside the bracket'®. However, the first
imaginary term is proportional to L ™3, which results from the cross term of first-order
and second-order perturbation theory.

6Note, from time reversal symmetry it follows that the expectation value (W% |.J; [WL) for j # [ is
purely imaginary. Thus, a product of three such terms is also purely imaginary.
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Relation of phases and charges

As a next step, we use that in the limit N — oo the Zy higher-order Zak (Berry) phase,
Eq. (5.8), can be written in a discretized form [149] given by'7,

v () = — Jim_ T log [(Weus(0) W (A0)) (Weu s (A6) W i (20))

(Wi (NAO)|V;(27) [ Wai(0))] (5.48)

Since the Hamiltonian ﬁgﬁéc(é?) after a 27 flux insertion does not return to itself,
the same is true for its ground state. This explains why we need to include the gauge
transformation V;(27) in the last step of Eq. (5.48). If we finally insert the result of
Eq. (5.47) into the discretized version of the higher-order Zak (Berry) phase, Eq. (5.48),
we obtain:

i (@) T2 —Imlog (W0, ;| V;(2m) |99, ;) = —Fi(a) | (5.49)

Given this result, we can finally confirm Eq. (5.19),

(545) Ay (517)

Aq,.
e 2

Cil (5.50)

Hence, we showed that the pumped charge during one cycle is quantized and given by
the change of Zy higher-order Zak (Berry) phase. From the result of the half-cycle,
Eq. (5.20), we also conclude that—in the presence of the Zs symmetry—a non-trivial,
quantized change of the Zs higher-order Zak (Berry) phase corresponds to a non-trivial
change of quantized fractional charges at the corners.

5.4 Generalization to the C, higher-order Zak (Berry) phase

Up to this point, we have considered the simplified Zg higher-order Zak (Berry) phase,
from which we obtained a rigorous bulk-boundary correspondence, relating the fractional
corner charge and a bulk invariant. Naturally, the question arises to which extent the
previous results hold for the higher-order Zak (Berry) phase introduced in Chap. 3.
Since we have not answered this in full detail yet, we only outline the most relevant and
promising steps.

Flux insertion and Resta’s construction

Fluzx insertion. The starting point of the previous proof was to distribute the phase twists
over many links, Fig. 5.4, such that we were able to exploit non-degenerate perturbation
theory, starting from a Hamiltonian ﬁlc‘f BC(21), Eq. (5.27), that locally has a phase
twist ~ 27 /L. This Ansatz can be straightforwardly generalized to the Cy4 higher-order
Zak (Berry) phase if the phase twists are at the corner-connecting links. To this end,
we use that the gauge choices, Eq. (5.6), distribute only one out of four phases over an

"Recall that |Ua.iv(0)) = [¥q :(0)).
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entire region, which implies that the resulting Hamiltonian for 6; = 27 looks the same
as for the Zgy higher-order Zak (Berry) phase.

Resta’s construction. From the previous result, it directly follows that we can again
apply perturbation theory up to first-order, to introduce the phase 4; and time depen-
dency, from which we then derive the same adiabatic current and total charge transport.

Relation of phases, bulk-boundary correspondence and half-cycles

Relation of phases. The argument we used to arrive at Eq. (5.49) cannot be straight-
forwardly generalized, since the perturbative expansion of Eq. (5.46) is not justified in
this case. The reason is that not all phase twists are small—meaning that twists contain
a factor of 1/L once we applied the gauge choice of Eq. (5.6). Moreover, unlike the Zs
symmetry, which quantizes ¥; to {0, 7}, upon subtracting the average charge, this is no
longer true for the Cy symmetry. This symmetry only guarantees that 4; = ... = 44. The
reason C4 symmetry does not lead to a quantization of this phase is that the generator
of the gauge choice, Eq. (5.6), is linear in coordinates and acts only on a subregion of
the total system.

Bulk-boundary correspondence. However, for proving the bulk-boundary correspon-
dence, it is actually not necessary that the individual phases coincide. It turns out to
be sufficient to argue that the loop integrals defining the Chern numbers, up to a sign,
match!®

fﬁx&%Qyé—fﬁA@%uy (5.51)

Since the dependence on the parameter A is the same in both integrals (which comes
through the ground states of the Thouless pumps) we believe that integrals indeed coin-
cide. To confirm this expectation—at least numerically—we redid the above numerical
experiment for the diagonal Thouless pump, Sec. 5.2.3, where we in addition added a Zo
symmetry breaking term. From Fig. 5.7b, we clearly see that the result of the Thouless
pump is unchanged. This means it does not matter which higher-order Zak (Berry) we
use to evaluate the charge transport. Furthermore, in the same figure, Fig. 5.7a, we see
that loop integrals—as expected—coincide. This clearly underpins the interpretation of
the higher-order Zak (Berry) phase as a sensor of charge flow.

Half-cycle. 1If we consider a half-cycle of the diagonal pump and use the symmetry
properties defined in Eq. (5.11), and of the Cy4 higher-order Zak (Berry) phase, we obtain:

1 1
Qz;fﬂ@ﬂﬂg——fM@WMM:—Hy (5.52)
T 2

Second, if we consider the total path to be £L = Lo U (—C4Ly) (similar to Sec. 5.2.2),
then the Chern number reads:

L oy [ N () — 9y
Ci= 5= [ o — 5 [Tavon - o [Tan oy amﬂu()] |
5.53

18The sign difference can be understood as follows: To obtain 4; we evaluate the overlap of a state at 0
flux with a state containing a 27 flux, while for the C4 higher-order Zak (Berry) phase it is precisely
the opposite case (due to the global minus sign in the definition of 7;, see Egs. (5.24, 5.31)).
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Figure 5.7: Chern number tuples for diagonal Thouless pumps. (a) The Chern
numbers obtained from evaluating the loop integral corresponding to #;,
while (b) shows the Chern numbers using the Cj4 higher-order Zak (Berry)
phases 7;. As expected, the loop integrals over both phases are identical,
although individual phases differ. (To evaluate 4;, we subtracted the average
charge.)

Finally, knowing that the sum of overall higher-order Zak (Berry) phases vanishes, we
can write:

2 s
Ci = 7/ dA (9,\%()\). (5.54)
27 Jo

Hence, as stated, Athlf = —(;/2. Similarly, this works for the non-diagonal pump. Con-

C.
sequently, for Cy symmetry—assuming the identity in Eq. (5.51)—we have shown that
a non-trivial, quantized change of the Cy higher-order Zak (Berry) phase corresponds to

a non-trivial, quantized change of the fractional charge at the corner.

Generalizations

The advantage of using the Cy higher-order Zak (Berry) is that none of the previous
results require hardcore bosons. Moreover, this allows us to study Thouless pumps of
HOSPT phases with other filling factors. However, the generalization for other fillings is
not straightforward: First, we need to find suitable terms that keep edges gapped and,
second, we need to find an appropriate path in the enlarged parameter space.
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5.5 Summary & Outlook

In summary, starting from a reconsideration of the C4 higher-order Zak (Berry) phase,
we introduced new boundary conditions that render the Cy higher-order Zak (Berry)
phase, as constructed by Ref. [128], as a genuine topological invariant in the thermody-
namic limit. From this, we constructed a simplified Zy higher-order Zak (Berry) phase
that distinguishes HOSPTs of the SL-BHM with hardcore bosons at half-filling and sets
the stage to prove a bulk-boundary correspondence. However, before that, we investi-
gated quantized charge transports in terms of two different Thouless pumps, a diagonal
and horizontal pump, respectively. We fully characterized these pumps in terms of four
Chern numbers linked to the windings of the Zy higher-order Zak (Berry) phases as-
sociated with the four corners. Thereby, we argued that the latter acts as a direction
dependent sensor of charge flow. Moreover, we showed that after a half-cycle, the quan-
tized fractional corner charge is in one-to-one correspondence with a quantized change
of this phase. After a numerical case study of the two different Thouless pumps, we
explained why a quadrupole operator is not sufficient for the description of this phase,
namely, because we saw that after a half-cycle both configurations can appear: a dipole
and a quadrupole configuration, respectively. Further, we proved a bulk-boundary corre-
spondence for HOSPTs by extending Resta’s earlier work [45] to higher-order topological
systems and related changes of the Zg higher-order Zak (Berry) phase to the emergence
of fractional charges at the corners. Lastly, we discussed a generalization of the bulk-
boundary correspondence for the Cy4 higher-order Zak (Berry) phase, showed to which
extent the former results generalize and provided numerical evidence that the bulk-
boundary correspondence remains true. However, this has to be worked out with more
details in the future. Moreover, as briefly stated, it is an open question how to construct
Thouless pumps for HOSPTs with fillings ng € {1/4,3/4}.
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Chapter 6

Quotient group symmetry-protected
topological phenomena in 7Z, x Z, chains

In previous chapters, we extensively discussed classifications and properties of higher-
order SPTs along a particular model, the 2D SL-BHM. Here, however, we focus on
one-dimensional interacting bosonic SPT phases that have been fully classified in terms
of the second cohomology group [50, 64, 93-95]. The elements of such groups label
distinct classes of projective representations of a global symmetry, that is—intuitively
speaking—how symmetries act on the edges of such systems!. To this end, we are par-
ticularly interested in quantum phase transitions among distinct classes of SPT phases
and want to give partial answers to the following questions: When are there direct
transitions between SPT phases, and how fine-tuned are they? How to characterize the
corresponding conformal field theory (CFT)? When will the transition itself have certain
remnant topological properties?

Some general results are known: Firstly, previous works argued that certain SPT
transitions naturally come with (emergent) anomalous symmetries forbidding a flow
to an intermediate gapped, symmetric phase?, i.e., implying a direct (continuous or
discontinuous) transition or an intermediate spontaneous-symmetry-breaking phase® [18,
82, 91, 108]. This was shown to be the case for SPTs, which cannot be written as
the square of another SPT phase [82]. A second insight is that a CFT describing a
continuous SPT transition can be enriched by additional symmetries. L.e., in the presence
of certain symmetries, a given CFT can form distinct symmetry-enriched versions [183],
some of which exhibit protected edge modes at criticality, giving rise to gapless SPT
phases [183, 184]. Most examples studied so far have focused on critical points between
SSB phases and SPT phases. This is in part due to the focus, thus far, on simple
symmetry groups, which do not realize several non-trivial SPT phases, whereas it would
be interesting to understand such cases better.

To gain further insight into the above questions and general results, we study the
universe of 1D SPT phases protected by Z, X Z, symmetry. Certain properties of
these models and, in particular, of their transitions are already known [34, 185]. In-

LFor example, if we consider 7 rotations, then if the edge has half-integer spin representations, genera-
tors anticommute, while for integer representations they commute.

2A well-known anomaly is the Lieb-Schultz-Mattis anomaly [182] of the spin-1/2 Heisenberg chain,
which can also be interpreted as arising at an SPT transition: explicit dimerization flows to two
distinct SPT phases, which are related by single site translations.

3In higher dimensions, certain intrinsic topological order is also an option.
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deed, Ref. [34] considered transitions between neighboring SPT classes—here we note
that the classification H?(Z,, x Zy,U(1)) = Z, gives a natural notion of whether two
SPT classes are (non-)neighboring. The authors found that for all n < 5 neighboring
transitions are direct and continuous, and can be characterized by a CFT with central
charge ¢ € {1,8/5,2} (corresponds to n € {2,3,4}). Otherwise, such transitions cross an
intermediate gapless phase, which is as well characterized by a CFT with central charge
¢ = 2. However, the nature of CFTs, i.e., its topological properties, and transitions
between non-neighboring classes have not been studied yet. Instead, the authors ex-
pected that transitions between non-neighboring phases generically split into successive
transitions between neighboring ones. However, we will show that this is not the case.

Based on previous results, we gain insight into the Z,, x Z,, critical points by asking
which degrees of freedom remain gapped at criticality, finding that it is determined by
the nature of nearby SPT phases. These gapped degrees of freedom lead to an effective
low-energy description of the global symmetry group G = Z,, X Z,, in terms of a quotient
group, that is, at low-energy degrees of freedom the action of G is given by G/H, where
H is normal subgroup of G*. This has the following consequences:

(1) There can be direct, continuous quantum phase transitions between non-neighboring
classes of SPTs. In fact, we find that in the presence of certain gapped degrees of freedom,
it is impossible to perturb the critical point to certain intermediate SP'T phases, thereby
stabilizing the direct transition.

(2) The gapped degrees of freedom can be non-trivial, giving rise to symmetry-enriched
quantum criticality [183, 184] with edge modes and degenerate entanglement spectra of
critical states. Those states, living on the quantum critical point (QCP) of two SPTs
or in intermediate gapless phases, form so called gapless SPTs protected by Z, x Z,
Symimetry.

(3) Finally, we find emergent anomalies related to the low-energy symmetry being given
by a quotient symmetry group, where we quotient out by the symmetries, which act
purely on gapped degrees of freedom.

Aside. This work has not been published yet and is based on [P4]. Moreover, certain
parts of this chapter I obtained during my masters, in particular, the observation of
direct transitions between non-neighboring classes of SPT phases. Furthermore, the
numerical calculations of the central charges as well as parts of the analytical arguments
have already been given there. However, for the ease of readability, we included the
results in this chapter.

Overview. The remainder of this work is structured in three parts. Sec. 6.1 illustrates
the above features in Z4 x Z4 for ease of reading because this simpler case already exhibits
many of these general features. We refer to the introduction of that section for a detailed
outline. The second part of this work, Sec. 6.2, generalizes these findings to all Z,, x Z,
cases. In addition to this, we discuss that if one considers an equal-weighted sum of
all fixed-point models, that a Z, symmetry, that shifts the index of each fixed-point
model by one, enhances to a U(1) symmetry (a detailed outline is again found in the
introduction of this section). Lastly, in Sec. 6.3 we argue on general grounds that our

1A subgroup H is normal if for any h € H and g € G the following holds: ghg™" € H.
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findings are not particular to this class of models and can be generalized to other classes
and dimensions.

6.1 lllustrative case: Z, x Z, SPT transitions

This section studies quantum phase transitions between fixed-point models of Z, x
Z4 symmetry, also known as (generalized) cluster chains. As necessary background
information, we review these fixed-point Hamiltonians in Sec. 6.1.1, and in Sec. 6.1.2 we
briefly recap their classifications in terms of projective representations and symmetry
fluxes. In Sec. 6.1.3 we then turn to direct interpolations between these cluster chains,
showing that all quantum phase transitions are direct, and we specify the CFT and its
central charge. This generalizes the findings of Tsui et al. [34], who only considered the
interpolation between neighboring SPT classes. For transitions between non-neighboring
SPTs, there are additional gapped degrees of freedom at the QCP, such that we effectively
obtain a ¢ = 1 transition of Zy X Zs.

At low energy, the resulting quotient group Z4 X Z4/(Zs X Zs3) shares an anomaly
with the SPT duality transformation, exchanging the two SPTs. In combination with
another symmetry, this stabilizes quantum criticality (see Sec. 6.1.4). To verify this,
we perturb the QCP with a symmetry preserving perturbation and numerically confirm
that the critical line is stable up to a finite value of the perturbation (Sec. 6.1.5). In
the penultimate part, Sec. 6.1.6, we show that for certain fixed-point models the SPTs
do not require the Z4 x Z4 symmetry itself to be robust; instead, we find that the
embedding of the quotient group in the full Hilbert space can protect the SPTs. Finally,
in Sec. 6.1.7 we argue that in the presence of additional gapped degrees of freedom, the
CFTs characterizing the QCPs have the same central charge but realize topologically
distinct RG fixed-points in the presence of symmetries, some of which protect edge
modes.

6.1.1 Z, x Z, fixed-point models

We consider SPTs protected by Z, x Z, symmetry. This symmetry group protects four
distinct topological phases, labeled by d € {0, 1,2, 3} where d characterizes the Z,, charge
(see Eq (6.6)) classifying the SPT phase. The fized-point Hamiltonians, realizing these
distinct phases, are defined as follows [34, 185]:

3 std ¢ pd 5d % Htd

Hy= =Y (21 pXjaZip +he) =3 (Z8aX;p250 4 +he)  (6)
J J

with sublattices A and B, respectively. Here the operators X j.o and Z o are (generalized)

Pauli matrices,

724 =1, X*=1, X7 =-iZX. (6.2)
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(a) 1) (b) 1)
2>@ |0) 2> 0)
|3) 13)

Figure 6.1: Local Hilbert space. Graphical representation of basis states of the local

Z4 Hilbert space on the unit circle. The operator X , panel (a), change among
different “time” states, while the operator Z, panel (b), measures the “time”
of a given state.

In the eigenbasis of ZA]-,(77 the operators read:

00 01 10 0 O

5 1000 A 0« 0 O

X = 01 0 o’ Z= 00 -1 0] (6.3)
0 010 00 0 —

and the action on local basis states—reminiscent of a Z4 clock—is graphically illustrated
in Fig. 6.1. The Z4 x Z, symmetry is generated by two operators,

go’ == HXj,Ua o< {AvB}7 (64)

J

acting on disjoint sublattices A and B, respectively. By construction (for details, see
Ref. [64]) all four phases can be generated from the trivial phase by successively applying
the SPT-Entangler® denoted by U,

%S mYmY ey . (6.5)
6.1.2 Projective representations and symmetry fluxes of Z, x Z, fixed-point

models

Here we recall the classification of SPTs protected by Z4 X Z4 symmetry, first using pro-
jective representations and, second, string operators constructed from symmetry fluxes.
Further, we briefly consider how gapped degrees of freedom can be detected using string
operators.

Projective representations

As briefly mentioned in the introduction and also in Sec. 2.2.1, one-dimensional interact-
ing bosonic SPT phases are classified in terms of the second cohomology group [64], which

See Eqgs. (6.31) and (6.32) for a definition.
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for the particular example results in four topological distinct phases H?(Zy x Z4,U(1)) =
Z4. Each element of this group labels a distinct class of projective representations®.
These elements, which we in the following call charges q¢ € Z4, are related to the
anomalous action of symmetry on the boundary if the SPT is considered with edges
[85, 86, 88, 94, 95]. Since the bulk of SPT states is symmetric, we say symmetry frac-
tionalizes [95] (see also App. C.1) and we can write G, = G1, sGR o, Where Gr(g) , is an
operator localized on the left (right) boundary of the system and o € {A, B}. These
operators form projective representations of the symmetry group and, thus, commute

up to a U(1) phase factor”

g;j_lgR,agaH = qg—i—lgR,Uy qg—i—l € Zy. (6'6)

with A+ 1 = B (and vice versa), and charges given by ¢4 = wf and ¢% = @¢. Details on
projective representations for the fixed-point models have been evaluated by Geraedts et
al. [185].

String order parameters

There is an alternative way of detecting the charges ¢Z, using so-called symmetry fluzes [94,
183]. A symmetry flux associated to Z4 x Z4 symmetry is a half-infinite string operator,
where the string consists of on-site symmetry operators X ,,

Gd % d ad 7 d
ST,A = H Xj,AOr,Bv Sr,B = H Xj,BOH-l,Av (67)
Jj<r J<r

whose end-point is decorated by an operator that has a well-defined charge w.r.t Z4 X Z4
symmetry defined by,

g;ils/\;l,o'gg“rl = nyl-flggpv Qcal—i-l = HZ(Z4 X Ly, U(l)) = Za. (68)
For a given SPT phase, the string operator,

y D07 const. (6.9)

r—r0,0°r,0

has long-range order if we choose the end-point operator appropriately®. Indeed, for the
correlator not to vanish, the charges qg and Qf,l have to fulfill the following compatibility
conditions [94]:

Gh =1 QL =1 (6.10)
For models considered here, the end-point operators read [186]:

A

Olp =285 0L, =211, de{0,1,23}. (6.11)

SFor Abelian symmetry groups, this simply means that group multiplications are obeyed up to a U(1)

5o and ZA]%U form a projective representation of
Za X Ly symmetry, X&, 24 = (—i)4' Z¢ X9 with (d,d') € Zs X Za

2,077,0 2,0

"Using symmetry fractionalization, we can safely replace Gr.o+1 — Got1.
8Note the “+” in the definition of Sid_m’g means that we replace all operators by its hermitian conjugate,

but the string of the symmetry flux still starts at —co and ends at r — 7.

phase factor. For example, the on-site operators X
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String operators and gapped degrees of freedom

For gapped degrees of freedom that are charged under a certain symmetry, a string
operator associated to the corresponding symmetry flux has long-range order [183]. This
makes symmetry fluxes an appropriate tool to diagnose gapped degrees of freedom on
QCPs. For some QCPs of transitions of Z, x Z, symmetric fixed-point models, we will
show that there are two topologically distinct (i.e., end-point operators have distinct
charges w.r.t to Z4 x Z4 symmetry) symmetry fluxes associated to the Zgy x Zg subgroup
such that the resulting string operators have long-range order even though the underlying
state is critical. The corresponding symmetry fluxes are given by,

r,o

§2d — (3;{0)2, d € Zy. (6.12)

If a string operator built from such symmetry fluxes has long-range order, we say the
associated symmetry is gapped.

6.1.3 Quantum phase transitions

Quantum phase transitions among different classes of SPTs protected by Z4 x Z4 sym-
metry can be described by the following Hamiltonian:

Hys(\) = (1 =N Hy+ MHys, de{0,1,2,3}, d§e{1,2}. (6.13)

In Ref. [34] it was shown that any quantum phase transition between adjacent classes
(6 = 1) of SPTs, protected by Z4 x Z4 symmetry, is direct, continuous and its critical
point A\, = 1/2 is characterized by a CFT with central charge ¢ = 2. Quantum phase
transitions among non-neighboring classes of SPTs have not been considered so far.
Naively, one might expect that, for example, the transition for (d,d) = (0, 2) splits into
the following sequence of transitions 0 — 1 — 2, where the numbers label different
classes of SPTs. However, it turns out that this not the case and for Hamiltonian (6.13)
it is actually not possible (see below). Instead, the following scenario applies:

Direct transition. Any quantum phase transition described by Hamilto-
nian (6.13) is direct and continuous. The QCP is characterized by a CFT with
central charge ¢ =2 if § = 1 and ¢ = 1 otherwise (see Fig. 6.2).

To show that models with (d,d = 2) have a direct transition, it is sufficient to consider
the case d = 0° for which the Hamiltonian reads:

Hop(\) = =" [(1=NX; + AZ2 X, 22, +hel (6.14)
J
where we used that Hyy(\) is translation symmetric and, thus, there is no need for a
sublattice index. The Hamiltonian conserves a local Zy symmetry generated by X ]2 ,

|:-E[02()\)5X32:| :Oa \v/jv)H (615)

®Other cases are related by applications of the SPT-Entangler U.
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where all X ]2 =1 in the ground state subspace (gs) (see App. B.3). In this sector, local

operators of Hamiltonian (6.14) reduce to Pauli operators Xj = /\?j and 232 = ZAj and,
hence, the effective Hamiltonian is given by,

Hp(\) £ 23 [(1 — N+ Az}-,lzéjzyﬂ} , (6.16)
J

describing the interpolation between the Zy X Zs cluster model [61] and a paramagnetic
phase. Upon tuning A, there is a single QCP at A = 1/2 characterized by a CFT with
central charge ¢ = 1 [34]. Since the central charge of a CFT is related to spectral prop-
erties of a Hamiltonian [187], unitary transformations cannot change its value. Thus,
the quantum phase transition of Hamiltonian ﬁlg(A)—related to ﬁog()\) by applying
the SPT-Entangler U once—has to have the same central charge. (However, this trans-
formation changes the nature of the underlying CFT, see Sec. 6.1.7). Thus, we showed

ﬁd c=2 I:Id—i—l ﬁd c=1 ﬁd+
: @ —> : ® —>
0 1/2 1y 0 1/2 1Y

Figure 6.2: Phase diagram of Z, x Z, interpolation. The symmetry group Zy X Z4
allows for four distinct SPT phases. Transitions at A, = 1/2, described by
Hamiltonian (6.13), are characterized by a central charge ¢ = 2 if § = 1 and
central charge ¢ = 1 if § = 2. In fact, for the case § = 2 we show that the two
different choices (i.e., Hy+ Hy and Hy + H 3) are distinct symmetry-enriched
CFTs, where the latter is topologically non-trivial with exponentially local-
ized edge modes (see Sec. 6.1.7).

that the low-energy theory of f{og()\) is completely specified in terms of the Zy X Zs fixed
point models. As we shall see, this is not fine-tuned and is robust to finite perturbations.

A comment on notation: Whenever a Hamiltonian is equal-weighted, we write Hopo(A =
1 / 2) = H()2

6.1.4 Stability of quantum criticality

Previously, we showed that A, 02(\) conserves a local Zy symmetry. Given that its gener-
ator is equal to identity in the ground state subspace, X ]2 £, V3, this implies that the
string operators associated to symmetry fluxes of the Zs x Zy subgroup have long-range
order—even at criticality (A = 1/2),

A12,042,0 o S —
SI20870 ) = (XEy . Xy o) 2 const. (6.17)

Thus, degrees of freedom charged under this symmetry are massive—meaning excitations
associated to these degrees of freedom require a finite amount of energy. On the other
hand, the action of the Zy X Zs subgroup on low-energy degrees of freedom is trivial.
Hence, in the low-energy subspace the global Z4 x Z4 symmetry acts as a quotient group,

79 X 79 = (Z4 X Z4) / (ZQ X Zg), (618)
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for which we used small letters to distinguish it from the gapped Zs X Zs subgroup.
(We emphasize that the quotient group zs X zs is not a subgroup of Z4 x Z4.) Note the
long-range order of the string operator, Eq. (6.17), has an important consequence. As
long as it has long-range order, starting from d = 0, it is impossible to enter the SPTs
associated to the fixed-point Hamiltonians Hy and Hs.

Intrinsic anomalies

To argue the stability of low-energy properties, let us empha51ze that Hamiltonian (6. 14)
has an additional Zo symmetry at the QCP generated by U2 , which exchanges Hy + H,.
Together with the Z4 x Z, symmetry, this imposes a powerful constraint on the possible
phase diagram:

Absence of gapped, symmetric phases. There is no Z4 X Z4 X Zo symmetric
perturbation that gaps out the QCP of Hy, towards a gapped, symmetric phase
(where the latter Zy symmetry is generated by U 2). Moreover, the effective symmetry
group in the low-energy subspace is given by zg X zo X Zo.

To see this, first note that any gapped, symmetric phase must be equivalent'® to
one of the four possible SPTs associated to Z4 X Z4 symmetry. Thus, according to
Sec. 6.1.2, there must exist a pair of symmetry fluxes such that their associated string
operators have long-range order. However, no symmetry flux is invariant under the
action of U2. Consequently, there cannot be a perturbation towards a gapped, symmetric
phase. We say the symmetry Z4 X Z4 X Zo has a gauge anomaly also called an intrinsic
anomaly [91, 188] (see App. B.4).

Emergent anomalies

In the following we will show that perturbations can non-trivially change the representa-
tion of the duality symmetry in a way such that the intrinsic anomaly becomes emergent,
and finally can be lifted for suﬂ"lmently strong perturbations. To this end, we perturb
the criticality of Hamiltonian H02 with A 1 resulting in the following Hamiltonian:

: 1=y /a2 .
Ho1(7) = ?7 (Ho + Hy) + v Hi. (6.19)

The perturbation preserves the additional Zy, symmetry, but non-trivially changes its
generator

U2 — SAB(72 (6.20)

where S4p5 denotes a sublattice symmetry exchanglng A < B. This new generator still
exchanges H[) &~ Hg—but unlike U2—it maps H 1 to itself.

Given this new generator, what does change? Previously, we argued none of the symme-
try fluxes is invariant under the duality transformation, but given its new representation,

10See Chap. 2 for a definition of equivalence.

116



Chapter 6 Quotient group symmetry-protected topological phenomena in Z, X Zn,
chains

this is no longer true. Indeed, since Hj is invariant under this symmetry, also its symme-
try fluxes are unchanged. However, as long as the string operators defined in Eq. (6.17)
have long-range order, no string operator associated to H, can have long-range order.
The reason is that charges are not compatible, which can be deduced from symmetry
fluxes. To be compatible, such symmetry flux must square to ég;g, which is not the case
for S}O_

Emergent anomaly. The QCP of Hyy cannot be symmetrically gapped out by
Hy as long as the Zy X Zo C Z4 X 7Z4 subgroup remains gapped, and the string
operators associated to é,%:g have long-range order.

For the emergent anomaly to persist, it is crucial that the action of the Zo x Zo
subgroup on low-energy degrees of freedom is trivial. This ensures that the global Z4 x Z4
symmetry acts as a quotient group, which together with the duality symmetry has an
anomaly. If the anomaly is lifted, i.e., the long-range order of the string operators,
Eq. (6.17), disappears, then the effective symmetry group at low energies is lifted: zg X
7o — L4 X Z4. Mathematically, this is called symmetry extension, which is known to be
a mechanism of lifting anomalies!! [39, 188-192]. If the long-range order of the string
operators, Eq. (6.17), disappears, nothing forbids the existence of a gapped, symmetric
state (see Fig. 6.3).

Field theory. In accordance with the results obtained from the lattice perspective,
there is also a field theoretic argument why quantum criticality is stable to finite per-
turbations of H;, which is discussed in detail in App. B.5. The low-energy theory of
Hamiltonian (6.16) is described by a Luttinger liquid (LL) and for the particular symme-
tries, we argue that the LL cannot be gapped out as long as symmetries are preserved,
and the Zo X Zso subgroup remains gapped.

6.1.5 Numerical evaluation of the phase diagram and emergent anomaly

Next we show that, upon increasing the coupling of Hi, the emergent anomaly is robust
to a finite value of =y, where the system enters an SSB phase, and then finally arrive
in the gapped, symmetric phase of Hy. To study the stability of the direct transition
of Hyy and also its emergent anomaly, we numerically evaluated the phase diagram

of the following Hamiltonian using the infinite density matrix renormalization group
(iDMRG) [40, 41, 122] Ansatz:

Hooi (v, B,7) = aHy + BHy + v, (6.21)

where a + 4+« = 1. Note, along the line @ = § the Hamiltonian reduce to f]ogl('y)
defined in Eq. (6.19). The phase diagram is shown in Fig. 6.3 (for numerical details,
see App. B.1). As theoretically predicted, the critical point of Hpy stays stable, upon

1 0On the Hilbert space the global symmetry is always Zs X Z4, but its action in the low-energy subspace
can be different. In this sense, we say that the low-energy action is lifted upon considering the
high-energy degrees of freedom.
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Figure 6.3: Phase diagram and emergent anomaly of Hyy; (v, 8,7). (a) There are
three topologically distinct phases labeled by f[g, H, and ﬁg, respectively.
The phase in the middle is SSB, where one of the Z, symmetries and sublat-
tice symmetry are broken spontaneously. (b) The central charge, obtained
with iDMRG from S = §log& + const. [193, 194], of the CFT along the di-
rect transition between Hy and H is unchanged even in the presence of H;
(data are evaluated at the red encircled point in (a)). Panel (c¢) shows the
string operators 0%, Eq. (6.22), along the line o = 3, v € [0, 1] (indicated by
the white arrow in (a)) characterizing the emergent anomaly. Note, for the
evaluation of the string operator in the SSB phase we explicitly conserved
the Z4 symmetry on the A sublattice.

increasing Hj to a finite value of ~. Up to this point, the renormalization group fixed-
point, given by the CF'T with central charge ¢ = 1, is unchanged, see Fig. 6.3b. The SSB
phase in the middle spontaneously breaks the sublattice symmetry S5, introduced in
Eq. (6.20), and one of the global Z, symmetries. To measure the emergent anomaly, we
evaluated the following four string operators (see also Eq. (6.12)):

<AT2,1/A2,1/ )

y_ 1
Oy = lim (87781,

r0—00

, 0 €{A,B}, ve{0,1}. (6.22)

What behavior do we expect? If there is an emergent anomaly we expect QY% = 0% #£0
and O} = O = 0, while in the symmetric, gapped phase of H; the behavior is exactly
opposite. Note, long-range order of the non-charged string operators 02 is forbidden
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in any gapped SPT that is neither Hy nor Hy. Given the nature of the SSB phase, we
expect all string operators on the symmetry preserving sublattice to be non-zero. The
results of the string operators are shown in Fig. 6.3c, which very well agree with the
theoretical predictions. As we tune towards the SSB phase, the emergent anomaly is lost
since the Zg X Zg subgroup becomes gapless. Indeed, this subgroup is (partly) broken
in the SSB phase, which means it cannot remain gapped along the transition.

Note upon relabelling H; — H;, and (’)970 — (’)}70 in Fig. 6.3a and Fig. 6.3c, respec-

tively, the phase diagram shows the stability of the QCP of His.

6.1.6 The embedding of the quotient group

The Hamiltonian I:IOQ()\) has a salient feature, namely, the SPTs are stable even if the
global Z4 x Z4 symmetry is broken. Given that the individual Hamiltonians are fixed-
point models of this symmetry, this is somewhat surprising. It turns out that if the
quotient group is embedded into the full Hilbert space, it becomes an exact symmetry of
the Hamiltonian. Formally, this additional Zs x Zo symmetry (which is not a subgroup
of the above Z4 x Z4 symmetry) is generated by two operators

& =[[(1e%) ,oe{4,n} (6.23)

. j7U
J?U
which transform local operators as follows (see App. B.2):

Qp: Xjo 0 Xl Qo: 22, =22, (6.24)
This clearly shows that both Hy and Ho are invariant under this transformation. Ac-
cording to Sec. 6.1.2 we can define symmetry fluxes whose end-point operators have a
discrete charge w.r.t this symmetry. Given that this a Zy X Zs symmetry, there are two
different charges. Since in the low-energy subspace this symmetry is indistinguishable
from the quotient symmetry, we know that—depending on A—a pair of its associated
string operators has long-range order. Thus, as long as this symmetry is preserved, the
SPTs are well-defined. A possible perturbation that keeps the embedding of the quotient
group but breaks the global Z4 x Z, symmetry is given by'?,

v=>(221) (6.25)
73,0

for which the ground states of the individual Hamiltonians can be calculated exactly.

6.1.7 Symmetry-enriched quantum criticality

In Sec. 6.1.3 we argued that the CFTs of Hoy and Hio (Hys with (d,d) = (1,2); interpo-
lation between H; and H. 3) have the same central charge. However, as we demonstrate
now, their CFTs are topologically distinct—following Ref. [183] we say that the under-
lying CF'T is symmetry-enriched by Z4 X Z4 symmetry. On each of the QCPs, there are

12This operator does not commute with the generator of the Z4 X Z4 symmetry, see App. B.2.
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additional gapped degrees of freedom, which is reflected in long-range order of string
operators associated to the Zo x Zo subgroup. However, the end-point operators of the
symmetry fluxes are oppositely charged w.r.t Z4 X Z4 symmetry. While symmetry fluxes

§20 are trivially charged, the symmetry fluxes 82 113 "according to which string operators
have long-range order at the QCP of Hjy, have a non-trivial charge ( ror1)? = —1 (see
Eq. (6.12)).

Topologzcal ly distinct CFTs. In the presence of Z4 X Z4 symmetry, the CFTs of
Hys < Hy + Hy and Hyo < Hy + Hs carry topologically distinct charges (Q° J+1)2 =
1 and (QT s11)2 = —1, respectively, measured by the long-range order of string
operators of the gapped Zy X Zgy subgroup.

These charges assign the CFTs discrete quantum numbers, which are protected by a
finite energy gap associated to the gapped degrees of freedom (see Secs. (6.1.4, 6.1.5)).
What does this imply? Since symmetry-enriched CFTs carry distinct quantum numbers
w.r.t Z4 X Z4 symmetry, they represent two distinct renormalization group fixed-points
that cannot be smoothly connected, i.e., there exists no path connecting the QCPs of
Hyo and Hyy along with the central charge is unchanged [183].

Edge modes and a degenerate entanglement spectrum

The non-trivial charges of end-point operators of ég}, further imply that the ground state

of Hy + Hs has (at least) a two-fold degenerate entanglement spectrum and, moreover, if
we consider a half-infinite chain, then there are exponentially localized edge modes [93—
95, 183]. For Hamiltonian H 12, this can be shown explicitly: If the system is considered
as a half-infinite chain, then Hy5 commutes with two locally confined operators é; = 217 A
and € = X% AZ% g, which themselves anticommute {é;,é} = 0. This algebra implies
a two-fold degeneracy of the ground state manifold'*. Moreover, as neither of the two
operators commutes with the global Z4 x Z, symmetry, there is SSB at the edge of
the system. The degeneracy of the entanglement spectrum becomes more apparent if a
possible ground state is written as Schmidt decomposition,

[Wio) = Aalag) |as) (6.26)

where the system is bipartite into an edge region £ and a bulk region B, If |¥y5) is
a common eigenstate of I:Im and €1, then the other ground state is obtained from the
action of € on this state. Given the spatial confinement of this operator, the Schmidt
states in the bulk {|ag)} are unchanged upon acting with é2. However, as the two

3 The Hamiltonians E[og and E[lg are related by the SPT-Entangler U . ﬁog — FI12, which maps
U820 - a2l

14 Actually, the overall spectrum is at least twofold degenerate, which is, however, not relevant here.

15The size of the edge region can be determined in terms of the localization length of the edge modes.

We then require the edge region to be much larger than the localization length.
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ground states are orthogonal, the Schmidt states associated to the edge region & must
be non-trivially transformed. Consequently, to each bulk state there are two edges states
having the same Schmidt value = each Schmidt value is at least two-fold degenerate (cf.
Sec 2.2.1). Instead of using the operators é; and é2, we could have used the projective
representations of the gapped Zy x Zy subgroup'®. Thus, as long as the latter is gapped,
there are exponentially localized edge modes and an entanglement spectrum that is at
least two-fold degenerate.

Gapless SPTs. States characterized by CFTs with symmetry-enriched quantum crit-
icality form gapless SP'Ts, which similar to their gapped counterparts have edge modes
and degeneracies in the entanglement spectrum protected by symmetry. Commonly,
gapless SPTs occur on QCPs between SSB and SPT transitions [183, 184], here; how-
ever, they appear on QCPs between two SPTs. Their protection requires the global
Z4 X 74 symmetry and the additional Zy symmetry.

6.1.8 Summary

In the first part, we considered quantum phase transitions among fixed-point SPT models
with Z4 x Z4 symmetry. Generalizing a previous work of Tsui et al. [34], we showed
that all quantum phase transitions described by Hamiltonian (6.13) have a single QCP
classified by a CFT with central ¢ = 2 for transitions among neighboring classes and
¢ = 1 otherwise. In the latter case, we showed that the Hamiltonian conserves a local
Zo symmetry, from which we concluded that the effective low-energy theory is described
by the transition between the fixed-point models of Zs x Zs symmetry. Indeed, if the
Zo X Z9 subgroup is gapped, i.e., the string operators associated to the symmetry fluxes,
Eq. (6.17), have long-range order then starting from d = 0 it is impossible to enter
the SPT phases associated to H; and Hs. Afterwards, we argued that there is an
additional Zo symmetry at the QCP which together with the global Z, x Z4 symmetry
gives rise to an intrinsic or emergent anomaly—depending on the representation of its
generator. Nevertheless, we found that the QCP point is stable against perturbations
towards a gapped, symmetric phase, and in the case of an intrinsic anomaly, it is even
impossible. To numerically validate our findings, we perturbed the QCP of Hoyy with
H, and evaluated a full phase diagram, Fig. 6.3, where we also explicitly calculated
the emergent anomaly using string operators. Although the individual parts of flog(/\)
are fixed-point Hamiltonians of Z4 x Z4 symmetry, we showed that the SPTs do not
require the Z4 x Z4 symmetry to be protected. Indeed, we argued that the embedding
of the quotient group becomes an exact symmetry protecting these phases. Lastly, we
discussed that although the CFTs of H()Q and ng have the same central charge, the
topological nature—in the presence of Z4 X Z4 symmetry—is distinct. In the latter
case, we argued that the gapped degrees of freedom form a non-trivial topological state
resulting in exponentially localized edge modes and an entanglement spectrum that is
at least two-fold degenerate.

16These are exponentially localized near the edge of the system.
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6.2 The general case: Z, x Z, SPT transitions

Having discussed an illustrative case, we now turn over to redo the previous analysis
and consider fixed-point models of Z,, x Z,, symmetry (see Sec. 6.2.1). To this end, in
Sec. 6.2.2 we will show that there are many more direct transitions among fixed-point
models, as initially expected. Moreover, for the particular choice of paths, we show that
there are only three different central charges ¢ € {1,8/5,2} characterizing the CFTs. To
verify our analytical predictions, Sec. 6.2.2, we numerically evaluated the central charges
of several transitions. Afterwards, unlike in the previous section, we demonstrate that
for certain classes of SPTs subgroups of Z,, X Z, symmetry can stabilize the phase. In
this context, Sec. 6.2.3, we show that the embedding of the quotient group is an exact
symmetry only for two particular classes of Hamiltonians. Subsequently, in Sec. 6.2.4
we will prove that for odd n there are no intrinsic anomalies, and discuss when to
expect emergent anomalies. At the end of this section, Sec. 6.2.6, we consider the equal-
weighted sum of all fixed-point Hamiltonians and discover an additional Z,, symmetry
that together with Z,, x Z,, symmetry leads to an intrinsic anomaly, and can be enhanced
to a global U(1) symmetry.

6.2.1 Z, x 7Z, fixed-point models

The fixed-point models associated to SPT phases protected by Z, X Z, symmetry are
given by the following Hamiltonian [34, 185]:

1" = =30 (21 5 XaZip +he) = > (214X 8211 4+ b)), (6.27)

J J

with d € Z,. In the eigenbasis of ZAjVU, the operators Xj,a and Zj,a can be written as:

n—1 n—1
2=, X= [+, wy=em @y = e (6.28)
=0 =0

Moreover, the defining properties of the operators read:

Zr=1, X"=1,XZ =w0,2X. (6.29)

SPT-Entangler

By construction'”, every non-trivial fixed-point model can be constructed from ffén) via

the following sequence,

A 7(n) A 7 (n) 7(n) A 7(n) A
2 RN 7 LA AN ¢ ey - O (6.30)

where the SPT-Entangler is a quantum circuit consisting of two layers of two-qudit gates
(see Fig. 6.4):
0™ = U5304), (6.31)

1"This is an inherent property of fixed-point models constructed using the methods given by Ref [64].
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: 7r(n) 7r(n)
with operators U, 5 and Up
00~ T1CZ0 05~ T1CZE o (632
J J

The notation CZ(™ refers to the Controlled-Z gate, known from quantum information
theory. These two-site gates have a rather simple definition'®,

70 0 0 0
0 Z 0 0 _ .
CZ = , CZ=(C2)*, (6.33)
0 O :
0 0 zn—1

where we suppressed the index. For n = 2, this reduces to the two-qubit Controlled-Z
gate CZ = diag(1,1,1,—1). The SPT-Entangler transforms local operators as follows:

N

U(n) : Xj,A — Z;il’BX%AZAj’B, U(n) : Xj,B — Zj,AXj7BZ;+17A7 (6.34)

while it commutes with 2j7g and U™ acts on the right. The Z, X Z, symmetry is

-tk sk s ok -

[0) [0) [0) [0) [0) [0) [0) [0) |0) [0} |0) |0)
Figure 6.4: Quantum circuit representation. To obtain the SPT wave function
]\Ifgn)% we have to act with inverse circuit ([7 ("))T on the ground state of

ir(n)
0 -

generated by the operators (G4, Gp) already defined in Eq. (6.4). For more details about
these fixed-point models and their properties, we refer to Ref. [185].
Detection and classification of Z,, x Z,, fixed-point models

All information on symmetry fluxes of Sec. 6.1.2 can straightforwardly be generalized
to all n. Hence, to each fixed point model, d € {0,...,(n — 1)}, we can define a pair of
symmetry fluxes,

Sta=1] X405, Sip=T[X;0% 4 (6.35)
J<r i<r

with end-point operators

5 5td
Og,B = Z;i,B’ Og—&-l,A = Z:+1,A’ (6-36)

8For an alternative definition, see Sec. 6.2.6.
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that have a well-defined charge w.r.t Z,, x Z, symmetry defined by:
Go 180 Go+1 = Q3118 Q541 € Zn, (6.37)

and Q2 € H*(Zy, x Zn,U(1)). For a relation of charges ¢¢ and Q¢, see Eq. (6.10). If
the end-point operator is chosen appropriately, then for a particular SPT the associated
string operators have long-range order!'®

ro—00

(S ——— const.. (6.38)

ro)

In summary, for a given n, there are n distinct possible SPTs classified by charges of
H?*(Zp X L, U1)) = Zy,.

Gapped degrees of freedom

Symmetry fluxes associated to gapped degrees of freedom are again denoted by,
st = (82,)", dez, (6.39)

with ns = n/d integer-valued and ¢ characterizes the corresponding subgroup Zs x Zs
of Zy, X Zy symmetry.

6.2.2 Direct quantum phase transitions

Having introduced the models and notations, we now turn over to study (direct) quantum
phase transitions between distinct classes of SPT phases protected by Z,, X Z,, symmetry.
In particular, we are interested in a single parameter interpolation between two fixed-
point Hamiltonians ﬁc(ln) and I:IC(ln) with d € Z, and § € {1,...,|n/2]}*°. For such

+5
interpolations, we find the following result:

Direct transitions. If two Z, x Z, fixed-point models ﬁc(ln) and ﬁfli)zs satisfy

ns = % € {2,3,4} , then there exists a path Fg;)(/\,,u), connecting the two fixed-
point models, which has a single continuous quantum phase transition and whose
QCP is characterized by a CFT with central charge ¢ = {1,8/5, 2}, respectively.

A path that realizes such transition is given by (here we set d = 0),

05 ) = (1= VA + MY — > (X754 hee) | (6.40)
7,0

19Note the “t” in the definition of SAIilTOﬂ means that we replace all operators by its hermitian conjugate,
but the string of the symmetry flux still starts at —oo and ends at r — 7.
20The floor function |z gives the closest integer, which is smaller or equal to x. For example, take

x =3/2, then [3/2] =1.
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with ng = n/d integer-valued and positive . Given this, the claim is as follows: If we
choose p sufficiently large (which does not affect the ground state of the gapped SPT
phases), then the path has a direct, continuous quantum phase transition if ns € {2, 3,4}.
This is equivalent to say that the change of the charges characterizing the projective
representations of the SPTs, Eq. (6.6), is given as follows:

o .
Aq = quB(d+ ) = 5 € {—1,ws, i}, (6.41)

where q}‘é is the charge associated to the fixed-point model H'C(ln) and ¢g = w,?!. Before

we discuss the construction of this path, let us emphasize two important aspects:

e First, knowing a path for d = 0 is sufficient, since all other cases can be obtained
via application of the SPT-Entangler U™, which for certain cases non-trivially
transform the term ~ p, see Eq. (6.34).

e Second, if ns € {2,3,4}, then the path Fglg)()\,,u) realizes a direct transition of
symmetry groups Z,s X Z, with 2 < n’ <4 (as we will now explain).

Construction of the path

The construction of the path hinges on the fact that Hamiltonians given in the definition
of Eq. (6.40) conserve a local Zs symmetry, which is generated by )A(]"f, To see this, it
is sufficient to consider the following commutator (which follows from the definition of
the fixed-point models in Eq. (7.1)):

ng EN=X7020 =20 X7 (6.42)

For the fixed-point models, we can evaluate the ground states exactly and find that it
has all )A(j"g = 1. In this sector, the Hamiltonian H 5(”) reduces to:

A e 5 e {1 {ZJ} (6.43)

(see App. B.2 and Fig. 6.5). Models with § > |§] can be obtained via complex conju-
gation. Although at the beginning and end of the path, the ground state is found in the
sector with all X '* =1, we cannot prove this in general for every A, and thus need to add
the additional term ~ p. Moreover, if ng < 4, then the path given in Eq. (6.40) realizes
a direct, continuous phase transition of symmetry groups Z,; x Z, with 2 < n’ < 4.
As stated previously, all other paths can be obtained by applying the SPT-Entangler,

O = (00) 1l ) (00)° (6.44)

which generically non-trivially affect the representation of the local Zs symmetry. Note,
the reduction scheme is not limited to particular models and also works for ns > 4;
however, according to Ref. [34], we do not expect a direct quantum phase transition for
such paths.

2'Knowing the charge on the B sublattice is sufficient, since the charge on the A sublattice can be
obtained via complex conjugation, see Sec. 6.1.2.
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Figure 6.5: Reduction scheme. Here we plot charges ¢¢ (as defined in Eq. (6.6))
characterizing projective representations, which classify fixed-point models
of different symmetry groups. Thereby, all charges are on the unit circle,
plotted in the complex plane. From this figure, we can read off whenever the
ground state of a fixed-point model of a higher-dimensional symmetry group
reduce to the ground state of a lower-dimensional fixed-point model. For
example, the ground states of cetain fixed-point models for Zg x Zg reduce
to ground states of fixed-point models for Z4 x Z4, which even further reduce
to ground states for the fixed model of Zy x Zs if the corresponding charges
coincide. This is the case if symbols associated to different symmetry groups
match.

A related path and numerics

Although at first sight this path looks rather fine-tuned, it turns out that the very natural
choice of a single parameter interpolation (i.e., setting u = 0),

LA 0) = AR () = (1 - NAM + AA (6.45)

follows the path of flé?‘S)()\), which we can prove—assuming certain symmetries—for
many cases (see App. B.3). To confirm our analytical results, we numerically evaluated
the central charges for path (6.45). The analytically expected values are listed in Tab. 6.1
and the numerically obtained values are shown in Fig. 6.6. Indeed, the central charges
obtained by iDMRG calculations agree very well with the predicted values.

6.2.3 Protecting symmetry groups
In Sec. 6.1 we showed that the embedding of the quotient group can stabilize SPTs,

while the subgroup cannot. If n > 4, there are cases where subgroups can stabilize the
SPTs.
Embedding of the quotient group

There are only two fixed-point Hamiltonians for which the embedding of the quotient
group can protect the SPT:
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H ég) Aq | Central charge ¢
ald | -1 1

HY | ws 8/5

a9 | -1 1

H, ég) ) 2

a% | -1 1

Table 6.1: Central charges. Central charges for direct quantum phase transitions of
Hamiltonian (6.45).

3.0 r I I I I I | | 1
O O Z4 X Z4
2.6 - A A ZgXZg -
Zg X Zg
2.2 - -
1.8 - 1
Ko
0N
14 - -
1.0 - .
0.6 - i
0.2L I I I I I I I |
1 2 3 4 5 6 7 8
log £(x)
Figure 6.6: Central charges. Central charges cgs characterizing the CFT
of the critical point of quantum phase transitions (n,00) €
{(4,02), (6,02), (6,03), (8,02), (8,04)}. The central charge is ob-

tained from the scaling of the half-infinite chain entanglement entropy
S(x) = ¢/6log&(x) + const., where x is the bond dimension of the corre-
sponding MPS [193, 194].
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Quotient group protection. The embedding of the quotient group is an exact
symmetry of ﬁén) and ﬁf;%, ie., n=26.

For these cases, there exists a unitary operator W such that the embedding of the
quotient group

9, =] (W ® X) , o € {A, B}, (6.46)

. 7,0
2,0

transforms local operators as follows:

N3
w|3

Qp: Xjo 0 Xl Qo: 22, ¢ —22,, (6.47)
where X denotes the Pauli matrix along = (see App. B.2). Since this symmetry be-
comes indistinguishable from the quotient symmetry at low-energies, this implies that
the embedding of the quotient group keeps SPTs non-trivial, even if the global Z, x Z,

symmetry is explicitly broken.

Subgroups

For a fixed-point model H C(l"), with d € Z,, the charge associated to a subgroup Z,,, x
T, %? of Zy, X Z, symmetry, according to Eq. (6.6), is given by,

G, mGm Gy = qrign.. (6.48)

Subgroup protection. A subgroup Z,,, X Zp,, can protect the SPT of a fixed-
)

point model H C(ln if the following equation, for a given triple (n,d, m), can be solved
by an integer po,

dm? = pon +d, po € N. (6.49)

If this is the case, then the classifying charge reduce to qg"‘j{l = qg +1- A necessary
condition for a subgroup being able to protect an SPT is that its dimension is equal or
larger than the number of edge modes n,, > Ng(d)?*. For a given fixed-point model
FIC(ln), the number of protected edge modes Ng is defined as the smallest integer such
that the classifying charge, Eq. (6.6), fulfills:

(qg)Nf =1. (6.50)

22Here we again defined n/m = Nm.

Z3The number of edge modes is determined by the dimension of the irreducible projective representation
of Zn,, X Zn,,. For this symmetry, the maximal dimension is given by n,,. If two matrices U,V
commute up to a phase factor w™, UVU 'V ™! = w™, then their dimension must be at least 7.
This follows from the determinant of UVU 'V !, det (UVU_lV_l) =1.
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For example, if we consider the triple (6,d,m), then there are two subgroups with
nm € {2,3}. For the Zy X Zy subgroup, the only relevant fixed-point model is d = 3
because here Ng = n,,. Inserting the numbers in Eq. (6.49), we see that this can be
solved by an integer pg = 4 and, consequently, this subgroup protects the phase. For
the other subgroup, there are two possible cases d € {2,4} for which N¢ = n,,. Here,
Eq. (6.49) can again be solved by integers py € {1,2}, which implies that subgroups can
stabilize the phases as well. For the triple (8,2,2), however, there is no integer solution
to this equation. An explicit calculation shows that the resulting charge is trivial and,
hence, the subgroup cannot protect any SPT. We conclude, if Eq. (6.49) cannot be
fulfilled by any integer, then the ground state is either trivial or realize another class of
an SPT.

6.2.4 Anomalies of Z, x Z,, chains

To study anomalies of Hamiltonians Fgg)(/\, 0), denoted by,

Ay =q-narxal (6.51)

we first introduce two duality transformations, which become an additional symmetry at
A =1/2. Since it is already known that there exists an antiunitary transformation [82],
generating an additional ZI symmetry at the equal-weighted point?*, we will consider
the yet unknown unitary representation of the duality transformation, which, however,
leads to the same conclusions.

Intrinsic anomalies

The unitary representation of the duality symmetry is given by,

Dy, =W, (U (”))ZM, Wo = [[ Wi, (6.52)
J

where W, is defined through the action on local operators:

Wo: Xjo o X1, Wo:Zjo e 2], (6.53)

]70—7
Under this transformation, Hamiltonian (6.51) changes as follows:

A

~(n T A n A n
(Dglé;)a) Hc(lé)()‘)Dz(ié;)a - Héa)(l =) (6.54)

At A = 1/2 this duality mapping together with the global Z,, X Z,, symmetry forms a Z,, x
Zy, X (Za X Za) symmetry. The semi-direct product results, since W, does not commute

24The antiunitary representation of the duality transformation is given by,
A _ 7 (n)) 2448
Dd&;T =K (U " ) )

where K is the operator of complex conjugation and 7' denotes the antiunitary representation.

®Locally, in the eigenbasis of Z the operator reads: W = Z::Ol |n—1) (1.
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with the generators of Z, x Z, symmetry. Because paths with different parameters d
are unitarily related, it is sufficient to consider only cases with d = 0.

Intrinsic anomaly. For any (n, ) with n even and 0 odd, there exists no gapped
ground state that is symmetric under Z,, X Z, X (Zo X Zg) symmetry.

If a gapped, symmetric state exists, there must be a pair of symmetry fluxes associated
to Zpn X Z,, symmetry, Eq. (6.35), such that corresponding string operators, Eq. (6.38),
have long-range order. These symmetry fluxes must be invariant under the duality
transformation, which gives the following constraint:

0 n+90
d=-vd=
2 2 7

where d’ labels a possible gapped, symmetric SPT. Possible scenarios are:

(6.55)

6

« For odd n, this equation has always a solution®®,

= no intrinsic anomaly if n is odd.

e For even n, this equation has only a solution if J is even,
= no intrinsic anomaly if both (n,d) even.

The condition in Eq. (6.55) is equivalent to the non-double stacking condition of Ref. [82],
which says that the charge difference, Eq. (6.41), cannot be written as a square of another
Zy, charge. In App. B.4 we explicitly show that this symmetry has a gauge anomaly for
cases mentioned in the golden box above.

Emergent anomalies

Given the interpolation described by the path I‘(()g)()\, ©)?7, when do we expect to have
an emergent anomaly at A = 1/27

Emergent anomaly. For any (n,d) with ns integer-valued and even, there is no
gapped state that is symmetric under Z,, X Z,, X (Z2 X Z3) as long as the Zs x Zs
subgroup is gapped.

Recall that for the reduction to work we need that ns is integer-valued, see Eq. (6.43).
If ns is even, then at low-energies the effective Hamiltonian is given by ﬁ(()?;a ), which
according to the previous golden box has an intrinsic anomaly?®. Upon adding symmetric
perturbations, the anomaly persists as long as the Z; x Zs subgroup is gapped = emergent
anomaly.

26Tf n is odd it can be written as n = 21 + 1, this, however, implies that & is odd as well. Since the sum
of two odd numbers is even, d’ = (n + §)/2 is always integer.

2THere we assume j to be sufficiently large such that we are in the correct sector.

28We used again the shorthand notation I?I(()?“) = I?Ié?“)()\ = 1/2). Moreover, the previous discussed
model ﬁo(g) is an example of such case.
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6.2.5 Symmetry-enriched quantum criticality

If the SPT-Entangler U™ acts with arbitrary powers on the path described by F[()Z) (A, ),
then, although the central charge of the CFT is unchanged, the CFT itself is non-trivially
transformed. We say the CFT is symmetry-enriched by Z, x Z, symmetry [183]. To
characterize different CF'Ts, we assign to each symmetry flux of the gapped Zs x Zs
subgroup an end-point operator that has a well-defined charge w.r.t Z, x Z, symmetry
(see Eq. (6.37) and Eq. (6.39)),

ngs

st = (81, )”‘5 d€ln, (Qhosr)” €Zs. (6.56)

Symmetry-enriched CFTs. For a given (n,d), with ns integer-valued, there
are ¢ distinct CFTs characterized by symmetry fluxes 879 4 d € Z, whose end-point
operators are charged under Z,, X Z, symmetry.

Entanglement spectrum and edge modes

In Sec. 6.1.7 we discussed the case (n,d) = (4,2), which gave rise to two topologically
distinct CF'Ts. By similar arguments as given there, we can explicitly show that if the
charges are non-trivial, there is a degeneracy in the entanglement spectrum. Moreover,
if the system is considered with a single edge, there are edge modes. To this end, we
again define two locally confined operators é; and és, which are given by,

N 5 A ong Ansd A A Amlam1
€L =214, €= Xl";‘ZL%, €1€26] €5 =ws, d>0 (6.57)

that commute with the Hamiltonian, defined by T (n)()\ w) in Eq. (6.44), and itself up to
a phase factor ws—resulting in & degenerate ground states. This implies, equivalently
to Sec. 6.1.7, that there is SSB at the edge and edge modes for a system with a single
edge?”. Furthermore, the bulk entanglement spectrum is at least d-fold degenerate.

Gapless SPTs. Similar to the illustrative case, there are also gapless SPTs for models
with Z, X Z, symmetry. Aside from examples with direct transitions, there are gapless
SPTs that do not require the duality symmetry in addition to be well-defined. Indeed,
in Ref. [34] it was shown that for transitions with n > 4, where the change of the charge
Aq ¢ {—1,ws,i}, Eq. (6.41), the interpolation crosses an intermediate gapless phase
characterized by a CFT with central charge ¢ = 2. From the previous discussion, we
conclude that such phases—in the presence of gapped degrees of freedom—form gapless
SPTs if associated string operators are non-trivially charged?.

2Note that the edge modes are perfectly localized, which, under symmetry preserving perturbations,
turns over to an exponential decay into the bulk with &, < oco.

39An example of such phase is given by the interpolation between H° and fI3 , which is obtained
from HES(N) by applymg the SPT-Entangler once. The latter transition effectively reduces to an
interpolation between HO and H? 1 crossing an intermediate gapless phase with central charge ¢ = 2.
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6.2.6 Spontaneous-symmetry-breaking and U(1) symmetry

In Sec. 6.1.4 we have seen that, upon increasing the perturbation with Hy, the system
enters an SSB phase, where the emergent anomaly is no longer well-defined. This phase
is characterized by SSB of a single Z, and sublattice symmetry. However, such a phase
can also arise for cases that do not have an emergent anomaly, which is the case for
odd n. To see this, let us emphasize that all fixed-point models can be obtained from
the trivial phase via successive applications of the SPT-Entangler, which is shown in
Eq. (6.30). Thus, the following Hamiltonian:

n—1
A =% g (6.58)
d=0

has an additional Z,, symmetry generated by the SPT-Entangler U™ . Such a Hamilto-
nian cannot have a gapped, symmetric ground state that is invariant under the global
T, X Loy X T, symmetry>!. This follows from the fact that no symmetry flux is invariant
under the action of the SPT-Entangler = the ground state must be gapless or SSB. Thus,
irrespective of n, the given representation of the Z,, x Z, x Z, symmetry has a gauge
anomaly (see App. B.4).

A concrete case: Z3 x Zg fixed-point models

To verify the previous predictions, we evaluated the phase diagram of fixed-point models
of Zs x Z3 symmetry, shown in Fig. 6.7, where the SSB phase is characterized by spon-
taneously breaking one of the Zz symmetries and sublattice symmetry Sap. Although
Hamiltonian (6.58) is only realized at the center of mass of the triangular, the SSB phase

extends over a large region in parameter space3?.

Enhanced U(1) symmetry

It turns out that the additional Z,, symmetry of Hamiltonian (6.58) can be enhanced
to a global U(1) symmetry. However, it is important to note that the overall symmetry
is not Z,, X Z, x U(1), since the U(1) symmetry does not commute with generators of
Loy, X L.

Definition. To see this enhancement, we first have to rewrite the SPT-Entangler
differently. Therefore, we define an operator .7:}-7033 that measures the Zy charge [;, of
a local basis state |I)

J,07
R n—1 R -
Fio = Lo () U);5 = Zijo =’ (6.59)
=0

31Here we assume the system to have no boundaries, otherwise the generators of the Z, X Z, symmetry
do not commute with the SPT-Entangler U™ generating the other Z,, symmetry

32Note a similar phase diagram was obtained for a two-dimensional system with SPT phases protected
by Zs symmetry [195].

331n terms of total spin S, this operator for a given n can be written as F(™ = § .1+ §%. Thus, all odd
n correspond to integer spin and all even n to half-integer spin representations, respectively.
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H,

HO H2

Figure 6.7: Phase diagram of I:Iég)l (o, B,7v). There are three topologically distinct
phases labeled by FIO, Hy and H, respectively. The phase in the middle is
SSB, where one of the Z3 symmetries and sublattice symmetry are broken
spontaneously. The critical point is immediately gapped out by perturbing
it with H f3). In the center of mass, the Hamiltonian takes the form given by
Eq. (6.58).

Using this, the SPT-Entangler can be written as follows:
70 = [Lon 72, 0F) = JJwniB7+04 (6.60)
J J
and, thus, the overall U(1) symmetry is generated by,

X (FaFin—F;nF;
oy :@i’zf( PATRETIE ”“‘), é €R. (6.61)

For a given basis state |I); 4 ....|l); 5, the generator of the U(1) symmetry measures the
following charge difference:

AQ =) (lialjp — lj-1,8lj.4) = QaB — Qpa. (6.62)
J

Commutation relation. To show that the generator of the U(1) symmetry and the
Hamiltonian (6.58) commute, we prove that the action of the Hamiltonian on an arbitrary
basis state does not change its charge difference AQ. To this end, we use that the
Hamiltonian (6.58), on each sublattice, can be written as follows:

A A

HY = —n 2 (Xja+ X04) Pip, Hp = —n 2 (Xin+ Xg) Pivaas (663)
j J
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where we defined the projection operators

A 1SR i sa ; 12y Std
Pip=—3 21 2, Ppa= ~> 2§y A2} (6.64)
d=0 d=0

These projection operators ensure that the local charge [; , can only change if neighboring
charges are equal. For example, the charge [; 4 can only change if [;_; p = l; 5. The
local operator ij 4 changes the charges Qap and Qpa of an arbitrary basis state as
follows: Qap — QaB +1jp and Qpa — Qpa + lj_1,B, which results in:

AQ = AQ +1jp —lji—1,B (6.65)

However, such a process is only possible if I;_1 5 = [; g, which implies AQ" = AQ.
A similar consideration holds for complex conjugate terms and for the other sublattice.
Thus, no term of the Hamiltonian changes the global charge of any basis state and, hence,
the Hamiltonian is charge conserving. Given the particular form of the SPT-Entangler,
we explicitly checked?! if the ground state, in the center of Fig. 6.7, is symmetric under
this U(1) symmetry, which is indeed the case.

Let us emphasize that such an enhancement is not special to this class of models.
It is very common that different classes of SPT phases can be mapped to each other
via duality transformations®, which—for a half way interpolation between two distinct
classes—generates an additional symmetry. Occasionally, this symmetry enhances to a
U(1) symmetry. In a recent work by Tantivasadakarn et al. [197], a sufficient condition
was provided, when a Zg symmetry enhances to a global U(1) symmetry.

6.3 Generalizations to other symmetry groups and dimensions

Thus far, we have studied the criticality of Z, x Z, chains in great detail. In this last
section, we emphasize that certain key insights generalize to other symmetry groups
and dimensions. In particular, an essential ingredient in many of the above discussions
was the idea that at an SPT transition, a certain symmetry (sub)group could remain
gapped—with a variety of consequences—which we further explore here.

One-dimensional SPTs

Let us first still consider 1D SPT phases, but for a more general symmetry group G.
As mentioned in the introduction, the SPT phases are classified by projective repre-
sentations, or equivalently, H?(G,U(1)). Suppose we have two distinct SPT classes
o, € H*(G,U(1)) and would like to gain insight into possible quantum criticality aris-
ing between them. Our above work suggests that it is paramount to find the largest
normal subgroup N C G where both SPT classes are compatible. (We will discuss in a
moment how to characterize this compatibility condition.) In that case, we argue that N

34This can be easily done using the ITEBD algoritm [196].
35This naturally occurs for fixed-point models constructed by the method of Ref. [64].
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can remain gapped when tuning between the two classes, with the effective low-energy
criticality looking like a transition for G-SPT phases, where G = G /N is the quotient
group. This way, we can reduce the study of the SPT criticality to a smaller symme-
try group, where remaining degrees of freedom can help in stabilizing criticality. The
simplest example we found is where G = Z4 X Z4 and G = 7y X Zo, with the effective
low-energy transition looking like the usual cluster chain transition with central charge
c=1.

Compatibility condition. What does it mean for two SPT phases with a symmetry
group G to have a compatible normal subgroup N7 In the simplest case, such as an
Abelian group G, it simply means that all symmetry fluxes for N have the same charge
in both phases. l.e., their string order parameters are compatible. Indeed, if they
agree, there is a priori no need for them to go critical, and they can remain gapped
at criticality, whereas fluxes with different charges need to lose long-range order at
criticality. However, for non-Abelian groups G it is known that string orders do not
necessarily give a full characterization of the SPT phase [95]. In such a case, however,
we can consider symmetry fractionalization of each symmetry g € G: for each on-site
symmetry U9 = [],, U, symmetry fractionalization tells us that when acting with U9 on
a large but finite segment, the ground state only transforms near the boundary of that
segment, i.e., U9 = UJUY, for some “fractionalized” Uy p. Then Uj, gives a projective
representation of GG, with different classes leading to different SPT phases labeled by
H?(G,U(1)). We say two SPT phases have a compatible normal subgroup N if all the
fractionalized operators U ﬁ (for h € N) have consistent symmetry transformations when
conjugating by elements in ¢ € G. Note that in the Abelian case, this coincides with
checking the charges of string order parameters, since ghg~' = h, such that conjugation
always preserves the symmetry string.

Topological properties. The remaining gapped degrees of freedom can endow the crit-
ical point with a topological twist. The gapped symmetries have long-range order for
their symmetry flux, and if the latter carries a non-trivial charge under some symmetries,
it implies that the system has exponentially localized edge modes with open boundaries.
This is consistent with one of the known mechanisms for gapless SPT phases [183, 184]

and it agrees with the above examples we found (such as the H 1(4) to H §4) SPT transition
for Z4 x Zs-symmetric chains).

Higher dimensions

Lastly, let us note that this discussion naturally generalizes to higher dimensions. Instead
of using string order parameters, one can say that two SPT phases (for a symmetry
group () in d dimensions have a consistent or compatible normal subgroup N C G if
all symmetry twists [64, 80, 81, 85, 164, 198-204] with respect to elements h € G have
the same transformation properties in both phases. The simplest example in 241D is
for G = Z4. Since H?(Z4,U(1)) = Zg4, there are four distinct phases (including the
trivial phase). The middle SPT class has the same properties as the trivial phase for
symmetry twists with respect to the normal subgroup Zs C Z4. Hence, this subgroup
can remain gapped at the transition between these two, such that at low energies it will
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effectively look like an Zg = Z4/Zs SPT transition. A similar statement holds for the
transition between class one and class three in H?(Z4, U(1)); however, in this case the
gapped Zo subgroup is itself topologically non-trivial and will protect edge modes at
criticality. (While a continuous Zy SPT criticality is difficult to find in 2+1D, we note
that it has recently been suggested that such a continuous transition can be found for
73 [197, 205], and by the above this can arise as an effective low-energy description for
Z3 SPT transitions.)

6.4 Summary & Outlook

In this chapter, we showed that the fixed-point models of one-dimensional SPTs protected
by Z, x Z, symmetry have much more direct quantum phase transitions as initially
expected [34]. Moreover, for paths considered here, we showed that if a single unique
QCP exists, the CFT is characterized by a central charge ¢ € {1,8/5,2}, which we
numerically demonstrated for several examples using iDMRG calculations (see Fig. 6.6).
We argued that the direct transitions are a consequence of additional gapped degrees of
freedom, that is, starting from the trivial phase d = 0 not all SP'Ts of Z,, X Z,, symmetry
can be reached if particular subgroups remain gapped along the interpolation.

Aside from this, we discussed the topological nature of the underlying CFTs and
showed that CFTs having the same central charge not necessarily represent the same
RG fixed-points. If the topological nature of a CFT was non-trivial, we argued that if
such a critical system is considered with boundary that there are exponentially localized
edge modes and degeneracies in the entanglement spectrum. These properties and,
in particular, the topological distinction is another feature resulting from additional
gapped degrees of freedom at quantum criticality. These together with the critical bulk
form gapless SPTs on the QCP of two gapped SPTs, or in intermediate, gapless phases
characterized by a CFT. Most examples of such phases have been so far considered on
transitions between SPTs and SSB phases (see Refs. [183, 184] and references therein).

Moreover, we showed that the action of the global Z, x Z, symmetry on low-energy
degrees of freedom is given by a quotient group, which together with a duality mapping
can lead to an emergent anomaly, and in particular cases, Z4 X Z4, together with sub-
lattice symmetry forbids a gapped state; thus stabilizing quantum criticality. To study
this and the former mentioned features, we numerically evaluated the phase diagram
of fixed-point models protected by Z4 x Z4 (see Fig. 6.3). In the context of anomalies,
we proved that emergent anomalies appearing in higher-dimensional symmetry groups,
Ly X Ly, emerge from an effective Hamiltonian that has an intrinsic anomaly and de-
scribes the interpolation in a lower-dimensional symmetry group Z, /s X Z,, 5, where ¢
specifies the distance of two fixed-point Hamiltonians in Z, X Z,.

We also briefly discussed the protection of SPT phases realized by fixed-point Hamil-
tonians of Z,, X Z, symmetry and showed that not all of them require the global Z,, x Z,,
symmetry to realize a non-trivial state. For special cases, we argued that the embedding
of the quotient group or subgroups can protect the SPT.

Penultimately, we proved that if we consider a Hamiltonian consisting of an equal-
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weighted sum of all fixed-point models, that the Z, symmetry together with the global
Z, X 7., symmetry has a gauge anomaly as it forbids a gapped, symmetric ground state.
To demonstrate this, we evaluated the phase diagram of a Hamiltonian consisting of all
fixed-point models of Z3 x Z3 symmetry and found that the ground state—for a certain
parameter regime—is spontaneous-symmetry-breaking. Moreover, we explicitly showed
that the Z,, symmetry due to the SPT-Entangler can be enhanced to a U(1) symmetry.

Finally, in Sec. 6.3 we generalized our findings to other symmetry groups and higher
dimensions, in particular, when to expect gapped degrees of freedom and topological
properties at quantum criticality.

Outlook. So far, we have studied how gapped degrees of freedom can enrich quantum
criticality. Moreover, we saw that the presence of such degrees of freedom results in
an effective low-energy description of the global symmetry group in terms of a quotient
group, which together with a duality symmetry can lead to an emergent anomaly sta-
bilizing criticality. In this overall work, the global symmetry group itself has been able
to protect non-trivial SPTs, i.e., H*(Z, X Z,,U(1)) = Z,. Since low-energy proper-
ties were completely determined by the quotient group, naturally the question arises
what happens if the global symmetry group G does not allow for non-trivial SPTs,
i.e., H*(G,U(1)) = 0, but if at low-energies the effective symmetry group G/H?3% does.
Exactly, this is the question that is answered in the next chapter, where we study a
descendant of the Hubbard model.

36Where H denotes a normal subgroup.
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Chapter 7

Quotient group symmetry-protected
topological phases in the bond-alternating
ionic Hubbard chain

In the previous chapter we have seen that for certain quantum phase transitions among
SPT phases the action of the global symmetry G on low-energy degrees of freedom is
given is by its quotient group G/H, where H is a normal subgroup. Moreover, we
saw that this low-energy representation can have an emergent anomaly, which can be
lifted upon tuning some parameter of the Hamiltonian. In all foregoing cases, however,
the lifting of the emergent anomaly resulted in a gapped, symmetric SPT state. A
necessary condition for this to happen is that G itself can protect non-trivial SPTs, i.e.,
H?(G,U(1)) # 0. In this chapter, we will explore a different scenario, namely, where G
cannot protect non-trivial SPTs, but its quotient group G/H can.

To this end we consider a descendant of the Hubbard model, a bond-alternating ionic
Hubbard model (BIHM) [206-219] where constituents have charge and spin degrees
of freedom. If on-site interactions dominate, charges are immobile and the effective
description is in terms of spin degrees of freedom. The resulting model is given by
the bond-alternating spin-1/2 Heisenberg chain [35, 206], H = >+ (=1)76)8; - Sj11.
Depending on the dimerization, this model is a representative of the Haldane phase,
an SPT protected, among others, by spin-rotation symmetry SO(3). For the bond-
alternating Heisenberg model, the unit cell consists of two sites; thus, two spin-1/2
degrees of freedom form an integer representation of SO(3). If lattice sites start at
j =1, then 6 > 0 is the topological Haldane phase, with a zero-energy spin-1/2 degree
of freedom at each edge. Note, no gapped, spin-rotation symmetric Hamiltonian can
adiabatically connect the two § < 0 and § > 0 regimes.

In recent times, it has been realized that the anomalous action of the global symmetry
on the boundary of SPT phases is its Achilles’ heel [18, 50, 64, 86, 93, 95, 220]. Unlike
SSB phases, any SPT phase can be trivialized by extending its symmetry group [39, 189—
192]. For instance, the non-trivial topological phase of the formerly introduced low-
energy description of the BIHM—the Haldane phase of the bond-alternating spin-1/2
Heisenberg chain—is trivialized by extending SO(3) into SU(2). This corresponds to
introducing degrees of freedom (here charges) on which the —1 element of SU(2) acts
as an operator, rather than a number (such that it remains SU(2) even after blocking
sites into unit cells). In the presence of charges this can be achieved by driving the spin
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chain away from its Mott limit, such that 27-rotations equal the fermion parity operator,
rather than a classical number. Such paths—connecting the Haldane phase to a trivial
phase via fluctuating charges—were explicitly constructed in Refs. [36, 37] for related
fermionic models.

However, so far, the following questions have not been addressed: How immediate is
this trivialization? Are topological characteristics—such as edge modes—immediately
gapped out by some exponentially small energy scale? Or do edge modes remain ezxact
zero-energy edge modes over some finite region of parameter space?

In this chapter, we show that—remarkably—the latter option is realized. When an
SPT phase is—strictly speaking—trivialized by introducing new degrees of freedom on
which the symmetry group acts in an extended way, we argue that while certain features
such as string orders are known to immediately lose their meaning [36], other salient
features, such as edge modes, degeneracies of the low-lying entanglement spectrum and
bulk phase transitions are stable over a finite region in parameter space. We identify
quantized invariants, which characterize this stability. Hence, the original symmetry
group—which is now a quotient group of the extended symmetry group—can still protect
certain topological phenomena; we refer to these as quotient group symmetry-protected
topological (QSPT) phenomena.

Overview. This chapter is based on [P5]. In the first section, Sec. 7.1, we introduce
the Hamiltonian describing the BIHM and discuss its symmetries and, in particular, the
subtlety of m-rotations in the fermionic Hilbert space. Then, we provide a full phase
diagram of the BIHM for a particular value of ionicity. Thereby, we briefly give a
historical review on the ionic Hubbard model, shortly consider different regimes of the
on-site repulsion and demonstrate that there is a gapped, symmetric path along which
the Haldane phase is trivialized.

In the second part, Sec. 7.2, we elaborate on the quotient group symmetry-protected
topological signatures of the BIHM and explicitly verify that edges modes and degen-
eracies in the low-lying entanglement spectrum are parametrically stable as we lower U.
Thereby, we argue that these features can only disappear if the edge has a gap closing.
Moreover, we will explain the robustness of the critical line, Fig. 7.1, which has so far
mainly addressed using field theory or numerical tools. Here we will show that it is due
to an emergent anomaly of the quotient group and a duality symmetry exchanging the
dimerization pattern.

Lastly, in Sec. 7.3 we give a more general understanding of QSPTs starting from
the one-dimensional case, and then briefly, consider a possible generalization to a two-
dimensional case.

7.1 Introduction of the bond-alternating ionic Hubbard model

Here we first introduce the Hamiltonian describing the BIHM and its symmetries, then
we show the phase diagram obtained using iDMRG for a particular value of the ionicity
and discuss different parameter regimes in the phase diagram. Finally, we argue how
the Haldane phase of the effective spin description is trivialized by introducing charge

139



Chapter 7 Quotient group symmetry-protected topological phases in the
bond-alternating ionic Hubbard chain

degrees of freedom.

7.1.1 The Hamiltonian of the BIHM

The bond-alternating ionic Hubbard model of spinful fermions consists of three terms:

. A 4 1 1
==Y [t;(0)eh 1 85+ o] + 3+ U Y (ﬁﬁ - 2) (ﬁm _ 2) (7.1)
/ j

J»s JsS

with ¢;(6) = (1 + (—1)’4). The interactions among the fermions are controlled by
the parameter U, while A (= ionicity) is a local chemical potential that has different
signs on the two sublattices. From the bond-alternating hopping and the local chemical
potential, it follows that each unit cell consists of two sites. The operator é; <(¢j5) creates
(annihilates) a fermion with spin s € {1, |} on site j and the particle number operator
is given by At = ¢ &, with 72, = ).

7.1.2 Symmetries of the BIHM

Hamiltonian (7.1) conserves the total particle number and, thus, has a global U(1)
symmetry. Aside from global charge conservation, the Hamiltonian is symmetric with
respect to a global SU(2) spin-rotation symmetry generated by,

1

St =3t ST =38 40 87 =50 (i — ), (7.2)
J J J
where z,y components are defined as follows:
~ 1 /4 N N ~
x __ =+ — + —
5_2(5 +57), S 2Z(s -57). (7.3)

The two symmetry groups U(1) and SU(2) are not independent (see also Ref. [35]). Since
S% and N commute among each other and with the Hamiltonian, associated quantum
numbers are conserved. Thus, we find:

. N 1 1

S+5:i(NT—N¢)+§(N¢+N¢):NT€Z. (7.4)
Since the right side is integer-valued both terms on the left must take either integer or
half-integer values, which implies that not all representation of U (1) x SU(2) are allowed.
Hence, the resulting symmetry group is U(2) = (U(1) x SU(2)) /Zs" [221].

!There is an alternative way of seeing this: Both symmetry groups share a common element, given by
fermion parity. Indeed, we find that P = ™V = ¢275”  Gince the generators of U(1) and SU(2)
commute, the representation of U(1) x SU(2) is given by V(qu, 0) = ¢V ¢ However, from this, we
see that two different elements in U(1) and SU(2) denoted by V'(¢) = PV (¢) and V'(8) = PV (8)
map to the same element under V'(¢,8) = V (¢, 6). Hence, two elements of U(1) x SU(2) differing
by fermion parity need to be considered as equivalent, or said differently, the kernel of this map is
given by Z» = {(1,1), (P, P)} and from the first isomorphism theorem it follows that the resulting
symmetry group is (U(1) x SU(2)) /Zs.
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Fermion parity and 7-rotations

A key aspect—which we will often return to—is that 27 rotations, defined by,
P =exp (27T7JSW) , ve{x,y,z}, P?=1, (7.5)

equal the fermion parity operator P rather than a classical number +1, as in spin chains.
This has an important consequence, namely, even after blocking sites into unit cells, the
symmetry remains SU(2) instead of becoming SO(3)?. A similar result we find for 7-
rotations, which in the spin chain limit generates a Zy x Zo symmetry; however, in the
fermionic Hilbert space correspond to a group isomorphic to quaternions Qg C SU(2).
The group representation of this symmetry is given by,

A

Qs = (R R R PP = 1, (B) = (Rv) = (B) = eRvRe = ), (1)

where RY = €57 Tt is important to note that none of the symmetries introduced here
can stabilize a non-trivial SPT phase, i.e., they do not admit any non-trivial projective
representations, or in terms of group cohomology: H?(SU(2),U(1)) = H%(Qs,U(1)) = 0.

Particle-hole transformations and bond-centered inversion symmetry

In the absence of ionicity A, Hamiltonian (7.1) is invariant under particle-hole trans-
formations ¢&;, — (—1)j é}L s as well as bond-centered inversion symmetry & s — ¢_;j_1s
(similarly for complex conjugate terms). For the latter to be well-defined and compatible
with Hamiltonian (7.1), the underlying lattice must consist of 2L sites with L even and
labeling of sites as follows: j € {—L,...,L — 1}.

In the presence of ionicity A, neither particle-hole transformations nor bond-centered
inversion symmetry are symmetries of the Hamiltonian; however, their combined action
is preserved. Thus, if the BIHM has a unique ground state—given this symmetry—it is

naturally at half-filling.

Duality symmetry

Our model has a useful duality symmetry (U, A, d) — (U, A, —4d), given by the modified
(unitary) translation operator?,

Dé; Df = (—1)el,, .. (7.7)

Consequently, a single direct transition can thus only occur at § = 0. In the spin chain
limit, D acts as a single-site translation symmetry and an on-site unitary transforming
spin operators as follows:

DS)D' = R,S],, R, (7.8)

2For a spin-1/2 chain, this is different. If a unit cell consist of two spin-1/2 degrees of freedom, the
symmetry is SO(3) rather than SU(2).
3This requires a lattice with PBC or infinite extension.
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7.1.3 Quantum phases: An overview

In this part, we study Hamiltonian (7.1) at half-filling with finite ionicity and different
values of dimerization 6 € [—1, 1] and obtain a phase diagram of this model using iDMRG
(for details on this, we refer to App. C.2.1). We start the discussion with a brief historical
review, and then briefly discuss limiting cases. Lastly, we consider how we can trivialize
the Haldane phase using charge fluctuations.

Historical review

The ionic Hubbard model has been extensively studied before at 6 = 0 and the nature
of transitions along this line has been under debate for almost forty years [206-219].
In the U — 400 limit, it reduces to the gapless spin-1/2 Heisenberg chain. Although
A # 0 breaks translation symmetry, the effective spin chain is translation-invariant at all
orders in U [206]. Remarkably, criticality persists far beyond this perturbative regime
(see Fig. 7.1). To highlight this, we denote the point (Upert) Where perturbation theory
for the translation invariant Hubbard model (6§ = A = 0) in 1/U diverges [35]. Along
the line § = 0, the model shows two quantum phase transitions: first, a BKT-transition
(Ue,) into a spontaneously dimerized insulator (SDI) phase, and afterwards, an Ising
transition (U, ) into a bond insulator (BI) phase. Note the exact values of the critical
points shifts as a function of A [217]. Most of previous studies have been mainly field-
theoretic or numerical, we, however, will explain the persistence of this critical line as
being a quotient group symmetry-protected topological phenomenon.

Mott limit

In the Mott limit U — oo, the ground state has exactly one particle per site. At low
energy, the effective description is a spin-1/2 bond-alternating Heisenberg chain. Hence,
fermion parity becomes a classical number: P = —1 per site, or P = 1 for a two-site
unit cell. The symmetry group per unit cell is the quotient group* SO(3) = SU(2)/ Zg,
which is well-known to protect a non-trivial SPT phase, i.e., H2(SO(3),U(1)) = Z.
Indeed, in the introduction we saw how § > 0 (6 < 0) is a topological (trivial) phase.
Similarly, Zo x Zo = Qg/ Zg also protects the Haldane phase.

Finite interactions

Although in the limit of large U — oo the ionicity A # 0 is not relevant, it becomes rele-
vant as U is lowered because it explicitly breaks bond-centered inversion [17], SO(4)°[38]
and antiunitary particle-hole symmetry [38, 222], which would otherwise still distinguish
two SPT phases for arbitrary values of U. Since there is no symmetry distinguishing
different SPTs, we expect to have a single phase realized by Hamiltonian (7.1), which

4If H is a normal subgroup of G, the quotient group G/H is defined by identifying every element of H
with the identity element. Note Zg is generated by fermion parity.

SFor the Hubbard model, i.e., A = 0, there is another SU(2) symmetry formed by charge degrees of
freedom that together with the spinful SU(2) symmetry forms this symmetry group [35].
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Figure 7.1: Emergent Haldane phase in the ionic Hubbard chain with A = 0.4.
The Mott limit U — oo recovers two topologically distinct spin chains which
are connected by the small-U regime. The solid black (white) line is a second
(first) order phase transition. The transition line ends in Ising criticality at
Uc,. The edge mode of the (emergent) Haldane phase is stable until it gaps
out at small U (blue dashed line) without a bulk phase transition. The red
dashed line indicates where degeneracy of the lowest entanglement level is
lost.

indeed coincides with the results shown in Fig. 7.1. Note, similar results have been
obtained by Refs. [36, 37] in related models.

Zero interactions

At U = 0, the Hamiltonian reduce to two decoupled SSH chains, which—in the presence
of ionicity A—realize a single phase. There are two reasons: First, all symmetries that
can distinguish the two topologically distinct phases of the half-filled SSH model are
broken, and second, the bulk gap of the half-filled SSH chain at momentum k = 7 ~ |A|
is finite for all values of the dimerization. Note, for vanishing ionicity and dimerization,
the bulk gap of the SSH model at half-filling closes at k = 7 [180].

Trivializing the Haldane phase

From Fig. 7.1 we find that the Haldane SPT phase, for small U, is adiabatically con-
nected to the trivial phase. This can even be done analytically by choosing § = 1, then
tune U down to 0 and finally use that the two-decoupled SSH model have a finite gap
as ¢§ is changed. Group-theoretically, the Haldane phase is thus trivialized by including
fluctuating charges (i.e., finite U). This has been explored before [36, 37] and is a par-
ticular instance of how extending a symmetry group (here, extending SO(3) by fermion
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parity into SU(2)) can trivialize any SPT phase [39, 189-192]. The question of interest,
further explored in this chapter, is to which extent the topological features such as edge
modes or degeneracies in the entanglement spectrum immediately disappear, i.e., are
they fine-tuned or not?

7.2 Quotient group symmetry-protected topological
phenomena of the BIHM

Previously, we argued that in the limit of large U — oo the BIHM has an effective
description in terms of a bond-alternating spin-1/2 Heisenberg chain, which, depending
on the dimerization, realizes two topologically distinct SPTs. Thereby, we argued that
the effective symmetry group protecting these phases is given by the quotient symmetry
SO3) =SU(2)/ Zg. Clearly, as long as perturbation theory applies and the low-energy
description is given in terms of spin chains, we expect that topological signatures such
as edge modes and degeneracies in the entanglement spectrum remain. This is not
overly surprising because if we use the effective Hamiltonian derived from perturbation
theory [206], charge degrees of freedom are completely frozen and only spin degrees of
freedom remain. Thus, the effective local state space contains only two states {|1),|{)}
and, consequently, the global symmetry—in this Hilbert space—is given by SO(3). Note,
this is precisely what we have in mind if we study models only containing spin degrees
of freedom. In practice, however, spin degrees of freedom are inherently coupled to
electrons (or atoms) and, thus, pure spin models do not exist!

This naturally leads to the question of what happens to the topological signatures
if we consider the bond-alternating ionic Hubbard model in the full fermionic Hilbert
space. Do these features immediately disappear or remain robust to a certain extent?
Interestingly, from the numerical results shown in Fig. 7.1, we see that the critical line
along § = 0 persists way beyond the value of U, where perturbation theory for 6 = A =0
diverge. Although we do not know how this point changes as A > 0 becomes finite, we,
nevertheless, believe that for the choice we made, A = 0.4, it still diverges much before
U.,. Indeed, for A to become relevant it must be of the same order as US, and given
that U., ~ 5 - A, this assumption seems reasonable.

It turns out that a fundamental ingredient for QSPTs to exist is a separation of energy
scales. This is rather similar to cases we discussed in the previous chapter, Chap. 6,
where, however, the global symmetry group itself protected non-trivial SPTs. For the
one-dimensional Hubbard model, it is known that along the gapless line, § = 0, charge
and spin degrees of freedom separate [35]. Moreover, along this line spin degrees of
freedom are gapless, while charges remain gapped. We will explicitly demonstrate this
using symmetry fluxes and associated string operators. Consequently, along this line we
naturally have a separation of energy scales and, consequently, the effective action of the
global symmetry is SO(3) rather than SU(2). Note, by the reasoning above, this holds
way beyond the limit of perturbation theory.

SFor example, edges modes at § = 1 disappear if U = A.
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In the Mott limit U — o0, it is known that spin-rotation symmetry and duality
symmetry forbid a gapped, symmetric ground state (Lieb-Schultz-Mattis anomaly). In
the fermionic Hilbert space, this anomaly can be lifted and, thus, is only emergent.
However, as long as it forbids a gapped, symmetric state—to enter a gapped QSPT—we
have to explicitly break duality symmetry by slightly tuning § away from 0. Clearly,
near the critical line the separation of energy scales remains true and, hence, also the
effective action of the global symmetry on low-energy degrees of freedom. Depending on
how we dimerize the system, we expect to see topological signatures such as edge modes
and degeneracies of low-lying eigenvalues of the entanglement spectrum?. Up to which
point such separation and, hence, topological signatures remain, depends on details of
the model.

In the following two subsections, we discuss the stability of the topological signatures
using DMRG and investigate their robustness upon lowering the on-site interaction U.
First, we study the stability of edge modes and the degeneracy of the entanglement
spectrum. Thereby, we explicitly demonstrate that the fermion parity gap for a system
with open boundary conditions closes and show that a similar scenario applies for the
entanglement spectrum. Second, we explain the robustness of the critical line by showing
that at low-energies the quotient group and the duality symmetry have an emergent
(Lieb-Schultz-Mattis) anomaly, which can be detected using symmetry fluxes associated
to fermion parity.

7.2.1 Stability of edge modes and degeneracies in the entanglement
spectrum

Here, we show that the zero-energy edge modes of the Haldane phase are stable until the
fermion parity gap closes for open boundary conditions. Since gaps are parametrically
stable, this implies that the topological edge modes exist over a finite region of parame-
ter space, i.e., they do not vanish as soon as U is finite.
Per the usual arguments of symmetry fractionalization (see App C. 1) an on-site unitary
symmetry U actson a symmetric, gapped chain with edges as U=UL0R [95, 220]. Here,
ULR are exponentially localized on the boundaries. As discussed above, a fermionic
chain with SU(2) symmetry cannot host a non-trivial SPT phase; hence, these frac-
tionalized symmetries must obey the same group properties as the bulk symmetry, in
particular: ]:Z_,%f%; = PL]A%ﬁfzﬁ In the Mott limit U — oo for § > 0, we know that
the edge hosts a spin-1/2, i.e., PL = —1 such that ﬁ%ﬁé = —1:25]:25 implies a twofold
degeneracy. An eigenvalue of PL cannot immediately jump such that its associated
twofold degeneracy is parametrically stable. The only way P can change is if we make
U sufficiently small such that another (non-degenerate) level with P = +1 crosses it in
energy.

To illustrate this boundary transition, consider the case 6 = 1 where the decoupled
edge is a single-site problem. The edge mode is stable until U = A, where the energy

"Eigenvalues at higher energies must keep track of charge fluctuations destroying SPT order and,
consequently, will generically not show degeneracies.
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Figure 7.2: QSPT edge phenomena. We evaluate parity quantum numbers for a
vertical slice § = 0.2 (dotted line in Fig. 7.1). (a) The ground state degen-
eracy and parity quantum numbers (P) for a system with open boundaries.
We observe a boundary phase transition where the parity gap closes below
(above) which the ground state is unique (degenerate). (b) The three lowest
entanglement levels and the quantum numbers of P=U, Ll Ul TZ/{ I where U is

the action of R7 on the space of dominant eigenstates of the reduced density
matrix for a bipartition of an infinitely-long chain [93].

levels of a doubly occupied (P” = 1) and a singly occupied (PY = —1) site cross (for a
detailed discussion, see App. C.2). Away from this exactly solvable limit, we numerically
determine this boundary transition as shown in Fig. 7.1. In the many—body system, we
cannot directly read off the eigenvalue of PL: instead, we focus on P = PLPR. The
ground state always satisfies P = +1 (since both edges happen to undergo the boundary
transition at the same time); nevertheless, the above reasoning shows that the gap for
this global parity does close with open boundary conditions (since it must close at each
edge), which we verify in Fig. 7.2a. Note, this gap closing does not exist if the system is
considered with PBC. If it did, then we would have an actual bulk gap closing.
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Entanglement spectrum

The above arguments can be repeated for a virtual bipartition of an infinite system,
with the degenerate low-lying entanglement spectrum being stabilized by the parity
quantum numbers of the dominant eigenstates of the reduced density matrix, confirmed
in Fig. 7.2b. To demonstrate this, we first similar to Eq. (4.38) use that fermion parity
is on-site and, thus, we can write the reduced density matrix as follows:

ﬁL = ZAQP|04>LL<O¢]]5:]5/3L]5. (79)
o

This implies that P commutes with the reduced density matrix pr and the Schmidt
spectrum is block diagonal with blocks labelled by the symmetry eigenvalues. To obtain
the associated parity quantum numbers, we need to measure the symmetry eigenvalue
of corresponding Schmidt states. The way we technically do this, is to obtain effective
action of symmetry operators PW on the dominant Schmidt states (following Refs. [93,
94]), denoted by Z/AIW, and then use that fermion parity is given by,

P = UU,ULU. (7.10)

The advantage of evaluating fermion parity this way is that P only contains +1 entries®
for corresponding blocks of the reduced density matrix since the expression remains
invariant under rephasing LA{V — emZ/A{v. If we used directly P to obtain P, then the
eigenvalues of individual blocks could, in general, be decorated with an arbitrary phase
factor (see also App C.2).

7.2.2 Stability of SPT transition

Here, we explain why the phase transition between a trivial and SPT phase does not
immediately gap out after extending the symmetry group. Consequently, the critical
line in Fig. 7.1 is a generic QSPT phenomenon.

Lieb-Schultz-Mattis anomaly

It is well-known that in spin chain limit the duality symmetry, Eq. (7.7), in combination
with spin-rotation symmetry implies a Lieb-Schultz-Mattis (LSM) anomaly, disallowing
a gapped, symmetric ground state [182, 188, 223-227]: in the absence of symmetry
breaking this stabilizes a direct phase transition. The standard proofs for the LSM
anomaly hinge on the fact that, on a single site, R, and ]?y anticommute. This no
longer holds when charges fluctuate: ]%x]%y}?; lfiy_ 1_p (and indeed, in Fig. 7.1 we see
that small U admits a gapped phase). Nevertheless, we show that there is an emergent
Lieb-Schultz-Mattis theorem for large U, enforcing the parametric stability of the phase
transition.

8To this end note that we explicitly conserve the particle number in our calculations. Thus, each
Schmidt state has a well-defined particle number and, hence, a well-defined eigenvalue with respect
to fermion parity.
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Gapped degrees of freedom and quantized invariant

Above, we understood the parametric stability of edge modes in terms of parity quantum
numbers. To characterize the bulk, we instead identify a quantized invariant associated
to a parity string. As long as charge degrees of freedom remain gapped, the fermion
parity string generically has long-range order?. Moreover, at 6 = 0, this must have a
well-defined momentum € under the duality /translation symmetry D such that (m < n)

(ﬁmﬁ’mﬂ e Pn,lpﬂ) ~ constant x e?@("=m) (7.11)

Using symmetry fractionalization we can rigorously derive the result above. For a parity
string, which is much longer than the fermionic correlation length'®, we can write (using
symmetry fractionalization)

Pon = |] Prn=PLPE. (7.12)

m<k<n

n

From ﬁﬁm,nfﬁ = 75m+17n+1, we obtain (ﬁp,flﬁT) (ﬁpfﬁT> = PWLZHPRH and, hence,
DPLD' = o, PE, NDPED' = &, ,, PR |, (7.13)

where a5, is some proportionality factor. Note that the first (second) equation tells us
that it cannot depend on n (m). Le., the proportionality factor is a genuine constant.
Let us denote it as ay,, = €. Since (Phnn) = (PEY(PR) (due to locality and the
spatial separation between the fractionalized symmetries ]3L’R) and the fact that D is a
symmetry, i.e.,

(PL) = (DPLDY) = e®(PL ) = (Pl ), (7.14)
we derive Eq. (7.11):
(BnPrr -+ Pac1 Pa) = (Pr) = (P (P) = P0™(PENET), (7.15)

where ng is some reference site that does neither depend on n nor m. Finally, the
quantization of 6 follows from 7572nn — 1 since then (P/)2 o 1 such that e?? =1 from
which we obtain a Zs-valued invariant 6 = {0, 7}. As an illustration, note that in the
spin chain limit, P! = (—1)", which implies §# = 7. Hence, § = 7 intuitively formalizes
the idea of being close to a Mott limit, where fermion parity coincides with the parity
of the number of sites.

Following Ref. [183] the claim is that there exist some end-point operator such that a string consisting
of fermion parity has long-range order as long as fermionic degrees of freedom are gapped.

0This length scale can be defined from correlation functions of fermionic operators, that is, operators
that are charged with respect to fermion parity. An example of such correlation function is given
by <é;!séj+l,s), where individual operators are charged with respect to fermion parity. Since charge
degrees of freedom remain gapped, we expect such correlations to decay exponentially with a length
scale set by the fermionic correlation length.
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Emergent anomaly

We claim that if § = 7, then there is an emergent (Lieb-Schultz-Mattis) anomaly that
forbids a gapped, symmetric ground state. To show this, we first have to find a relation
of spin-rotation symmetry and the quantized invariant 6 introduced earlier. To this end,
let us define a composite symmetry 7= RyﬁﬁLﬁT Since D and Ry commute, we find

that Z = 1. As a next step we will show, upon using this symmetry, that
TRETT = ¢ RE. (7.16)

This straightforwardly follows from symmetry fractionalization. We will need what we
derived above: DPLDT = ¢PL . Similarly, there is a phase factor ¢ such that

ﬁ[f%ﬂnfﬁ = ¢ []:Z:%]n .1~ Lastly, since group relations are always obeyed up to a phase
factor, there is another phase factor e such that!'!
AptTPLT B ALT 1AL [HL i HLTHL

Note that this also implies R, Pr [ﬁﬁ]nﬁz = e W []:Zgﬂn Plugging in these identities, we
obtain:

1[RY), 31| = R,DR)(D'[RY] D)R,DR]
_ efil'CRy’Z/j( AL [Réj] n_IRy)’Z/jTRL (718)
— eZNF i’{Ryﬁ Arf/_l [Rf]ﬂ—l@TRT
= cite Ry (DPE D) (D[R], )R
= ette i ell Arf [Rﬂn
= eiu 7“{6 o [ng} n
| [Rf.]n : (7:19)

Let us emphasize again that for the last identity to hold, we need to make use of symme-
try fractionalization, which requires a gapped, symmetric state. Indeed, this is precisely
the key for proving the emergent anomaly.

Proof. Suppose there is a gapped, symmetric ground state, then using the previous
result and that Z = 1, we deduce:

which implies that § = 0. Thus, if # = 7 the assumption of a gapped, symmetric ground
state must be wrong =- emergent anomaly.

Here we use that PF = [ﬁﬂl [1%5]11 [Ré]n [ﬁfﬁ} and [ﬁﬂnﬁf = e pL [ﬁﬁ]n The last equation fol-
lows from the fact that fermion parity commutes with any element of SU(2), which, for fractionalized
operator means, that group relations are obeyed up to a phase.
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Note as long as the Hamiltonian conserves global spin-rotation symmetry and the
ground state is symmetric with respect to duality symmetry, the emergent anomaly im-
plies gaplessness, which follows from the Mermin-Wagner-Hohenberg-Coleman theorem
stating that continuous symmetries cannot be broken spontaneously for one-dimensional
systems—independent of temperature [228-230] (see also Ref. [53]).

Mott limit. In the Mott limit we have 6 = 7 such that we rederive the known LSM
anomaly. However, since 6 is a robust quantized invariant, we know that the transition
is parametrically stable to finite U. The only way 6 can change is:

(i) by closing the fermion parity gap (such that the parity string does not have long-
range order),

(74) or by spontaneously breaking the duality symmetry D, such that the charge e is
no longer well-defined'?.

This particular model, Eq. (7.1), opts for the second option, as we see in Fig. 7.1 (the
white line corresponds to the SDI phase).

Numerical results

To confirm this interpretation of the phase diagram, we measure 6 by plotting

OFf = lim |[(SEST)| with ST := H by (p’n + 1) ) (7.21)

[n—m|—o0 en

which we obtain using iDMRG, see App. C.2.4. It is easy to see that OF o |1 £ €%,
which is nonzero if ¢ = 1. From Fig. 7.3, we conclude that the gapless MI (U > U,,)

has 6 = m, the BI (U < U, ) has # = 0, and the SDI phase has no well-defined 6 since D
is broken spontaneously.

7.3 General emergent anomalies

The arguments for the parametric stability of edge modes and phase transitions readily
extend to other symmetry groups and dimensions. Edge modes of 1D SPT phases are
characterized by a non-trivial projective representation of a symmetry group G [50, 93,
95, 96, 220] labeled by the second cohomology group H?(G,U(1)). One can always
extend the symmetry group by H'® into a bigger symmetry group G (where G' = G/H)
such that the lifted representation becomes linear'#, thereby trivializing the SPT phase
[39, 189-192]. However, focusing on a single edge, the quantum numbers of the additional
symmetry group H still label these distinct representations'®. Since quantum numbers

12Recall by the MWHC theorem the SU(2) symmetry cannot be broken spontaneously.

3Here we assume H to be a finite group.

M Note this does not require that G itself cannot host non-trivial SPTs. The only requirement is that a
non-trivial cocycle of H?(G,U(1)) becomes a trivial element in H?(G,U(1)) [39].

15For example, for fermion parity we found that the eigenvalue of P changed as a function of U from
—1 to +1 and, thus, Pt = Rfﬁj [éé]f [Rﬂf turns over to a linear representation.
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O'%.O 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Figure 7.3: QSPT transition and emergent anomaly along the self-dual line
§ = 0 (with ionicity A = 0.4). The observable OF captures whether the
fermion parity string oscillates or not: it measures the Zy invariant 6 = 0, 7
in Eq. (7.11). If 6 = 7 (i.e., O~ # 0 and OF = 0), there is an emergent
Lieb-Schultz-Mattis anomaly, preventing a symmetric, gapped state. Inset:
the intermediate phase spontaneously breaks the duality symmetry D such
that both OF are nonzero. Note to have Ot (U = 0) ~ O~ (U — o0) we
rescaled the operator O~ by a factor of 5.

are discrete, they can only change if the boundary undergoes a phase transition, which
implies that edge modes remain stable until the gap to excitations, charged under H,
close'®. In the above example (where G = SO(3), H = Zg and G = SU(2)), we had to
close the fermion parity gap at the boundary to destroy the edge mode.

Emergent anomalies

SPT transitions are stabilized by the mutual anomaly between the protecting symme-
try group G and the duality symmetry at the transition (e.g., the Lieb-Schultz-Mattis
anomaly of the Heisenberg chain, as discussed above) [82, 91, 231]. This anomaly is lifted
when we extend G by H, but we propose that there is always an emergent anomaly en-
coded in the symmetry properties of the string orders associated to the symmetry group
H (such as the fermion parity string in Eq. (7.11) being odd under D). It is interesting to
observe that since a QSPT transition involves the whole 1D bulk, the emergent anomaly
is characterized by a 1D object. In contrast, an edge mode is a zero-dimensional QSPT
phenomenon, and correspondingly its parametric stability is encoded in a 0D charge.

16T change from half-integer to integer representation on a single edge, we have to create (annihilate) a
fermion. Such operation clearly changes fermion parity and, thus, is charged with respect to H = Zg .
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Higher dimensions

Note that the same mechanism of emergent anomalies in 1D SPT transitions applies to
the 1D edge modes of 2D SPT phases.

For instance, if one trivializes an Zy-SPT in 2D by extending by a second Zy symmetry
P into Z4, then we expect that the string order of P will have a non-trivial charge
under Zs—encoding the emergent anomaly. For example, the Zs bosonic SPT can be
trivialized by introducing fermions, similar to what we considered here [232]. In the
simplest case, where the (now non-anomalous) edge mode is written as a 1D system,
this string order can be directly computed and its non-trivial charge is a mechanism for
the recently discovered intrinsically gapless SPT phases [233]!7. In the full 2D model, it
can be challenging to access this string order directly (similar to access P, directly in
Fig. 7.2), but a clear-cut implication is that the edge mode has an emergent anomaly that
can only disappear by spontaneously breaking the symmetry or by driving a boundary
phase transition where the gap associated to the extending symmetry P must close. This
situation is analogous to what we saw for the SPT transition in the ionic Hubbard chain.

7.4 Summary & Outlook

It is commonly known that SPT phases can be trivialized by symmetry breaking. How-
ever, this way all topological signatures immediately disappear. In this chapter, we stud-
ied an alternative way of trivializing SPTs by extending the symmetry group, which, in
contrast to symmetry breaking, leaves various topological phenomena intact over a finite
region of the phase diagram. For the concrete case study of the BIHM, we characterized
this stability in terms of discrete invariants: a parity quantum number PL = 41 label-
ing distinct representations of m-rotations and an Zs invariant, whose non-trivial element
signals an emergent anomaly of the quotient group and duality symmetry. Thereby, we
argued that different representations on the edges can only change if the fermion parity
gap closes, and the emergent anomaly disappears if fermions become gapless or there
is spontaneous-symmetry breaking. Similar signatures we have found for the low-lying
eigenvalues of the entanglement spectrum. A key observation made in this overall dis-
cussion was that there is a separation of energy scales. We argued that charge degrees
of freedom along the gapless line are gapped, while spin degrees of freedom are gapless,
which was reflected in the long-range order of the fermion parity string. Thus, the Zo
invariant associated to a fermion parity string is protected by a finite gap, which explains
its parametric stability. On the other hand, if the emergent anomaly is gapped out by
explicitly breaking duality symmetry in a way that the resulting state is a non-trivial
QSPT, then edge modes are parametrically stable as long as the separation of energy
scales remains intact.

The results obtained in this chapter are of particular relevance to physical implementa-
tions of SPT phases, where the protecting symmetry group is often a low-energy effective

17Such phase has no gapped analogue—meaning the symmetry group, here Z4, has a trivial second
cohomology group H?(Z4,U(1)) = 0.
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quotient group. For instance, the spin-rotation symmetry protecting the Haldane phase
in a spin chain is typically derived from a fermion symmetry of an underlying Hubbard
model. The results in this work thus show that the experimental realization of such
bosonic SPT phases is meaningful, since many of their topological phenomena are stable
even when the bulk is—strictly speaking—mnot in a true SPT phase. As an aside, we note
that string observables as in Eq. (7.11) are measurable in cold-atom systems [234-237].

Outlook. In the above lattice model, we saw a (parametrically) stable transition and
edge mode. It is an open question how closely these are linked: it is tempting to think
that the emergent edge mode cannot disappear before the emergent phase transition
gaps out. Indeed, in Fig. 7.1 both features terminate at U,,. This is intuitive given the
interpretation of edge modes as being spatially localized phase transitions [238-241], but
it would be interesting to make this correspondence more exact.
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Chapter 8
Conclusion & Qutlook

In this thesis, we studied two different branches of bosonic symmetry-protected topolog-
ical phases. In the first three chapters, we considered higher-order topology in the 2D
super-lattice Bose-Hubbard model. Thereby, we discussed various aspects of higher-order
topology, and found an experimentally accessible, strongly-interacting lattice model. In
the second half, we focused on quotient group symmetry-protected topological phenom-
ena in one-dimensional Z,, X Z,-symmetric chains and the ionic Hubbard model, where
we found that additional gapped degrees of freedom can endow the quantum critical
point between distinct SPTs (protected by Z,, x Z, symmetry) with additional topolog-
ical properties, or protect topological signatures of the Haldane phase even though the
bulk is strictly speaking in a trivial phase. These phenomena are based on the fact that
the global symmetry acts as quotient group at low-energies.

Although at first glance the aforementioned topics seem to be unrelated, that is actu-
ally not the case. In fact, those two topics can be considered from a common standpoint:
From a very general point of view, we studied the interplay of SPTs! with additional
symmetries. In the first part, when discussing HOSPT phases, we saw that internal
symmetries are not sufficient to protect the non-trivial topology and, thus, we had to
require additional spatial symmetries. Together, these symmetries have been able to dif-
ferentiate distinct phases of matter. On the other hand, in the second part, we learned
that enlarging the symmetry group can trivialize the topology of the underlying state
without a bulk phase transition and can change quantum criticality between two distinct
classes of SPTs. Hence, while one side (additional) symmetries can increase the number
of phases, it can on the other side also decrease the number of distinct states, which,
however, depends strongly on the global symmetry group and models of interest. In
summary, we can say that (additional) symmetries can be “foes” and “friends” of SPTs.

Below we provide a brief summary of the most important results we obtained in this
thesis, and give an outlook.

'Note in the presence of symmetries even a trivial disordered state is a SPT, it is a trivial one.
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Part I: Higher-order symmetry-protected topological phenomena

Chapter 3

In Chap. 3 we considered the 2D Bose-Hubbard model on a super-lattice and showed
that this model—at half-filling—realizes two robust higher-order SPT phases protected
by U(1) x Cy symmetry. In the limit of hardcore bosons, there is an additional Zs
symmetry that together with U(1) gives rise to exact zero-energy modes at the corners.
In this limit, the 2D SL-BHM fits into the classification of HOSPT phases discussed
in Sec. 2.2.3. To argue non-trivial topology of the two distinct phases realized by this
model, we considered the higher-order Zak (Berry) phase introduced by Araki et al. [128§]
for which we found two distinct quantized values in individual phases. Moreover, we in-
troduced fractional corner charges and argued that these serve as a genuine topological
invariant. Since at the beginning of this thesis, one of the main questions was to pro-
vide an experimentally accessible model, we evaluated full-counting statistics for the
one-dimensional and two-dimensional SL-BHM to which experimentalists can compare
to. While in 1D the distribution is sharply peaked (for large enough systems), in 2D we
are limited by our numerical technique to consider systems sizes beyond 10 x 10. Nev-
ertheless, we find reasonable data centered around the expected values of the fractional
corner charge. Moreover, we argued that for the parameters we used, the model is ac-
cessible in the lab. Thus, we have shown that the 2D SL-BHM at half-filling realizes two
distinct and robust higher-order topological phases that can be detected in experiments
and paved the way to verify theoretically predicted higher-order topology.

Chapter 4

So far, we demonstrated that the 2D SL-BHM realizes a gapped, symmetric phase at
half-filling, here, however, we showed that this also the case for commensurate bulk
fillings {1/4,3/4}, which we numerically verified using iDMRG. Moreover, we also iden-
tified a many-body invariant relating bulk topology to fractional corner charges. To
this end, we showed that the higher-order Zak (Berry) phase, introduced previously,
measures the Cy eigenvalue of the underlying state after a 27 flux insertion into the
central plaquette. From this observation, we constructed a many-body invariant, a U(1)
flux insertion operator, that inserts non-trivial flux into the central plaquette—causing a
non-trivial shift of angular momentum. This non-trivial shift is directly related to bind-
ing of fractional charges at disclinations, a topological lattice defect that in a continuum
approximation of crystals is related to non-trivial curvature of space. This interplay of
gravitational and electromagnetic degrees of freedom we characterized using the discrete
Wen-Zee response, which distinguishes different HOSPT phases of the 2D SL-BHM, and
is related to non-trivial fractional corner charges. To substantiate our analytical results,
we numerically evaluated the many-body invariants for several bulk fillings of the 2D
SL-BHM.

In the second half of this chapter, we asked whether we can deduce non-trivial topology
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of the state by investigating the entanglement spectrum. Indeed, we found that in
the case of exact zero-energy modes (hardcore bosons), i.e., projective presentations at
the corners, the entanglement spectrum of the reduced density matrix at the corner
is degenerate with even multiplicities. For finite interactions among the bosons, there
are no zero-energy modes anymore, but still fractional charges at the corners. Upon
a Cy-symmetric bipartition, we showed that for the quarter-filled cases the degeneracy
remains, while for the half-filled case we found both; degenerate and non-degenerate
eigenvalues. However, we demonstrated that the entanglement spectrum becomes fully
degenerate if we further bipartite non-degenerate Schmidt states, which we denoted as
higher-order entanglement—a unique feature of HOSPT phases.

Chapter 5

In this chapter, we showed that the fractional corner charge and a variant of the higher-
order Zak (Berry) phase—for the half-filled case—are in one-to-one correspondence, that
is, a non-trivial, quantized change of the latter implies a quantized change of the former.
To this end, we showed that conventional periodic boundary conditions for studying
HOSPT phases are not the optimal choice, and introduced corner periodic boundary
conditions. As a consequence, the separation of edges and bulk remains intact. This
has the advantage that we can move the symmetry twist—to evaluate the formerly
introduced higher-order Zak (Berry) phase—of the central plaquette to the boundary
plaquette and, thus, avoid non-trivial flux insertion in the bulk, which might cause a
gap closing in the thermodynamic limit. From this, we constructed a new variant of
a higher-order Zak (Berry) phase, which, however, is only quantized in the limit of
hardcore bosons and half-filling.

By explicitly constructing two distinct Thouless pumps, we numerically demonstrated
that a non-trivial, quantized change of this new higher-order Zak (Berry) phase serves
a sensor of charge flow, and measured at each corner, gives us the quantized change
of the fractional corner charge. Afterwards, we explicitly proved that a change of the
higher-order Zak (Berry) phase is directly related to a quantized charge transport. For
this, we generalized Resta’s construction of the many-body polarization to higher-order
systems, and used an adiabatic approximation. This gives rise to a strict bulk-boundary
correspondence in higher-order topological systems. Importantly, although the higher-
order Zak (Berry) phase introduced here is only a well-defined quantized invariant in
the limit of hardcore bosons, we argued that the bulk-boundary correspondence remains
intact even if the on-site repulsion becomes finite, since the change of this phase—during
one Thouless pump cycle—remains quantized.

Although we were unable to prove the bulk-boundary correspondence for the higher-
order Zak (Berry) phase introduced by Araki et al. [128], we, nevertheless, argued it
numerically. Moreover, we showed that the proof hinge on the fact to prove that the
loop integrals in parameter space? of the higher-order Zak (Berry) phase and the phase
introduced by Resta’s construction must coincide.

2This parameter space characterizes different Thouless pumps.
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In the first three chapters we have characterized higher-order topological phases in the
2D SL-BHM from many points of view, and demonstrated that this model is the opti-
mal choice for comparing theoretical results to experiments, which is essential, then one
major task of theoretical physicists is to provide predictions that can be either verified
or falsified by experimentalists. A theory, without experimental probes, remains what
is—a theory. Even though we already characterized many aspects of this model, there
are still a few open questions: First, up to this point, we have not been able to prove a
strict bulk-boundary correspondence for the higher-order Zak (Berry) phase discussed in
Chap. 3, albeit we already sketched a possible solution. Moreover, the Thouless pumps
considered here were only for a particular filling. In the future, it would be worthwhile
to study Thouless pumps of the quarter-filled cases, although this might be more chal-
lenging because we have to ensure gapped edges if we use corner periodic boundary
conditions.

Part II: Quotient group symmetry-protected topological phenomena

Chapter 6

Here we studied fixed-point models of bosonic SPTs in one-dimensional Z,, X Z,, symmet-
ric quantum chains, and analyzed their transitions. Thereby, we first generalized previous
results and found that for n < 4 any single parameter interpolation between two-fixed
point models crosses a single, unique QCP. Moreover, we uncovered that direct transi-
tions of lower dimensional symmetry groups, n < 4, reappear in higher-dimensional sym-
metry groups and, consequently, are embedded into a higher-dimensional Hilbert space.
This naturally leads to additional gapped degrees of freedom at quantum criticality,
which also occur for transitions with an intermediate gapless phase. As a consequence,
we found that the action of the global symmetry on low-energy degrees of freedom is
given by the quotient group. This had a number of consequences: First, we found that
in the presence of additional gapped degrees of freedom, not all SPT transition are al-
lowed. Starting from the trivial phase, we can only enter those classes for which certain
compatibility conditions are satisfied. For example, projective representations of gapped
symmetries (subgroups acting on high-energy degrees of freedom) must be trivial. Sec-
ond, the QCP or intermediate gapless phases (n > 5) can be endowed with additional
topological properties, such as edge modes and degeneracy of the entanglement spectrum
and, thus, form so-called gapless SPTs. Hence, in the presence of symmetries, we can
further specify the nature of the underlying CFTs and distinguish them even if they have
the same central charge. Third, for certain transitions the low-energy representation of
the global symmetry together with a duality mapping, which gets a symmetry if both
Hamiltonians have equal weight, has an emergent anomaly—forbidding a gapped, sym-
metric state. This makes criticality parametrically robust to perturbations to a gapped,
symmetric phase. We explicitly demonstrated this by studying a phase diagram of the
Z4 X 7.4 case, where we indeed found a stable gapless line that ends in a non-trivial SPT.
The results we obtained from the study of these models naturally generalize to other
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SPT transitions. Namely, if certain compatibility conditions are fulfilled and a normal
subgroup® remains gapped throughout the interpolation, then the low-energy theory is
governed by the quotient group.

By evaluating a second phase diagram of Zs x Zs fixed-point models, we showed
that the equal-weighted sum of all fixed-point models cannot have a gapped, symmetric
ground state. At this fine-tuned point, there is an additional Z, symmetry, which
together with the global symmetry has an anomaly. Intriguingly, we discovered that this
additional symmetry enhances to a global U(1) symmetry, but the global symmetry is
not Z, X Z, x U(1). What the precise form of this symmetry is, has not been answered
yet, and we leave it to future research.

Chapter 7

In the former case of quotient group symmetry-protected topological phenomena, we saw
that, by lifting the emergent anomaly, quantum criticality can be gapped out towards a
non-trivial SPT. This was possible because the global symmetry group can protect non-
trivial SPTs, here, however, this is not possible. For the bond-alternating ionic Hubbard
model, studied in this chapter, the global symmetry of interest is spinful SU(2) sym-
metry, which cannot protect non-trivial SPTs. Indeed, we found here that the quotient
symmetry, SO(3), together with modified translations has an emergent anomaly, that
is parametrically stable and is gapped out towards a trivial, disordered phase. In fact,
this line, in the limit of strong on-site repulsion among fermions, separates the Haldane
phase from its trivial counterpart, both realized as the low-energy description of the
bond-alternating ionic Hubbard model. Along this line charge degrees of freedom re-
main gapped, which was reflected in long-range order of fermion parity and, thus, the
global symmetry—at low-energy—is given by SU(2)/ Zg = 50(3).

An important observation made in both chapters is a separation of energy scales.
Upon breaking the duality symmetry, unnecessary quantum criticality (in the bond-
alternating ionic Hubbard model) is gapped out towards a trivial or non-trivial SPT,
and as long as the separation of energy scales remains intact, topological signatures
such as edge modes and degeneracies—at least for low-lying levels—persist, and are
symmetry-protected. Unlike conventional SPTs, we demonstrated that QSPTs do not
require a bulk phase transition to be trivialized; however, if considered with boundaries,
there is a parity gap closing on the edge, where the parity quantum number along the
edge can change. In more formal language, we say projective representations at the
boundary have been lifted to a linear one.

By numerically evaluating a two-parameter phase diagram, we showed that topolog-
ical signatures are stable over a large parameter regime, and that the Haldane phase,
appearing as a low-energy phase in the bond-alternating ionic Hubbard model, is trivial-
ized by fluctuating charges. Since the underlying mechanism here is not model specific,
we dubbed those phases QSPTs and argued that they can appear in higher-dimensions
as well.

3 A subgroup H is normal if for any h € H and g € G the following holds: ghg™' € H.
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In summary, we have shown that quotient group symmetry-protected topological phe-
nomena go hand in hand with a separation of energy scales and, consequently, the low-
energy representation of the global symmetry is a quotient group. Moreover, the presence
of additional gapped degrees of freedom can endow quantum criticality with non-trivial
topological properties, and, in particular, keeps it parametrically stable against symme-
try preserving perturbations. Depending on the overall symmetry group, we showed that
quantum criticality can be gapped out either to non-trivial SPTs or to trivial, disordered
phases. In the latter case, this opens up a new door for experimentalists to realize “SPT”
phases without breaking global symmetries nor ramping trough critical points.

The topological signatures of the Haldane phase have been remarkably stable; however,
we do not know how generic this is. Thus, it would be interesting to study another model
that realizes such phase in certain limits, maybe even in 2D because here we expect the
full one-dimensional edge to go critical, which, unlike the 0D case, is a true quantum
phase transition.
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Appendix A

Finding gapped phases of the 2D SL-BHM
at half-filling

A.1 Bulk correlation length

In Fig. A.1 we show the bulk correlation length £ of the 2D SL-BHM, which we evaluated
using iDMRG on an infinite cylinder with circumference L, = 6. To obtain the phase
diagram, we calculated & starting from the trivial phase up to ¢ = 0.5. The reason is
that for such geometry there is a duality transformation that exchanges the hopping am-
plitudes t <+ 1 — ¢t and, hence, both phases of the 2D SL-BHM. Consequently, the phase
diagram is symmetric around ¢ = 0.5. Thus, to obtain the full phase diagram, we mir-
rored the results with respect to the axis defined by ¢t = 0.5. The duality transformation
is given by single-site translation along x and y, respectively.

From the results shown in Fig. A.1, we clearly see that as the bond dimension increases,
the bulk correlation length ¢ in the gapped phases saturates, while in the intermediate
superfluid phase increases as a function of bond dimension. For a gapless phase, the
scaling of the correlation length and MPS bond dimension is given as follows [194]:

E~x", K>0. (A.1)
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Figure A.1: Bulk correlation length. From the ground state at different bond di-
mensions y, we obtain the bulk correlation length £. In regions where &
saturates, the 2D SL-BHM has extended gapped phases, while in other re-
gions £ grows indefinitely, signaling a superfluid phase. Moreover, there is
a duality transformation for the 2D SL-BHM on such geometry and, hence,
the phase diagram is symmetric with respect to ¢ = 0.5. For the simula-
tion, we truncated the local Hilbert space, i.e., we allowed for maximal four
bosons per site.
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Appendix B

Add-ons to quotient group
symmetry-protected topological phenomena
in Z,, X Z, chains

B.1 Details of numerical calculations

Here we shortly explain how we obtained the phase diagrams shown in Figs. 6.3 and 6.7,
and, moreover, give details of how we evaluated the central charges for Figs. 6.3 and 6.6.
In addition, we provide information about the calculation of string operators in Fig 6.3c.
All numerical data have been obtained using iDMRG with open boundary conditions,
where, most of the time, we explicitly conserved the global Z,, x Z,, symmetry.

B.1.1 Calculations of phase diagrams

To obtain the ternary plots, we first evaluated the phase diagram of
Hl (0 p) = (1= NE + A7 + )", (B.1)

with (A, p) € [0,1] x [0,1] and n € {3,4}. To this end, we evaluated the ground states
using iDMRG with a maximal bond dimension of y = 700 and a resolution A\ = Ay =
0.01. The phase boundaries are set at those points, where (7,£)—the second-largest
eigenvalue of the MPS transfer matrix and correlation length [98]—fulfill the condition:
n = e Y€ > 099. For the ternary diagram, we need to normalize the couplings by
rescaling the Hamiltonian ﬁég%()\,u) — (1+ ,u)_lﬁégi()\,p). Thus, as shown in the
main text, the couplings add up to one
1—A . A " 7
1+p 14+p 1+4+p
=a =4 =y

=1 (B.2)

Finally, we need to map the ternary coordinates to Cartesian coordinates [242]

A 1 V3o

€r = + ) 5 )
T+p 20+p) 77 21+4u

(B.3)

with (z,y) € [0,1] x [0,4/3/2], from which we obtained the phase diagrams shown in
Figs. 6.3 and 6.7.
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B.1.2 Calculations of central charges

To obtain the central charges of Figs. 6.3b and 6.6, we evaluated the ground states using
iDMRG and evaluated the half-infinite chain entanglement entropy S for different MPS
bond dimensions . The central charge is then obtained via the formula [193, 194]:

S(x) = glogf(x) + const.. (B.4)

For Fig. 6.3b, the central charge was evaluated for Hamiltonian (B.1) at (n,\,u) =
(4,0.5,0.15). The iDMRG calculation stopped if, for a given bond dimension, the relative
change in energy and half-infinite chain entanglement entropy among two successive
sweeps was below AE < 1078 and AS < 1075, respectively.

B.1.3 Calculations of string operators

For obtaining the string operators, shown in Fig. 6.3c, we evaluated the ground state for
Hamiltonian

(4 L=y 4@, A4 A (4
Higt(v) = —5 (85" + 3Y) +4A{Y, v e 0,1, (B:5)

In the SSB phase and the SPT phases, we evaluated the ground states for bond di-
mensions up to y € {100,200,...,1000} and obtained the string operators for different
numbers of unit cells 9 € {100, 200, ..., 1000}, and then checked convergence in x as well
as in distance. For iDMRG calculations in the SSB phase, we conserved only one of the
Z,, symmetries. The data in Fig. 6.3c are shown for x = 1000 and rg = 1000. Along the
gapless line, the situation is different. Here we conserved the full Z4 x Z4 symmetry in
our calculations. The string operators with trivial end-points are quickly converged as
a function of (x,rg), while this is not the case for the string operators with non-trivial
end-points. There string operators act on both, gapped and gapless degrees of freedom.
In the unperturbed case, the string, consisting of the generators of Zy x Zs subgroup,
can be ignored as X j2 » = 1 for all sites, and it remains to evaluate the correlation func-

tion (ZAZ,UZAHTO’U) According to App. B.2, Eq. (B.13), these operators have a non-trivial
action on gapless degrees of freedom. As a consequence, these string operators decay
algebraically (see Fig. B.1.) For a critical state, the MPS approximates true correlations
only up to the MPS correlation length. Thus, for each bond dimension, the length of
the string is set by the MPS correlation length. Afterwards we can do an extrapolation

to obtain the infinite length value of the string operator, which in this case is zero'.

'From the analytical side—given the discrete charges of end-point operators—we know that if the
ground state is Z4 X Z4 symmetric and the trivially charged string operator has long-range order, the
other string operator must vanish.
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Figure B.1: Algebraic decay. Algebraic decay of non-trivially charged string operators
along the gapless line, explicitly shown for OY (y = 0.02) as a function
of distance, which is fixed by the MPS correlation length depending on
x € {100, ..., 1000}.

B.2 Operator identities, quotient symmetry and effective
Hamiltonians

In this section we discuss how the quotient symmetry, the effective Hamiltonian and

the embedding of the quotient symmetry in the full Hilbert space arise if a local Zg

symmetry is conserved. To this end, we first discuss an alternative representation of the

local operator X j,o from which we then derive the representation of local operators in
the ground state subspace.

B.2.1 A new representation and a projection operator

As a first step, we prove that the generator of Z,, can be written as:

A

ijg = ]]‘j,O'l ® Xj,O'Q + (Xj)o—l - 1j701) ® Ejo’g’ (B'G)
where we decomposed the local Hilbert space as follows:
'ij = ,Hj,g'l & ,HjJQ, dim (’iji) = Di, D1 X DQ =nNn. (B?)

The operator X j.o; is the generator of the Zp, symmetry, defined in Eq. (6.28), and the
operator Z+ has a single entry given by E] o = (|0) (D2 — 1])j 5, The basis states of
Hj o can be 1dent1ﬁed with basis states of H; s, ® H, 4, in the following way:

D1—1D>—-1

{00} = U U {10} (B3)

11=0 12=0

164



Appendix B Add-ons to quotient group symmetry-protected topological phenomena in
Loy, X Loy, chains

For example, if we take n = 4, D; = 2, then

|0>j,a - |0>j,¢71 |0>j,¢72 ’ |1>j,o = |0>j701 ‘1>j,02
|2>j,(7 = |1>j,¢71 |0>j,¢72 ’ |3>j,a = |1>j,¢71 ‘1

To prove the operator identities, we need to show that both operators act in the same
way on local basis states. From Eq. (6.28) we recall that

)i - (B.9)

Xjo|l); e =l+1modn); . (B.10)

On the other hand, if the operator, defined in Eq. (B.6), is applied on a local basis state

such as |I1) we obtain:

J,o1 ‘ l2 >j702

1)jo 2+ 1) 5, s la#Da—1

B.11
|l1—|—1> |0> , lo =Dy —1. ( )

Xjﬂ |l1>j,crl ’l2>j,02 = {

7,01 7,02
From Egs. (B.8, B.9) we see that there are D; blocks of size Ds. Inside each block, the
state |l1); ,, is unchanged, while the state [l2), , is shifted:

J,o1

’l2>j70'2 - “2 + 1>j70'2 :
On the other hand, if a basis state |I)
the state [l1); ,, is shifted:

jo 18 transferred from one block to another, then

|l1>j701 - ’ll + 1>j70'1 )
while the state |l2); ., jumps back to zero [ls); ., — [0);,,. This is exactly what the
operator defined in Eq. (B.6) does, see also Eq. (B.11). For example, if we set D1 = ¢
and Dy = ns (ns = n/d), then the operator X7 is given by,

X;‘fg = vaal ® 1o, (B.12)
To see this, note that for this operator any local basis state |I) jo 18 always shifted by ns:

0,0 = |l +n6)

j’o- ’
and since Dy = ng, this implies that each time )A(]"g_ is applied, |l1) ;.o 15 shifted 1) jor
‘ll + 1>ja01 .
Projection operator
If we now project, with a projector given by,
H(n) 0\ /, 0 ¢ 0 0
= (1) @l Kjor [0, = 1), (B.13)

into the ng-fold degenerate eigenspace with eigenvalue one—e(XJ’.fff) = 1—then the op-

erator X ,, in this subspace, reduce to

A e(X;g):l ~
Xj,o‘ —_— Xj,a‘2. (B14)
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If ng = 2, then the operator X'jm reduce to the Pauli operator X] oy Similarly, given
the decomposition of the basis states, Eq. (B.8), it is easily verified that

56 (ng)zl A
Z =10 ® ZJ o2 ’ Zj,fmv (B-15)

is up to dimensional reduction, unchanged under projections. Moreover, if ng = 2, then
Z?’g reduce to the Pauli operator Z;,,

B.2.2 Quotient symmetry group

If the generators of the global Z, x Z, symmetry are projected into the ground state
subspace, then the global symmetry reduce to its quotient group given by Zy; X Zy;.
This can be seen as follows: In the low-energy subspace the identity element and the
generators of Zs x Zs are mapped to the same element, namely:

e()A(;L‘f‘)zl n e(X]ng) 1
ljg ——— 1 5,, X ———— 14, (B.16)

Hence, two elements of Z,, x Z,, symmetry that differ by an element of Zs x Zs belong
to the same element in the low-energy subspace. This is precisely the definition of a
quotient group?. Thus, at low-energies the symmetry group acts indeed as a quotient

group
Ling X Lng = (Ln, X Ly,) | (Zs X ZLs) . (B.17)

B.2.3 Embedding of the quotient symmetry

In the main text, we argued that the embedding of the quotient group becomes an exact
symmetry of ﬁén) and ﬁfl% To see this, we set Dy = 23, then according to Eq. (B.6)

we can write? 1

Xjo = Xjo, + 9 (Xj,dl - ﬂjﬂl) (‘)E‘j,tfz + ij}j,ﬂz) ) (B.18)

where we used thaﬁc—EJr ,—Teduce to the raising operator of spin-1 /2 degrees of freedom.

Similarly, we find that Zn/ 2
symmetry as follows:

= 2] 0,- Now let us define the embedding of the quotient

Qo =[[Wio, ® Xjor, (B.19)
J
where we identified W from the main text, Eq. (6.46), with ij, which itself is defined
through:

Wj’o—l : X] o1 A X

]’0—1’

Wior : Zjoy ¢ Z (B.20)

2 Aside from the condition that the subgroup H of G must be normal, i.e., for each h € H and g € G
we have that ghg™' € H, which is clearly the case here.

3For fl(g") the dimensions of how we decompose the local Hilbert space can be chosen arbitrarily.
4Recall that for two-dimensional subspaces we use a different notation for the Pauli operators.
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In the eigenbasis of ij, it can be written as:

n_

2

Wio = 5= (13 w0 0l) (B.21)

11=0

This indeed shows that under the embedding of the quotient symmetry, local operators,
with X, given in Eq. (B.18), transform as follows:

Oy : Xjo 0 Xl Qp: 27, =22, (B.22)

]70-’

from which we conclude that the embedding of the quotient group becomes an additional
Zo X Zs symmetry of ﬁén) and IA{T(Z;)Q

B.2.4 Effective Hamiltonian

Given the local projection operator, Eq. (B.13), we immediately see that the effective

Hamiltonian of A a(n)—with ng integer-valued—is indeed given by H 1(n5) ,

N 6)2?6 =1 .
a™ o=l "), (B.23)

where H {nﬁ) acts solely on {02} degrees of freedom. The remaining degrees of freedom,
{01}, form a trivial product state,

[O§) = w0) (W), ) = [T 1%, Ko (6090, = 050, (B24)
o o j,O’]
1 2

Thus, the path F(Og)()\, 1), defined in Eq. (6.45), reduce for sufficiently large yu € RJ to
the interpolation of Hy{(A\)—up to a constant shift. Note if the representation of the
local Zs symmetry changes after applying powers of the SPT-Entangler on F(()g)()\, ), to
arrive at Fglg)()\, 1), the ground state cannot be longer factorized as in Eq. (B.24).

B.3 Ground state sector

In this section, we prove that if certain global symmetries are preserved that the interpo-
lation F(()g)()\, 0) = ﬁég)()\)5, Eq. (6.45)—with ns = n/d integer-valued—indeed reduce
to the path I:I(g?)()\). To this end, we first summarize for which cases we are able to
prove the equivalence of paths:

Main result. If the ground state is symmetric under the product of sublattice
symmetry and W,, SapW,, with o € {A, B} and two-site translations, then the
interpolation F(()g)()\,O) = f[é?)()\) reduce to the path fIéTIL‘s)(A) if 0 is odd or if
ng = 2.

5Note since all paths are unitarily related, it is sufficient to discuss this for d = 0.
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Symmetry transformation

Under the first symmetry, SapW,, any fixed-point model is mapped to itself. First,
the operator W, defined in Eq. (6.53), maps the local operators X, and Z;, to their
complex conjugates and, thus, exchanges a pair of complex conjugate fixed-point Hamil-
tonians ) )
7 Fr(n Fr(n

We:Hy” < H ;.
Second, sublattice symmetry, by definition exchanges, A <+ B , which results in

Guap s ) 5 ).

Hence, both symmetries together leave a fixed-point model unchanged. Clearly, by
construction, any fixed-point model is invariant under two-site translations.

Validity of results

Although we cannot prove the above result (golden box) for all cases, we, nevertheless,
believe that it is true for all (n,d) with ns integer-valued. To substantiate this, recall
that we have already considered two examples of such scenarios in the main text, which
are given by (n,d) € {(6,2),(8,2)} (see Fig. 6.6). Here the path followed the effective
description.

B.3.1 Proof of effective paths

For all interpolations, with ns € N, the Hamiltonian conserves a local Zs symmetry
generated by X]ng, see Eq. (6.42). By Elitzur’s theorem [243] we guaranteed that local
symmetries are not spontaneously broken and, thus, the ground state is always a common
eigenstate of the Hamiltonian and these operators. Hence, for such basis, we can replace
the operators by their corresponding quantum numbers. From the previous section, we
know that if we can argue that all these local quantum numbers are equal to one, then

we have shown that the interpolation ﬁég)()\) reduce to ﬁgfé)(}\) (see Eq. (B.23)).

Fixing the local subspace

As a first step, using the additional symmetry, we show that all local quantum numbers
associated to Xjng must be real and equal for all sites. To this end, assuming a symmetric

ground state, we obtain the following two conditions®:

(1)« (XP5) = (XT9) . (id) : (X79) = (X7%), (B.25)

where in (i) we applied S4pWpg, while in (17) we acted with SupWa. This implies that
possible local eigenspaces are: e(X}'5) =1 or e(X}7) = —1 for all sites” within a unit
cell. Together with two-site translation symmetry, this must hold for all sites in the
lattice.

Note that S45W, acts on the right.
"Recall here e(X;tj) denotes the eigenspace characterized by its eigenvalue.
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Models with § € 2N + 1

For these cases, the generator of the local Zs symmetry has exactly one eigenspace,
which is characterized by a real eigenvalue, namely, e(X;fg) = 1. Thus, for odd ¢

we have shown that the interpolation of ﬁég)()\) reduce to the path ﬁé?é)()\)—if the
symmetry generated by SapW,, with o € {A, B}, is not spontaneously broken. Note,
since there is no other real eigenspace, we do not need two-site translations for these
cases.

Models with § € 2N

On the other hand, if § € 2N, then there are two possible eigenspaces characterized by
real quantum numbers e()@"f,) = +1. For these cases, we can prove, given that the ratio
ns = 2, that the ground state must be in the sector with all local quantum numbers
equal to one.

If ns = 2 and the Hamiltonian is projected into the eigenspace where all local eigenspaces
are characterized by the negative quantum number, i.e., e(X;Lg) = —1, then the resulting

Hamiltonian vanishes, which can be seen as follows: For ng = 2, the operator Xjﬁ in
this subspace, Eq. (B.18), reduce to

A e(X;tg =1 A
Xjo ———— —1Vjou, (B.26)

where JA)jm is the Pauli operator along y. Hence, in this subspace complex conjugate
terms add up to zero

A

Xjo+ X1, =0, (B.27)

and similarly for terms of ﬁf;;)z
Variational principle. Second, using the variation principle, we can prove that the

ground state energy of the Hamiltonian fféz)/z()\) must be negative,

Eg < (9§75, ()| 0§) = —4(1 = ML (B.28)

where E¢ denotes the ground state energy, \\Il(()n)> the ground state of ﬁén) and L is the

number of unit cells. Moreover, we used that the expectation value,
(w1 =0,

vanishes. If A = 1, then the expression on the right of Eq. (B.28) vanishes, but at this
point, the Hamiltonian H, éz)/Q(/\ = 1) reduce to H;(L%, for which we know that the ground
state energy is negative. In conclusion, if ng = 2 and there is no SSB of SapW, with
o € {A, B} and two-site translation symmetry, then the ground state is found in the
sector with all local eigenvalues equal to one. For instance, for the Hamiltonian H’ég)

discussed in Sec. 6.1 this is the case.
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B.4 Gauge anomalies

In Secs. 6.1.4 and 6.2.4 we saw that if the duality mapping becomes an additional
symmetry that it together with the global Z,, X Z,, symmetry forbids a gapped, symmetric
ground state. In Sec. 6.2.6 we observed a similar scenario, where we considered the
equal-weighted sum of all fixed-point Hamiltonians and found that—in addition to the
global Z,, x Z, symmetry—the SPT-Entangler generates an additional Z, symmetry
such that the representation of the symmetry group, Z, X Z, X Z,, forbids a gapped,
symmetric ground state. To this end, we first give a brief definition of gauge anomalies
and discuss the link to group cohomology and 2D interacting bosonic SPTs. Second, we
introduce the ansatz of Ref. [85] that allows for an explicit calculation of elements of
group cohomology, which we then use for cases mentioned above.

Definition of gauge anomalies

If a representation of a symmetry is anomalous, there cannot be a gapped, symmetric
ground state [18, 86, 88, 91, 108]%. We say such symmetry has a gauge anomaly—also
known as 't Hooft anomaly [244], which is an obstruction to being able to gauge a global
symmetry [86, 89, 244, 245]. For lattice systems, this means that we cannot promote
a global symmetry to a local one by introducing additional degrees of freedom (cf. Zo
lattice gauge theory [246]). Moreover, if a representation of a symmetry is anomalous,
it does not allow for an on-site representation [86]. Formally, a representation of a
symmetry group G is on-site if the representation U(g), g € G can be written as a
product U(g) = []; Ui(g) of terms acting on disjoint regions [18, 86, 88].

Note, certain authors [91] consider it as a definition of an anomalous symmetry if
a particular representation of a symmetry group forbids a gapped, symmetric ground
state. We follow this convention, but as pointed out by the authors of this reference,
a more fundamental understanding of anomalies can be obtained if its link to group
cohomology is considered. This also allows for a connection of 1D gauge anomalies and
2D interacting bosonic SPTs [86].

B.4.1 Connection to group cohomology

Previously, we defined gauge anomalies as representations of symmetries that forbid
gapped, symmetric ground states. For one-dimensional systems, with a global symme-
try G and a representation U(g), it was shown that there cannot be a gapped, sym-
metric ground state if a given representation belongs to a non-trivial 3-cocycle, which
form the elements of the third cohomology group H*(G,U(1)) [18, 108]. Indeed, gauge
anomalies for one-dimensional systems have been classified by the third cohomology
group H3(G,U(1)) [86, 88, 91]. Such groups also label distinct classes of interacting
bosonic SPTs in two dimensions [64]. This naturally leads to the question: How are
one-dimensional gauge anomalies and 2D SPTs are related? The answer to this has

8Here we mainly focus on 141D systems. In higher dimensions there can be gapped, symmetric states
which, however, are topologically ordered.
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been, among others, given by Ref. [85], where the authors showed that 2D interacting
bosonic SPTs protected by on-site symmetries are fully characterized by the anomalous
action of its protecting symmetry on its one-dimensional boundary®. Moreover, the
boundary theory of such two-dimensional SPT can be considered as a model—in one
dimension lower—on its own right [82, 85]. Upon explicit symmetry-breaking, this gives
rise to non-trivial SPTs in one dimension lower [82].

Gauge anomaly of Z, x Z, x Z1 symmetry

Why is the previous relationship important? When discussing gauge anomalies, Sec. 6.2.4,
we argued that there exists an antiunitary representation of the duality mapping, which
in combination with Z, x Z, symmetry can forbid a gapped, symmetric ground state.
This happens if the relative charge along the transition cannot be written as a square
of another Z, charge, i.e., Aq # ¢'*> with ¢ € Z,. Indeed, in Ref. [82] it was shown,
that given this condition, the one-dimensional system with Z,, x Z, x Z1 symmetry can
be considered as the low-energy boundary theory of a non-trivial two-dimensional SPT
protected by this symmetry. Hence, the representation of this symmetry amounts to a
non-trivial 3-cocycle of H3(Z, x Z, x Z& U(1)) and, thus, according to the definition,
has a gauge anomaly.

B.4.2 The idea of dimensional reductions

To evaluate the 3-cocycles of H3(G,U(1)), the authors of Ref. [85] made use of dimen-
sional reduction. For example, the 2-cocycle of H?(G,U(1)) classifying one-dimensional
SPTs is obtained on how the symmetry acts on the zero-dimensional boundary. To ob-
tain the 3-cocycle of a two-dimensional SPT, the symmetry action is first restricted to
the one-dimensional boundary of the system. As a boundary itself has no boundary,
the action of the symmetry on the one-dimensional subsystem is further restricted to a
finite segment M. Finally, the 3-cocycle is obtained from how the symmetry acts on the
zero-dimensional boundary of M (see Fig B.2).

O —— O o
1D-SPT 0D-Edges

—>O—>.—.—>. [

2D-SPT 1D-Edge 1D-Stripe M OD-Edges

Figure B.2: Dimensional reduction. To obtain the 2-cocycles and 3-cocycles classi-
fying one- and two-dimensional SPTs, respectively, the action of the global
symmetry on a 0-dimensional boundary is considered.

9For detailed examples, see Refs. [18, 80] and also Sec. 2.2.2
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B.4.3 The details of dimensional reductions

For what follows, we assume that the global symmetry, on the one-dimensional bound-
ary, can be represented by a finite-depth quantum circuit'. Then, there is a clear notion
of what is meant to restrict the symmetry action further to a finite strip M. A repre-
sentation Ups(g), with ¢ € G, is called a restriction of U(g) on M if deep inside the
strip it is indistinguishable from the global representation U(g). However, this immedi-
ately implies that the restriction is not unique, and only well-defined up to local unitary
transformations residing near the boundary oM. If U(g), with g € G, is a faithful
representation of the symmetry group on the one-dimensional submanifold, then given
the ambiguity of restrictions, the group multiplication law for Ujps(g) holds up to a local
unitary (g1, g2), which is localized near the boundary of OM, i.e.,

Uni(91)Uni(92) = (g1, 92)Uni(9192), (B.29)

which we will see soon for a concrete example. From the associative property of groups,
it follows that:
g1, 92)g12, g3) =" Q(g2, g3)2g1, g23) (B.30)

where we followed Ref. [85] in using the conjugation notation Yz = yzy~! and defined
Gij = 9i9;j-

Fractionalization and 3-cocycles

Since the boundary of a one-dimensional strip consists of two points, (I,7), and Q(g1, g2)
is a local unitary acting near the boundaries, we can write:

Qg1, 92) = (g1, 92)2 (91, 92)- (B.31)

In Ref. [85] it was proven that for the restriction (g1, g2) — Q2r(91,92), Eq. (B.30) is
fulfilled up to a U(1) phase factor:

(91, 92)2 (912, 93) =w (g1, 92, 93) " 9, (g2, g3)
Q-(91,923) (B.32)

where w(g1,g2,93) € H3(G,U(1)) is a 3-cocycle. However, note that the 3-cocycle itself
is only well-defined modulo a gauge transformation, which can be seen from Eq. (B.31).
If we simultaneously replace

Vg1, 92) = Blg1,92)U(g1,92) A (g1, 92) = Blg1,92)2 (91, 92),
where 3(g1,92) € U(1), then we obtain after insertion into Eq. (B.30):

B(gla QQ)ﬁ(gl% 93)
B(g2, 93)B(91, 923) (B.33)

W' (91,92, 93) = w(g1, g2, g3)

10This naturally occurs on the boundary of a 2+1D gapped, symmetric system with an on-site symmetry.
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which shows that w(g1, g2, g3) is not uniquely defined and any other w'(g1, g2, g3), related
through Eq. (B.33), needs to be considered as equivalent!'!. Given this degree of freedom,
it is important to construct an invariant that is unchanged—upon rephasing the 3-
cocycle—since finding the invariant to be non-trivial then implies a non-trivial anomaly!
As we shall see, such an invariant can be built from a product of several 3-cocycles.

Inheritance of gauge anomalies

Before we explicitly calculate the gauge anomalies, let us emphasize an important point:
To prove that a given representation of a symmetry group G has a gauge anomaly, it
is sufficient to evaluate the gauge anomaly of a subgroup G C G. If a symmetry G is
anomaly-free, then the same holds for all of its subgroups. Conversely, an anomalous
subgroup implies that G itself is anomalous.

B.4.4 Gauge anomaly of Z, x Z,, X (Zs X Z>) symmetry

For demonstrating the gauge anomaly of this symmetry, it is sufficient to consider a
subgroup G = Zs consisting of two elements Zy = {1, P}. Since the third cohomology
group is given by H3(Zy,U(1)) = Zy [64], a non-trivial anomaly corresponds to the
(unique) nonzero element of this. From the group properties, it follows that the product
of two 3-cocycles is again a 3-cocycle. According to Eq. (B.33), the following product is
gauge-invariant:

W'(P,P, P/ (P,1, P) = w(P, P, P)w(P, 1, P), (B.34)
and since it is another 3-cocycle of H?(Zy,U(1)) = Zs, it must square to one
w(P, P, P)*w(P,1, P)* = 1. (B.35)
Consequently, we obtain w(P, P, P)w(P,1, P) = +1. Thus, if we find +1, the symmetry
is non-anomalous, whereas —1 implies an anomaly.

Construction of an observable

If we denote the representation of the elements by U(P) and U (1), respectively, then as
we will see for the relevant Zs symmetry, Eq. (B.38), the following property holds:

Up(P)=Un(P)Un(d) A Un(P)=Un(L)Un(P), (B.36)

which implies that Q(g,1) = Q(1,¢9) = 1, defined in Eq. (B.29), for any g € Zs. Thus,
2,:(1,9) and ©2,(g,1) can be at most a U(1) phase factor. Inserting the 3-cocycles—
defined through Eq. (B.32)—into the gauge-invariant expression, w(P, P, P)w(P,1, P),
shows that its sign can be obtained from:

U(P)UR, (P)U'(P) = +Uk,.(P)] (B.37)

" Note this property, beside the cocycle condition, defines the third cohomology group H3(G, U(1)).
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where we used that a single end-point is sufficient and, thus, send the left end-point of M
to —oo, which makes U]%/[’T(P) a semi-infinite string with end-point at site . Moreover,
without changing the final result, we replaced the restriction of Ups(P) by its global
representation. If the sign on the right is non-trivial, then the representation has a
gauge anomaly.

Explicit calculation of the 3-cocycle

On the operator level the Zs subgroup is given by,
Ty = {1,gAgg/2Dgg3A}, UL) =1, UP)=GaGy* DG, (B.38)

where G,, with o € {A, B}, generates the Z,, x Z, symmetry, and D((;g) 4 is the duality

transformation defined in Eq. (6.52). As a first step, we need to evaluate the semi-infinite

circuit U3, , 5(P) terminating at site (r, B). This results in'?,

U 5(P) ~ | TT X5 TT X575 1T Wia
i<r i< i<
>(n) 2d+0 (n) 2d+§
' > (n)) 24-+0 2
(CZ( )T,AB
~ ZIG0), (B.39)

which becomes a local operator. Here we used Eq. (6.34) and the fact that any operator

A

X o is only affected by nearby gates (see also Fig. B.3)
CZ" g Xa =Xj4Z] 52\

(n) o5 % (n)
CZi—1,m),Ga XA =Zj-1.8X;.4CZ ;" p) (j.a) (B-40)

and similarly for X ;,B- The half-infinite string of WMJ,’ 4 has no relevant effect, it just
sends Warr A : Gura — QMT’ A-
From Fig. B.3 we see that in Eq. (B.39) the semi-infinite string of Q%i p commutes

with the SPT-Entangler and the non-trivial end-point operator arises from the half-
infinite string of Q]TW’T 4» Where the complex conjugate appears due to the semi-infinite

string of Wiy, 4. Inserting Eq. (B.39) into Eq. (B.37) gives

U(P)ZIGHIU Py = w215, (B.A1)

where we used that w%‘”é = w). As stated in the main text, there is an intrinsic anomaly

if n is even and ¢ is odd. Note, this results holds for all n € 2N. In particular, if n = 2,

12Since we consider only a single end-point, the final result is well-defined up to phase factor, which,
however, is not relevant for evaluating the gauge anomaly.
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Figure B.3: Commutation relations. Graphical representation of the commutation
relations of the semi-infinite strings Gas, 4, panel (a), and Gus,.p, panel
(b), with the SPT-Entangler U ](\;)r - The red arrow denotes the remaining
operator once the half-infinite symmetry generator Gy, 4 is pulled through
the half-infinite circuit.

then WA =1and G Agg/ 2 _ Gap such that we obtain the Zs gauge anomaly of ﬁé?),
which was, among others, shown in the CZX model [18, 108] and reviewed in Sec. 2.2.2.

B.4.5 Gauge anomaly of Z, x Z4 X Z, symmetry

In Sec. 6.1.4 we showed that the combination of Z4 x Z4 symmetry together with the Zo

symmetry generated by (0(4))2 = U? forbids a gapped, symmetric ground state. Unlike
previously, any Zsy subgroup of Z4 x Z4 X Zs is anomaly-free since their generators are
explicitly on-site. Consequently, we cannot use the foregoing approach to evaluate the
corresponding 3-cocycle.

Slant product

However, there is another way of detecting the gauge anomaly of this symmetry, using a
slant product. Following Refs. [107, 198] a slant product maps a 3-cocycle of H3(G,U(1))
to a 2-cocycle of H2(G,U(1)). Such map is defined as follows:

w(g, h, k)w(h,k,g)
w(h,g, k) ’

Xg(h7 k) = g, h7 k S G7 (B42)

where x4(h, k) is the corresponding 2-cocycle. As cocycles are not gauge-invariant,
Eq. (B.42) changes by a 2-coboundary if we change w by a 3-coboundary according to
Eq. (B.33). However, from Sec. 2.2.1 we remember that for Abelian symmetry groups
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the quotient of two 2-cocycles remains invariant under such transformations,

qg(h, k) = M (B.43)

Xg (K h)

Thus, if gq(h, k) is non-trivial, then the associated representation of a symmetry group
has a gauge anomaly.

Evaluation of ¢, (h, k)

To evaluate the gauge invariant expression, we first have to find an expression for
w(g, h, k) considering the full symmetry group Z4 x Z4 X Zy. To simplify notation, we
introduce a shorthand writing: g = (g1, g2, ¢93). Thus, representations of the symmetry
group are defined as follows:

U(g) = GXGE[UM*, g€ Ly x Ly x Lo. (B.44)

Note for finding w(g, h, k) it is sufficient to consider a single end-point. Therefore,
similar to the previous case, we define semi-infinite strings,

g1 g2 g3
Unr(g) = (HXJ',A> (HX]',B) (H CZj,ABCZ(j,B),(j+1,A)CZr,AB) , (B.45)

J<r j<r j<r

where gates are given by Eq. (6.33). Using Eq. (B.29), we obtain €,(g,h) (up to a
phase)

UM,r(g)UM,r(h) ~ Qr(gv h)UM,r(g + h) (B'46)
where addition of group elements is defined modulo four for (g1, ¢2) and modulo two for

g3. Inserting the representation, Eq. (B.45), into this formula, we find!3:

Q,.(g,h) ~ 225" (B.A7)

)

To obtain an expression for w(g, h, k), we need to plug in this result into Eq. (B.32)
from which we get:
w(g, h, k) = (—1)%Mk (B.48)

and, thus, using Eq. (B.43) we finally arrive at,
qg(h,k) _ (_1)k1(92h3*h293)(_1)h1(k2g3*92k3)(_1)91(h2k3*k2h3)' (B49)

For example, if we choose g = (1,0,0), h = (0,1,0) and k = (0,0, 1), then g4(h, k) is
non-trivial,

qag(h, k) = —1. (B.50)

Consequently, the representation of Z4 x Z4 X Zs has a gauge anomaly.

13Note, the calculation is rather similar to the foregoing case, see also Fig. B.3.

176



Appendix B Add-ons to quotient group symmetry-protected topological phenomena in
Loy, X Loy, chains

B.5 Robustness and field theory

Here we show from a field theory standpoint that the transition of Hgp(A = 1/2), dis-
cussed in Sec. 6.1.4, is robust to finite perturbations with Hy. If the perturbation is
zero, then the Hamiltonian ﬁog()\) in the ground state subspace, upon a unitary trans-
formation, reduce the spin-1/2 quantum XY chain. The corresponding transformation
is given by, A

Uxy =[] @.481¢.8),G+1.4 [[ e 557, (B.51)

J J,o

where /'\A,’jp is a Pauli operator and the two-site gates taken from Ref. [34] read:

11 0 O
N 111 -1 0 0
0 0 -11 IAB
and the same for 4; py (j4+1,4)- Using this transformation, we obtain:
U)T{Yﬁ(()?()‘ = 1/2)Uxy = 2Hxy, (B.53)

where ﬁé?), defined in Eq. (6.16), denotes the effective Hamiltonian of Hop(A = 1 /2) in
the ground state subspace.

Luttinger liquid

Mapping this model to free-fermions allows for a straight-forward continuum limit of the
lattice model. The derivation of the low-energy field theory of the quantum XY chain
is explicitly shown in Ref. [247], here, however, we use the conventions of Ref. [197],

Hip — % / dz [K (Do) + & (0,6(2))?| . (B.54)

The parameter K is the Luttinger liquid parameter characterizing a one-parameter fam-
ily of compact bosons CFTs, where the compactification radius r. = /K [248]. The
two conjugate, 2m-periodic fields are denoted by 6(z) and ¢(x). These fields fulfil the
following commutation relation: [0,0(x),p(z')] = 2mid(x — z’). The free-fermion point,
Eq. (B.53), is characterized by a Luttinger parameter K = 1/4. From the vertex op-
erators V,(x) = % and Vy(x) = €Y we can construct local perturbations given that
r,s € 7Z, which keeps the invariance of the theory under a 27 shift of the fields. For
example, adding a perturbation such as V1 +V_1 = 2cos(p) to the Hamiltonian results
in a model reminiscent of the sine-Gordon model [246, 249]. The vertex operators have
the following scaling dimensions: [V,(z)] = % and [Vs(z)] = s?K. In 1D, the scaling
dimensions of relevant operators must be less than 2 [246], which for K = 1/4 and
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r,s € Z implies: r € {1} and s € {1, £2}!'*. Hence, possible relevant perturbations
can be constructed from:

@ ,r:={cosp, sinp}
0, s:={cosf, sinf, cos26, sin20}. (B.55)

Symmetries and constraints

Finally, we argue that a particular combination of symmetries at low-energies forbids
adding perturbations—listed in Eq. (B.55)—to the field theory. In the main text, we
showed that if H; is added, neither U2 nor sublattice transformation S4p are symmetries
of the resulting Hamiltonian. Only the combined action is preserved (see Eq. (6.20)).
However, as we will show soon, the combined action is not sufficient. Fortunately, there
is an additional on-site unitary that acts trivially on low-energy degrees of freedom,
and, moreover, keeps sublattice symmetry and the duality symmetry separate. In the
full Hilbert space each symmetry operatlon must be multiplied with W, defined by
W, : Xjo < XJr and W, : Zj, Z . (see also Eq. (B.20)). This ensures that Hj,

under the actlon of these symmetries, is mapped to itself, while Hys stays unchanged
(see Sec. B.3). If one starts from the unperturbed case, then the trivial action of W,
at low-energies can be inferred from the projector defined in Eq. (B.13). The symmetry
groups generated by U?W, and SapW, are given as follows:

Ty ={1,U*W,}, Z4={1,8,5Wa, WsWg,SazWg}. (B.56)

Again, from the unperturbed case, upon using Eq. (B.13), we find that both symmetry
groups act as an effective Zo symmetry at low-energy degrees of freedom. This enables
us to find the constraints on the fields imposed by symmetry, which has, among others,
partly answered!® in Ref. [197],

QAA:g0—>—g0, 0 —m—0
Gp: o— —p, 0——0
0w, p—=p+m,0—0

SapW, : o= —p, 60— g—&. (B.57)
It is easily verified that none of the perturbations, listed in Eq. (B.55), is invariant under
the above constraints = there exist no local perturbation that can be added to the
Hamiltonian (B.54). There are two important comments: First, if we only conserved the
product U284 B, then a perturbation ~ sin(y) would be allowed and since it is relevant, it
would drive the theory to a new RG fixed-point. Second, the absence of any perturbation
remains true as long as the Zs X Zo subgroup is gapped, i.e, its associated string operators

MPor K = 1/4 there is no marginal operator, i.e., operators that have scaling dimension equal to 2.

15T Ref. [197] the authors considered single-site translations instead of sublattice symmetry, but since
both symmetries act in the same way on local operators, namely, exchanging sublattices—their action
on the fields is the same.
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have long-range order and the presence of H, keeps the Luttinger parameter above
K > 1/8. If it changes to K = 1/8, then there is a marginal, symmetry allowed term
~ cos 46 that can be added to the field theory. In summary, the previous results explain
the robustness of the critical line observed in Fig. 6.3
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Appendix C

Symmetry fractionalization and numerical

details of the bond-alternating ionic
Hubbard model

C.1 Symmetry fractionalization

For discussing symmetry fractionalization, we follow closely Ref. [95] and focus on 1D
systems for concreteness.

If |¢) is the ground state of a gapped, local Hamiltonian, it has a finite correlation
length £ [121]. For any block of N sites with size > &, we can consider the Schmidt
decomposition,

W> = ZAa’w§> ® |7/}<(3J<Ut>7 (Cl>

where |1) are quantum states defined purely within the block of N sites. Due to there
being a finite correlation length, all the Schmidt states |1/} are indistinguishable deep
within the block (i.e., they simply look like [¢))). To see this, let us consider a correlation
function of two operators Oyt and Oj, that have support only in the outer and inner
region, respectively. Such correlation function can be written as follows:

C(l) = <Oout0in>w . (02)

Now suppose that Oy, has only support far way from the edges of the subsystem and that

the distance [ is much larger than the bulk correlation length [ > £, then correlations
factorize (plus exponential corrections)
>

C() =5 (Oout)y (Oin)y, - (C.3)

If we initially chose the operator Oyt to be a projector on a particular Schmidt state

say, \1/}2‘“), then using the previous result, we see that dominant Schmidt states' must
be indistinguishable from the ground state deep inside the block.

'For area law states, such as ground states of one-dimensional gapped, local Hamiltonians only a few
Schmidt values contribute and others decay exponentially [97, 98].
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Fractionalization

Moreover, due to locality, the two edges of the block are effectively independent (up to
exponentially small errors). We can thus presume that o can be interpreted as a super-
index, which is equivalent to two smaller indices v, g such that [Q') = ¢} ) where
the value of o, (ag) only affects correlation functions on the left (right) end of the block.

Let U = IL. U, be a unitary on-site symmetry. If we act with U only within this
block, it leaves states [1)2"") unaffected. Since the states in a Schmidt decomposition
form a complete basis, we can write

Uy =" Ugaltld) = > U, sriaranlVh 55)- (C.4)
B8 BL.,Br

A

Moreover, as U is an on-site operator, it will preserve locality, i.e., oy and SBgr in
Us, Briar.ap Will be uncorrelated. More precisely, we can write (using a shorthand
notation)

L
Uﬁ[ﬂBR;O‘LvO‘R = UﬁLL;aLU/J}?R;OcR = H Un|¢> = ULUR|,1)Z)>7 (05)
where ULE are exponentially localized near the edges of the block of N sites. The
explicit formula in terms of Schmidt states implies that if [[X, U;|¢)) = UFUR}4) and
L Vi) = VEVE|y) (for a second symmetry V), then we also have that

L L
[TV 1 Gilw) = VEVECEGR ). (C.6)

i=1 =1
Group relations

The fractionalized symmetries obey the same group relations as the original symmetries
up to potentlal phase factors (= projective representations) For instance, let us suppose
U and V commute. Let us also assume that UZF are bosonic operators (such that UL
commutes with V). Then

1=0VOV =000 (0H T < ORVEWOR N OH . ()

Since the two factors on the right-hand side act on disjoint regions, yet they multiply to
identity, each of the two factors has to be proportional to a phase:

RO () = €9

Moreover, using similar manipulations, one can show that if U2 = 1, then e = +1.
More generally, the fractionalized symmetries will form a projective representation of
the original symmetry group, which are classified by the second cohomology group
H?(G,U(1)) [64]. Non-trivial projective representations correspond to non-trivial SPT
phases and imply edge modes in the energy spectrum with open boundary conditions, or
degeneracies in the entanglement spectrum for virtual bipartitions (since any projective
representation acting on a 1D vector space is trivial), see also Sec. 2.2.1.
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C.2 Details about numerical calculations and edge gap

To obtain the numerical results, we used DMRG based on the TeNPy library version
(0.3.0) [122]. For all calculations, we conserved the total particle number and the total
magnetization.

C.2.1 Phase diagram of the bond-alternating ionic Hubbard chain

To obtain the critical line for 6 = 0, shown in Fig. 7.1, we used a combination of finite
and infinite DMRG with open boundary conditions. To obtain U, , we used the infinite
DMRG approach and calculated the correlation length &, (U) for various values of U
and bond dimensions x. Near the quantum critical point (QCP) we chose dU = 0.001
and the maximal bond dimension was set t0 Xmaz = 1000. The number of sweeps was
unbounded and the calculations stopped, when the relative error in the energy per unit
cell AE < 1072 and the relative error in the half-infinite chain entanglement entropy
AS < 1075, In this way, the largest energy truncation error was below 1076, The
critical point U,, ~ 1.96 was found by the maximum value of the correlation length
& (U), as shown in Fig. C.la. Since this is a continuous phase transition, the half-
infinite chain entanglement entropy diverges at the QCP as well; from Fig. C.1b we see
that the maximum, for the given bond dimension, is at U.,. For completeness, we also
show the dimerization order parameter. In the spontaneously dimerized insulator (SDI)
phase, the ground state spontaneously breaks the duality symmetry D. As a result, the
dimerization order parameter (and also its density) D = (D) /L

D =3 (=1)" (¢ g0 +hic) (C.9)

n,o

gain a non-zero value (see Fig. C.1c).

BKT-transition

Since the second phase transition along this line is a BKT-transition [207], the previous
approach to estimate the location of U,, failed. The reason is that the correlation length
for such a transition diverges exponentially as we approach this QCP [250, 251]. To
tackle this problem, we used finite DMRG calculations to detect this BK'T-transition. In
Ref. [252] it was demonstrated that such a QCP can be very precisely located by looking
at bipartite fluctuations. The bipartite fluctuations of a subsystem A are defined by,

fA:<(;oj)2>_<§@;>, 10

where for our particular case we chose Oj = S’JZ because here the BKT-transition into
the gapless phase is associated to spin degrees of freedom, i.e., the spin gap closes [207].
For our calculation, we fixed the subsystem A to be the half of the finite chain with total
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300
950 - 2.10 -
200 2.05 -
w150 - - 2.00 -
Look 1.95 -
sol 1.90 -
0 1 1 1 1'85 -I 1 1
1.95 1.96 1.97 1.98 1.95 1.96 1.97 1.98
U U
(c)
0.08 - ¥ = 600
x = 650
0.06 - x = 700
x = 750
Q 0.04 - Y = 800
Y = 850
0.02 - x = 900
— y = 950
0.00 — x = 1000

1.95 1.96 1.97 1.98

U

Figure C.1: Second-order phase transition. Panel (a) shows the correlation length
& (U), panel (b) the half-infinite chain entanglement entropy S, (U) and
figure (c) the density of the dimerization order parameter D, (U) for various
values of U and x. The QCP U, = 1.96 is determined by the maximum
value of &, (U).
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length L € {100, 160,200,250}. For a gapless system, it is known that the bipartite
fluctuations scale logarithmically with system size,

F(L) = g log L + const., (C.11)

where the constant pre-factor is given by the Luttinger parameter K. The BKT-
transition into the gapless phase is characterized by a Luttinger parameter K = 1/2 (its
value being pinned by spin-rotation symmetry), which then characterizes the Tomonaga-
Luttinger liquid for low-energy degrees of freedom. Numerically, the transition can be
detected if K = 1/2 because above U > U,, marginally irrelevant operators lead to loga-
rithmic corrections if K is calculated for finite size systems. The results for different val-
ues of U are shown in Fig. C.2 from which we extracted U., ~ 2.09. To obtain the ground

(a) U =2.05 U = 2.09 (4) U=213
0.18 - —_— K=0. 43 — K=0 50
0 16 D/O/O/O /
=2.06 =210
0.18 - — K=0.45] — K=051 ] =0.
K,
0.16 - -
(c) U =207 (9) U=211
0.18 - — K=0.47|
2N
0.16 - -
(d) U =208 (h) U=212 () U =216
0.18 —— K=0.48
K,
0.16 -
5.0 5.5 5.0 55
log L log L

Figure C.2: BKT-transition. Panel (a) — (I) show the bipartite fluctuations Fa_r
for L € {100, 160, 200, 250}.

states for different system sizes, the bond dimension was set to x € {800,800, 1000, 1200}
resulting in an energy truncation error below 10~7 for all system sizes.
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C.2.2 Edge and entanglement gap closing

Here we first consider the exactly solvable case § = 1, where we can explicitly calculate
the edge gap closing. Moreover, we numerically demonstrate that the phase boundary,
where edge modes disappear, can be extracted from two different approaches: First,
using ground states of different spin sectors but same parity sector and, second, using
ground states of different parity sectors. Finally, we consider the level crossing in the
entanglement spectrum and show that, upon lowering U, the degeneracy of the lowest
eigenvalue changes.

Edge gap

To understand why there is an edge gap closing as we tune U, it is very instructive to
discuss the limit § = 1, where the boundary consists of two single sites. The Hamiltonian

for these two sites is given by,

=0 o) oo ) o)
where NZ = > ,Mi,. The relevant eigenstates are summarized in Tab. C.1. For
State | Energy Eo | Parity | Sg,

[+ 0) 2 1| 12
L 0) -2 1| -1/2
It 1) -2 1| -1/2
| -4 1|12
0 11) §-A 1 0
1) -5 L] -
1) -5 L1
) -7 1| o
) -4 1 0

Table C.1: Eigenstates, energy levels and quantum numbers. Eigenstates of

Hamiltonian (C.12) with energy levels, parity eigenvalues and total spin S7,.
For U = A, all states are degenerate.

U/A > 1, each edge carries a half-integer spin and the overall ground state is fourfold
degenerate and in the opposite limit, U/A < 1, there is a unique ground state with an
empty edge on the right and a doubly filled edge on the left. Except for a single point,
the ground state is always in the even parity sector, but if U/A > 1 there can be states in
different S7, € {—1,0, 1} sectors. Since spin degrees of freedom are inherently related to
fermions, this means that once the spin on the edge changes from integer to half-integer,
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Energy +U

A

Figure C.3: Energies. Energies of the Hamiltonian (C.12) with A = 0.4 and U € [0, 2].
The level crossing happens at U = A. In this plot, as well as in Fig. 7.2, we
plotted the following: Eo+ U + |Eo(U = Up cdge)| — Uc,edge; Where Ey is the
ground state energy in the corresponding sector.

the gap between different parity sectors has to close as well. From Tab. C.1, we observe
that for U = A states of different parity and spin sectors become degenerate. Note, while
states of different spin sectors cross each other at U = A, states of different parity sectors
only touch each other (see Fig. C.3). As we tune away from this exactly soluble limit,
bulk and edge do not decouple anymore, and edge modes penetrate exponentially into the
bulk. Nevertheless, the universal features are still present, which we have demonstrated
in Fig. 7.2, which looks similar to Fig. C.3.

Numerics. To numerically detect the vanishing of the edge gap for § < 1, we first
estimated from the previous calculation, where we expect the edge gap to vanish. After-
wards, we calculated the ground states in two different S7, = {0, 1} sectors (blue and
black states of Tab. C.1) for ten values of U below our estimation. For each value of U,
we calculated the edge gap as a function of system size,

|Acdge(L,U)| =|Eo (N =L, S5, =0,L,U) — Eq (N =L,S;,;, =1,L,U)|
~ AO,edge(U; L — oo) _|_ e_gloc(U)/L’ (013)

from which we could deduce Ageqge(U, L — 00). Lastly, we plotted these constant
terms as function of U and extrapolated to Ag cdge(Uc,edge, L — 00) = 0 from which we
obtained Up¢gge. For d > 0.1, we chose system sizes up to L = 76 sites with a maximal
bond dimension y = 400 to perform our finite DMRG calculations. This results in an
energy truncation error below 107°. For § < 0.1, we had to increase the system size up
to L = 380 sites with a maximal bond dimension xy = 600, which results in an energy
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0.08 som
U, = 0.817
— Ul = 0.817
0.06 -
. 0.04-
4
0.02 -
0.00 -

0.80 0.85 0.90
U

~0-0 65 0.70 0.75

Figure C.4: Edge gap. The beige line is obtained for U € {0.70,...,0.80} and the blue
line for U € {0.82,...,0.90}. From the extrapolation of both lines, we find
that USP = UFeitv — 0.817.

c,edge c,edge

truncation error below 10~7. However, we have to admit that the data close to the QCP
are much less accurate.

To illustrate that the gap between different parity and spin sectors—aside from the
exactly soluble limit—close for open boundaries exactly at the same point, we calculated
both gaps for § = 0.2. From Fig. C.4, we clearly see that both approaches give indeed
the same result. To obtain the gap associated to different parity sectors, we calculated
the difference |Eg(N = L,S7, =0) — Eo(N = L+ 1,57, =1/2)|.

Entanglement gap

To obtain the blue line in Fig. 7.1, we chose a similar approach, except this time we used
iDMRG. The level crossing is obtained from the three lowest eigenvalues (two of them
are degenerate) of the reduced density matrix of a half-infinite chain. The entanglement
eigenvalues are calculated for the same values of § € {0.01,0.05,0.1,0.2,...,1}. For the
simulation, we used a maximal bond dimension y = 300 for § > 0.1 and a maximal
bond dimension y = 700 for 6 < 0.1. The calculation stopped if the relative change in
energy per unit cell and entanglement entropy were below AE < 10719 and AS < 1075,
respectively. This way, the energy truncation error is below 1078,
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C.2.3 QSPT edge phenomena
Parity quantum numbers for a system with OBC

To obtain Fig. 7.2a, we evaluated the ground states for § = 0.2 in various spin and parity
sectors. This is similar to what we did for the exactly soluble case shown in Fig C.3.
For the calculation, we chose a system with L = 68 and a bond dimension xy = 400,
which results in an energy truncation error below 107%. The ground states have been
calculated for various values of U € {0.75,0.76,...,0.90}. From Fig. C.4 we know that
the gap between different parity and spin sectors has to close at U cq4ge = 0.817 for open
boundaries.

Parity quantum number of the entanglement spectrum

Since spin rotations commute with the reduced density matrix of a half-infinite chain,
the different blocks of the entanglement spectrum can be labelled by the parity quantum
number, which is defined by P = RzRleRL The spin rotations acting on the dominant
eigenstates of the reduced density matrix have a different representation, which we thus
called U, with v € {y, z}. Hence, the action of fermion parity on these states is given by
P = UmUyU;[UJ. The reason we chose this particular definition of fermion parity is that
our algorithm can find these unitary operators U, only up a to U(1) phase factor. Given
our definition, this phase factor drops out, and we can directly match the eigenvalues
with the corresponding parity eigenvalue [93, 94]. To obtain the entanglement spectrum
and the corresponding parity eigenvalues, we used iDMRG and calculated the ground
state for U € {0.94,0.95, ..., 1.12} with U ¢nt = 1.054 for a bond dimension y = 200. The
calculation stopped if the relative change of energy per unit cell was below AE < 1010
and the relative change in the half-infinite chain entanglement entropy below AS < 1076,
which gives an overall energy truncation error below 1077.

C.2.4 QSPT transition and emergent anomaly along the self-dual line ) =0
(with ionicity A = 0.4)

To measure the string operator defined in Eq. (7.11), we evaluated the ground state
for several values of U shown in Fig. C.5. The ground state itself was calculated using
iDMRG with a maximal bond dimension of x = 1000. The calculation stopped if the
relative change of energy per unit cell was below AE < 10719 and the relative change
in the half-infinite chain entanglement entropy below AS < 1076, which gives an energy
truncation error below 1076 for all values of U. Clearly, for states in the gapped phases,
the energy truncation error is even smaller. To maximize visibility of both operators,
we rescaled the operator O~ by a factor of 5. The maximal values of the operators in
the limiting cases are given by,

lim O” =4, lim O ~0.4. (C.14)

U—o0 U—0

The former limit is easily obtained because there fermion parity becomes simply the
U—oo

identity operator P, —= 1,,, while for the latter limit we used iDMRG to obtain the
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Figure C.5: Data points for the string order operator. The data points for which
we calculated the string order operators OF defined in the main text.

result (although it could only be obtained using free-fermion calculations).
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