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Abstract

Strongly correlated systems exhibit phenomena — such as high-T- superconductivity or
the fractional quantum Hall effect — that are not explicable by classical and semi-classical
methods. Moreover, due to the exponential scaling of the associated Hilbert space, solving
the proposed model Hamiltonians by brute-force numerical methods is bound to fail. Thus,
it is important to develop novel numerical and analytical methods that can explain the
physics in this regime.

Tensor Network states are quantum many-body states that help to overcome some
of these difficulties by defining a family of states that depend only on a small number
of parameters. Their use is twofold: they are used as variational ansatzes in numerical
algorithms as well as providing a framework to represent a large class of exactly solvable
models that are believed to represent all possible phases of matter. The present thesis
investigates mathematical properties of these states thus deepening the understanding of
how and why Tensor Networks are suitable for the description of quantum many-body
systems.

It is believed that tensor networks can represent ground states of local Hamiltonians, but
how good is this representation? This question is of fundamental importance as variational
algorithms based on tensor networks can only perform well if any ground state can be
approximated efficiently in such a way. While any state can be written as a tensor network
state, the number of parameters needed for the description might be too large. This is not
the case for one-dimensional systems: only a few parameters are required to have a good
approximation of their ground states; that, in turn, allows for numerical algorithms based
on tensor networks performing well. The situation in two dimensions is somewhat more
complicated, but it is known that ground states of local Hamiltonians can be expressed as
tensor networks with sub-exponentially many parameters. In the present thesis, we improve
on these existing bounds strengthening the claim that the language of tensor networks is
suitable to describe many-body systems.

Another central question is how symmetries of the system such as translational in-
variance, time-reversal symmetry or local unitary symmetry can be reflected in tensor
networks. This question is important as systems appearing in nature might intrinsically
possess certain symmetries; on one hand, understanding these symmetries simplifies the
description of these systems. On the other hand, the presence of symmetries leads to the
appearance of novel phases — symmetry-protected topological (SPT) order, — and tensor
networks provide the right language to classify these phases. In one dimension and for
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certain classes of two-dimensional tensor networks (states generated by so-called injective
tensors) it is well understood how symmetries of the state can be described. A general
framework, however, has yet to be developed. In the present thesis, we contribute to the
development of the theory in two ways. We first investigate the question for injective ten-
sors, and generalize the existing proof for any geometry including the hyperbolic geometry
used in the AdS/CFT correspondence. Second, we introduce a class of tensor network
states that include previously known examples of states exhibiting SPT order. We show
how symmetries are reflected in these states thus deepening the understanding of SPT
order in two dimensions.



Zusammenfassung

Stark korrelierte Systeme zeigen Phénomene wie Hochtemperatursupraleitung oder den
Quanten-Hall-Effekt, die mit klassischen und semiklassischen Methoden nicht erklarbar
sind. Da die Dimension des zugrundeliegenden Hilbertraums exponentiell mit der Grofle
des Systems wéchst, versagen viele der traditionellen Ansétze fiir derartige Systeme. Es
ist daher notwendig, neuartige numerische und analytische Methoden zu entwickeln, die
die Physik in diesem Bereich erklaren konnen.

Tensor-Netzwerkzustande konnen diese Schwierigkeiten zum Teil iberwinden, indem
sie eine Familie von Zustanden definieren, die nur von einer kleinen Anzahl von Param-
etern abhangen. Diese Zustande tragen auf zwei Arten zur Losung des Problems bei:
Erstens werden sie als Variationsansatz in numerischen Algorithmen verwendet. Zweit-
ens bieten sie einen analytischen Zugang zu einer groflen Klasse genau loésbarer Modelle,
von denen angenommen wird, dass sie alle moglichen Materiephasen reprasentieren. In
der vorliegenden Arbeit werden mathematische Eigenschaften dieser Zustande untersucht,
wodurch das Verstandnis dafiir, wie und warum Tensor-Netzwerke fiir die Beschreibung
von Quantensystemen geeignet sind, vertieft wird.

Zunachst widmen wir uns der Frage, inwiefern Tensornetzwerke Grundzustande lokaler
Hamiltonians darstellen konnen. Diese Frage ist von grundlegender Bedeutung, da Varia-
tionsalgorithmen, die auf Tensornetzwerken basieren, nur dann akkurate Ergebnisse liefern
konnen, wenn der Grundzustand nicht allzu weit von der zugrundeliegenden variationellen
Mannigfaltigkeit entfernt ist. Zwar kann prinzipiell jeder Quantenzustand als Tensor-
netzwerkstatus beschrieben werden. Jedoch ist die Anzahl der fiir die Beschreibung er-
forderlichen Parameter moglicherweise extrem grofi. Dies ist bei eindimensionalen Sys-
temen nicht der Fall: Nur wenige Parameter sind erforderlich, um eine gute Naherung
ihrer Grundzustande zu erhalten. Aufgrund dieser theoretische Grundlage kann darauf
vertraut werden, dass die Ergebnisse der tensornetzwerkbasierten Algorithmen akkurat
sind. Die Situation in zwei Dimensionen ist komplizierter, aber es ist bekannt, dass
Grundzustande lokaler Hamiltonians als Tensornetzwerke mit subexponentiell vielen Pa-
rametern ausgedriickt werden konnen. In der vorliegenden Arbeit verbessern wir diese
bestehenden Grenzen und verstarken die Behauptung, dass Tensornetzwerke geeignet ist,
Vielteilchensysteme zu beschreiben.

Eine weitere zentrale Frage ist, wie Symmetrien des Systems wie Translationsinvari-
anz, Zeitumkehrsymmetrie oder lokale Symmetrie in Tensornetzwerken reflektiert werden
kénnen. Das Verstiandnis dieser Symmetrien vereinfacht einerseits die Beschreibung der
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Systeme, in denen diese Symmetrien auftreten. Auf der anderen Seite fithrt das Vorhan-
densein von Symmetrien zum Entstehen neuer Phasen - sogenannter “symmetry protected
topological phases” (SPT) -, und Tensornetzwerke liefern die richtige Beschreibung, um
diese Phasen zu klassifizieren. In einer Dimension und fiir bestimmte Klassen von zweidi-
mensionalen Tensornetzwerken (Zusténde, die von sogenannten injektiven Tensoren erzeugt
werden) ist es gut verstanden, wie Symmetrien des physikalischen System sich in ihrer
Beschreibung als Tensornetzwerk widerspiegeln. Ein allgemeiner Rahmen muss jedoch
noch entwickelt werden. In der vorliegenden Arbeit tragen wir auf zweierlei Weise zur
Weiterentwicklung der Theorie bei. Wir untersuchen zunachst die Frage nach injektiven
Tensoren und verallgemeinern den vorhandenen Beweis fiir jede Geometrie, einschliellich
der in der AdS / CFT-Korrespondenz verwendeten hyperbolischen Geometrie. Zweitens
fithren wir eine Klasse von Tensornetzwerkzustanden ein, die bereits bekannte Beispiele
fir Zustande mit SPT-Ordnung enthalten. Wir zeigen, wie sich Symmetrien in diesen
Zustdanden widerspiegeln, wodurch das Verstandnis der SPT-Ordnung in zwei Dimensio-
nen vertieft wird.
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Chapter 1

Introduction

Condensed matter physics tries to explain how macroscopic properties of materials arise
from their microscopic structures. This understanding can be used to engineer new materi-
als such as superconductors withstanding high magnetic fields or temperatures, or semicon-
ductors used in modern electronics. Microscopic models in condensed matter are however
very hard to solve, due to the exponential scaling of parameters with the number of par-
ticles. Despite this theoretical difficulty, the macroscopic properties of many systems can
be explained as a single particle interacting with an effective environment composed of the
other particles, which makes the understanding of these systems relatively easy. For some
physical phenomena, however this mean-field approach fails due to the presence of strong
correlations. Examples of such phenomena include high-T¢ superconductivity [%, 9], the
fractional quantum Hall effect [10] and topological insulators.

The bottleneck in the understanding of materials consists in solving the proposed first-
principle models; therefore, simplified, effective Hamiltonians are often introduced. These
effective models, despite their simplified form, are expected to capture the relevant physics,
in particular the low-energy behavior of the system. Some prominent examples are the
Hubbard model which is expected to capture essential physics of high-T, superconductivity,
or the Heisenberg model proposed to explain (quantum) magnetism'. Due to the crystal
structure of solids, effective models are often defined on a lattice; that is, the positions
of the particles are fixed at the vertices of a lattice and the model is defined on some
internal degrees of freedom of the particles. The interaction is often restricted to be local,
for example to nearest-neighbor interactions. In case of the Heisenberg model, the internal
degree of freedom of the particles is their spin, while their positions are, for example,
fixed on a one- or two-dimensional square lattice. Their interaction is described by the
Hamiltonian

H=-J S:S;, (1.1)

(4,9
where J is the strength of the interaction, S; is the spin operator acting on the spin at
position ¢, and the summation is restricted to neighboring positions. Apart from these

!The antiferromagnetic Heisenberg model is in fact the large U/t limit of the Hubbard model.
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effective models, lattice models also arise as discretized versions of first-principle models
such as in quantum chemistry or in lattice gauge theory.

Despite the simplicity of effective models, solving them (that is, obtaining the ground
state and low energy excitations or the Gibbs state) remains challenging. The reason is
that the Hilbert space used to describe the state of the system grows exponentially with the
number of particles, therefore not only finding a solution, but already describing it is very
hard for large system sizes. For example, describing and storing a state of 100 particles
with only two degrees of freedom (qubits) is already impossible. There are a number of
ways around this “curse of dimensionality” [11] such as Quantum Monte Carlo methods,
variational methods, creation of exactly solvable models or quantum simulation.

Quantum Monte Carlo methods [12] build on the observation that the physically inter-
esting quantity is not the wave function itself, but rather expectation values (and corre-
lations) of local observables. This observation leads to sampling techniques adapted from
classical stochastic modeling. While such techniques are very effective in many situations,
they often suffer from the infamous sign problem making them inadequate to simulate
fermions and frustrated systems.

In variational methods, one considers a set of states that are easy to store and to
calculate with, and tries to find the minimum-energy state amongst them. Obviously, this
method can lead to false results if the variational ansatz does not contain states from the
low-energy sector of the Hamiltonian. An example for such a variational ansatz is the set of
product states in the Hartree method (mean-field theory), or the use of Slater determinants
in the Hartree-Fock method [13]. The latter is widely used in quantum chemistry.

The idea behind creating exactly solvable models is the following. In certain situations
such as in frustrated spin systems, obtaining information about the model is very hard. One
still wants to understand how global responses emerge from the microscopic description
of the model. Exactly solvable models lead to such an insight by providing models with
complete understanding. This, in fact, can indicate how real world models can behave and
what are the important aspects of the different models.

In quantum simulation, a well-controlled quantum system is constructed to simulate
the model. Such quantum systems can either serve as fully-fledged quantum computers, or
as systems where despite the lack of control over every degree of freedom, some parameters
can be adjusted in a way such that the system is governed by the Hamiltonian under
investigation. While experimental realization of fully-fledged quantum computers is still
far away, cold atoms in optical lattices [14] and trapped ions in RF traps [15] provide
enough control already in current experiments for modeling interesting Hamiltonians.

In the present thesis, we investigate properties of Tensor Network States (TNS) [10]
that can be thought of both as a variational ansatz for many-body Hamiltonians and as
a language for creating and analyzing exactly solvable models. Tensor Network states

include the one-dimensional Matrix Product States (MPS) [17, 18] ansatz, their higher
dimensional generalization, Projected Entangled Pair States (PEPS) [19, 20], and the
Multi-scale Renormalization Ansatz (MERA) [21] reflecting the scale invariance of critical

systems. Algorithms based on MPS are extremely successful in approximating ground
states of one-dimensional many-body systems. In two dimensions, algorithms based on
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PEPS are more difficult to implement but have been gaining popularity in recent years.
But is it theoretically justified to use PEPS as a variational ansatz? We investigate this
question and improve on already existing results on how well PEPS can approximate
ground states of local Hamiltonians. Due to their success in describing relevant physics, it
is believed that a classification of Tensor Networks (TNs) provides us with a classification
of phases. In one dimension, this has been carried out with the help of MPS, both in
the presence and absence of symmetries [22, 23]. To arrive at this classification, it was
necessary to understand how symmetries of the state can be reflected in the corresponding
tensor networks.

In two dimensions, TNs are known to be able to represent certain topologically ordered
phases. This means that for certain types of topological quantum field theories (TQFTs),
they provide examples of local Hamiltonians realizing the corresponding topological order.
In the presence of symmetries, they can be used to construct examples for symmetry-
enriched (SET) and symmetry-protected topological (SPT) phases. In the understanding
of these models, it is crucial to know how symmetries are reflected in the generating
tensors. It is, however, only known for concrete examples and a special class of tensors
known as injective or normal tensors. We broaden the understanding of how symmetries
are represented in TNS by developing new methods for deciding whether two given tensors
generate the same states or not.

1.1 Spin lattice models

Before introducing Tensor Networks, let us briefly recall what spin lattice models are and
what “solving” such a model means. Apart from that, we give a mathematical definition of
gapped phases, and show how some of their expected properties follow from the definition.
We also recall when a phase is called topologically ordered (both intrinsic and symmetry-
protected).

Let us consider spins arranged on a lattice (for example, a line in one dimension,
or square lattice or Kagome lattice in two dimensions). The joint state of N such d-
dimensional particles is described on the Hilbert space (C4)®N. We consider models where
the interaction of the particles is geometrically local, i.e. local Hamiltonians such as
nearest-neighbor Hamiltonians:

where ¢ and j label lattice sites and the sum runs over all pairs that are connected with
an edge. The term h;; is acting non-trivially only on the particles ¢ and j, that is, h;; has



4 1. Introduction

the following form:

hij = ® Idy, ® iLija
ke¢{i,g}

where izl-j is a two-body operator.

The Hamiltonian, apart from determining the dynamics, defines the state of the system
p in equilibrium, as described below. Once the state of the system is known, expectation
values of (local) observables can be calculated as well as their (connected) correlation
functions:

(0) = Tr{0p}
Corr(0;, O;) = (0,04) — (O;) - (O;),

where O; is the local operator O acting on the i** particle:

0; =) Idy 0.
ki

Correlation functions such as spin-spin correlations can be measured through scattering
experiments and can thus be used to obtain information about the Hamiltonian.

The state p describing the system is defined by the Hamiltonian in the following way.
Due to for example, electromagnetic radiation, the system is never perfectly isolated and
thus perturbations are always present. Due to the perturbations, the state of the system
always changes, and instead of trying to completely determine it, a statistical description is
used. That is, one assigns a density matrix (classically, a probability distribution) to it that
gives back the average expectation values of observables. The way to assign this density
matrix is via the principle of maximum uncertainty. That is, the guessed density matrix
(probability distribution) is the one that contains the least information on the system: the
maximum entropy state. In thermal equilibrium, however, there is an extra information
known: the energy is constant. Therefore the system is described by the maximum entropy
state such that the energy F is fixed:

p= argmin S(p),

Tr{pH}=F
where S(p) = —Trplog p is the von Neumann entropy. The solution of this minimization
is the Gibbs state:
e PH e PH

= = 1.2
where Z is the partition function and 5 = 1/kgT is the inverse temperature. At zero
temperature § — oo, and the system is in the lowest-energy state |¥) (ground state) of

the Hamiltonian:
= lim e’ = |U){P
li .
P Bl 7 | >< |
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If the ground state is separated from the rest of the spectrum by a spectral gap and
the density of states does not scale too badly with the energy and the system size N
(QE) < e™™E) then the system is in the ground state already for an inverse temperature
that grows only logarithmically with the system size, i.e. § « log N. The logarithmic
scaling is essential in providing a usable bound: macroscopic systems contain ~ 10%
particles, thus linear scaling would result in a bound on the temperature that is practically
indistinguishable form zero.

The presence or absence of the spectral gap has other, far-reaching consequences. For
example, for a Hamiltonian that describes electrons moving in a material, it reveals whether
the model describes a conductor or insulator: if the Hamiltonian is not gapped, then even
a small electric field creates excitations and hence the material is a conductor. On the
other hand, if a spectral gap is present, then the material is an insulator or semiconductor.
Another property that is governed by the spectral gap is the behavior of heat capacity at
low temperatures. If a spectral gap is present, then the heat capacity disappears as an
exponential of the inverse temperature, and otherwise the heat capacity has a power-low
behavior in the inverse temperature.

Even though it is intuitive physically what spectral gap means, mathematically it is a
bit more involved to describe. It can either be defined directly in the thermodynamic limit,
or, probably a bit simpler, by considering a family of models with larger and larger system
sizes approaching the TD limit. We follow this second approach. Let H, be a family of
Hamiltonians on increasing system sizes. Let A, = E! — EY be the energy gap between
the first excited state and the ground state energy of H,,. The model associated with the
family of Hamiltonians H,, is called gapped if A, > A for any large enough n and some
constant A > 0.

Given the definition above, it can be proven that correlations in a gapped system
decay exponentially [21]. The key tool in the proof is the Lieb-Robinson bound and it is
interesting on its own. It states that perturbations in a local spin lattice model travel with
finite speed, i.e. for any local operator A and B,

|[B(), AO)]| < [A]l - | Bl - e7#94% - (e — 1),

where p and v are some positive constants, dap is the distance of the sites on which the
operators act and B(t) = e¢f!Be~*t, This can indeed be interpreted as perturbations
propagating at a speed v: the operator A detects the perturbation B only after a time
proportional to t = dag/v.

In case of a unique ground state, the decay of the correlations holds for the connected
correlation functions. If the Hamiltonian has degenerate ground states, then the quantity
that decays exponentially is

1
2
where |U) is any ground state, and P is the ground space projector. This, in particular,

allows for the presence of long-range order in the ground states if the off-diagonal matrix
elements of the local operator O are non-zero in the ground space.

(W]0;0;|9) — 5 ((¥|0:PO;|¥) 4 (V[O;PO;| V),
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It is also expected that gapped Hamiltonians are stable against local perturbations.
That is, the ground state |V;) of H; = H + -V is expected to converge to |¥) as t — 0,
if V' is local. Another related question is whether H; remains gapped for small values of t.
This is in fact the case, if the Hamiltonian satisfies the so-called local topological quantum
order (LTQO) condition [25]. Therefore considering the set of all local Hamiltonians, the
general picture is the following. There are continuous regions of gapped Hamiltonians
that have exponentially decaying correlations. These gapped phases are then separated by
gapless, critical Hamiltonians. These Hamiltonians typically have algebraically decaying
correlations.

Phases with a degenerate ground space (and a gap above) were historically thought to
be always described by symmetry breaking. This means the following: let us consider a
family of Hamiltonians that depend on some parameters (and on the system size), H(A).
The Hamiltonian commutes with a unitary U: [H(X),U] = 0, where U = @), U;. In the
non-symmetry-broken phase, the Hamiltonian has a unique ground state and a gap above.
In the symmetry-broken phase, the Hamiltonian has a degenerate ground space and a gap
above. As the unitary and the Hamiltonian commute, the ground states can be chosen to
be eigenstates of the unitary too. For example, consider the transverse field Ising model.

HB)=-> Z®Zia+B> X

This Hamiltonian commutes with the unitary @), 2X;. If B > 1, then the Hamiltonian
has a unique ground state: | — —---—). On the other hand, if B =~ 0, then the ground
space is spanned by [Ui) o< | 11 ... 1) = |}l ... ]). These states are also eigenstates of
®), 2X;. Note that there is long-range order in these states [20]:

1
=7
Symmetry-broken phases possess local order parameters. In the above picture, one can take
any local operator ) _; M; such that e.g. >/ Ug]WU;,r = 0. In this case, in the non-symmetry
broken-phase, the ground state expectation value is 0: (V| M|¥) = Zg(\IJ|UgMUgT|\II> = 0.
In the symmetry-broken phase, on the other hand, the operator M has non-trivial matrix
elements in the ground space. Therefore M distinguishes between the different ground
states. In the case of the transverse-field Ising model, the local order parameter can be
chosen to be the magnetization, ). Z;. This order parameter distinguishes between the
states |¥4) and |U)).

The discovery of topologically ordered systems (such as systems displaying fractional
quantum Hall effect) highlighted that the above picture does not describe all phases. One
of the most striking features of topological order is indeed the absence of a local order
parameter: there is no local operator that distinguishes between the different ground states
of the Hamiltonian. Due to this, long range order is not present in the system. Another
distinctive feature of these models is that the excitations have anyonic nature. That is, the
excitations of the model are point-like and moving one excitation around another might
result in a phase factor different from £1. A consequence of this is that the ground state
degeneracy depends on the topology of the surface the model is defined on.

(UL |Z, 202 — (|20 ) (0 |2,
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1.2 Area law

Algorithms based on TNs are variational algorithms. But why can any variational family
depending only on a few parameters represent the relevant physics if the Hilbert-space
describing the joint state of N particles is exponentially large? A first answer lies in the
fact that one does not need to approximate all states in the Hilbert space, but only those
that are ground states of local Hamiltonians. As local Hamiltonians can be parametrized
with only a few parameters (the number of parameters grows linearly with the system
size), the ground states are also occupying only a small ‘corner’ of the Hilbert space [11].
But how to identify this relevant corner of the Hilbert space? As the obstacle behind
classical understanding of strongly correlated systems is the presence of entanglement, it
is natural to investigate if entanglement shows some pattern in these states. As it turns
out, entanglement has a very special pattern in these states that is known as area law [27,

]. The name area law comes from black hole physics: it was calculated that the entropy
of the black hole is proportional to the area of its surface. In the context of many-body
physics, the statement is the following. Consider a sub-region A of a system. Take the
reduced density of the ground state, ¥, on this region A:

V) (1} (1.3)

where A€ is the complementary region. The entanglement entropy of the state v with
respect to this bipartition is simply the von Neumann entropy of the reduced state:

Sa=—Tr{palogpa}. (1.4)

For a gapped, local Hamiltonian with a unique ground state, the entanglement entropy 54
of the ground state is then proportional to the boundary of the region A:

Sa o |0A]. (1.5)

pa = Tru{

This observation has been proven in the case of one-dimensional systems. In higher dimen-
sions and still at zero temperature, it is conjectured (and proven under certain assumptions
[29, 30]), that the area law still holds.

If the system is gapped but has multiple ground states as in the case of a topological
Hamiltonian on a non-simply connected surface, the entanglement entropy has a finite
correction:

Sy o |0A] — logn, (1.6)

where n is the ground state degeneracy.

In fact, even for critical systems, the area law is only violated logarithmically [31, 32].
That is, in the case of a one-dimensional critical system, the entanglement entropy 5S4
scales like

Sa o log |A]. (1.7)
This property is in sharp contrast with the fact that a random state (w.r.t. the Haar
measure) has an entanglement entropy that is proportional to the volume of the region
A. Tt suggests that entanglement is concentrated around the boundary of A. A good
variational ansatz should have a similar entanglement pattern.
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Chapter 2

Tensor Networks

Tensor Network states (TNs) are many-body states that admit a local description in terms
of low-rank tensors. Due to the small number of parameters needed to describe them,
they can be stored on a computer and used in calculations unlike the full wave function
of a general state. They underlie many numerical algorithms in which they are used as
variational ansatz for calculating the ground states of many-body Hamiltonians. The family
of these states includes, among others, the one-dimensional ansatz of Matrix Product States
(MPS) [17, 18], the higher dimensional Projected Entangled Pair States (PEPS) [19, 20],
and the Multi-scale Renormalization Ansatz (MERA) [21] reflecting the scale-invariance
of critical systems. One of their main feature is that the entanglement present in these
states is limited through the sizes of the describing tensors leading to an area law for the
entanglement entropy. This entanglement pattern is similar to that of the ground states of
local Hamiltonians suggesting that they are indeed the right variational ansatzes to solve
the local Hamiltonian problem.

In fact, the theory of TNs is deeply rooted in numerical algorithms designed into
solve many-body Hamiltonians. One of the first numerical algorithms giving insight to
strongly correlated systems is Wilson’s Numerical Renormalization Group (NRG) method
[33]. This method was successful in simulating certain one-dimensional problems such as
the Single-Impurity Anderson Model (SIAM) [31] and the Kondo Hamiltonian [35, 36]. A
necessary criterion, however, was that the Hamiltonian has a clear separation of energy
scales. The Density Matrix Renormalization Group (DMRG) method [37] was able to
overcome this limitation and it is thus suitable to describe any one-dimensional problem.
The optimal wave functions arising from these algorithms are of the form of MPS [17], i.e.
one-dimensional TNs. In fact, the DMRG algorithm can be reformulated as a variational
method over MPS. As these algorithms are based on the bounded entanglement between
any bipartition of the system, the area law suggests that generalization to higher dimen-
sions is non-trivial: in two-dimensional square lattice consisting of IV particles, for example,
the boundary of a region can be of order v/N. This extensive scaling of the entanglement
causes that variational methods using PEPS are very difficult to realize. The crucial point
where this manifests is that calculating expectation values of local observables is hard.
Despite this fact, algorithms based on PEPS using approximate contraction routines give



10 2. Tensor Networks

now, in certain scenarios, the best known numerical results.

Another series of developments that led to the theory of TNs is coming from mathemat-
ical physics. The investigation of spin models was highly motivated by the connection of
the antiferromagnetic (AF) Heisenberg model to high-7, superconductivity. The difficulty
of solving the AF Heisenberg model inspired the creation of paradigmatic wave functions
for which correlations can be easily calculated. Such a paradigmatic wave function is for
example given by the solution of the AKLT model [38] in one dimension. These models
can shed light onto the non-trivial physics of strongly correlated systems by the creation
and investigation of exactly solvable Hamiltonians for which they are the ground states.
In one dimension, Finitely Correlated States (FCS) [39] generalized existing paradigmatic
wave functions and allowed the investigation of these models directly in the thermodynamic
limit. As MPS are finite system-size variants of FCS, many of the techniques developed
for the investigation of FCS can be transferred to the analysis of MPS. In two dimen-
sions, understanding the thermodynamic limit is more challenging. The language of TN,
in particular PEPS, however, still provides a unified language for describing exactly solv-
able gapped models. This includes, for instance, the Cluster State [10, 11] underlying
measurement-based computation, the rotationally invariant spin-liquid AKLT [12, 38] and
RVB [13] states, and other chiral [11, 15] and non-chiral states [16, 17, 18, 19] embody-
ing topological order. In particular, PEPS encompass all known non-chiral topological
orders [D0]. All these states allow for the construction of local parent Hamiltonians and,
by making use of their local description, the ground space structure and the behavior of
the low-energy excitations can be fully analyzed.

TNS therefore seem to capture relevant physics. The understanding of these models
therefore leads to new insights into how strongly correlated systems behave. In many
scenarios, it turns out that TN models can be grouped into finitely many disjoint sets
therefore providing a classification for these models. Such classification are, for example,
the classification of gapped phases in one dimension both in the presence and absence of
symmetries [23, 22], of SPT phases in two dimension [51], of Matrix Product Unitaries [52]
or of RG fixed points of pure and mixed states in one dimension [52]. All these classifications
rely heavily on the ability of deciding when two set of tensors generate the same TNS. Due
to the importance, these kind of theorems are often referred to as Fundamental Theorems.

The goal of the rest of the chapter is to put the included publications into context.
First, we introduce the widely used graphical notation of TNS. We then define some par-
ticularly important TNS, amongst them MPS and PEPS. We show then that every state
can be represented as MPS (and in general, any TNS), but this representation might not
be efficient. We discuss then what are the different approaches to represent states approx-
imately as TNS providing the background needed for the publication. We then turn to the
theory of translationally invariant MPS and PEPS. As the last two publications concern
fundamental theorems of TNS, the goal of this part is on one hand to show how such the-
orems can be used in classification of models, on the other hand, to review what is already
known. To demonstrate the use of fundamental theorems, we show how classification of
SPT phases in one dimension works.



2.1 Graphical notation of tensor networks 11

2.1 Graphical notation of tensor networks

Tensor Network states are quantum many-body states with special entanglement patterns.
A common feature is that they describe the global wave function with the help of local
components — that is, the state is described by contraction of tensors. In this Section we
introduce the graphical notation standard in this field and used throughout this thesis.

Wave functions can be thought of as tensors as they are vectors in a tensor product
Hilbert space. Tensors are represented by dots or boxes with lines attached to it. The lines
correspond to the different indices of the tensor; joining the lines corresponds to contraction
of indices. For example, a scalar is represented by a single dot with no lines joining to it,
a vector is represented by a dot with a single line attached to it, a matrix by a dot with
two lines attached to it:

: |U>_4:7 A= A

the scalar product of two vectors, the action of a matrix on a vector and a matrix element
can be written as
o——o ——0 o ———0
(why=w v, A)= a4 v, WA =w 4 .
The wave function of a quantum many-body state then can be represented as a dot with
as many lines joining to it as the number of particles:

vy = .

A state is called a tensor network state if it can be written as the contraction of smaller
tensors. More precisely, given a graph, we assign to every vertex of degree d a tensor of
rank d or d + 1, where the extra index corresponds to one of the physical Hilbert spaces.
The state is then obtained by contracting the indices that are connected with an edge:

V) =

This example is a three-partite state represented with the help of five tensors out of which
three have physical indices and two do not. In the following Sections we give further
examples of this construction by introducing Matrix Product States, Projected Entangled-
Pair States and MERA.

2.1.1 Matrix product states

Matrix product states are the states underlying the DMRG algorithm; in fact, DMRG can
be re-expressed as a variational algorithm over MPS. They can be viewed as the finite
system-size variants of finitely correlated states [53]. The name itself comes from Ref. [17].
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Matrix product states are tensor network states defined on a simple line:

A1 A2 A3 An

or a cycle (corresponding to periodic boundary conditions):

H#L % 2.1)

As each point in the graph has at most degree two, MPS have a particularly simple analytic
description:

= Tr{AFAZ . ALYy i),

where each A{ is a D; x D;;1 matrix. In the open boundary condition case, Dy = D, 1 = 1.
An equivalent way to think of |¥) is

- Z |¢11122> ® |¢12213> "® |¢2n11>

where

[05) = > (Aa)l [k).

k

If all the tensors are equal in Eq. (2.1), we call the state translation invariant MPS (TI
MPS). That is, a TI MPS can be written as

R e e l 2.2

An MPS tensor A defines a TT MPS for every system size. Sometimes it is necessary to
emphasize the generating tensor and the system size, in this case we write |¥,,(A)) instead
of just | ).

Matrix Product Operators are operators on a tensor product Hilbert space that have
MPS form. More precisely, an operator O is a matrix product operator if it can be written
in the form

0= T{O} 0% .. Ol Yiria . ..in) (jijz - - - jul-
i,

These operators can be graphically represented as

0= o | o.| 05 on| :

Similar to MPS, one can define open boundary conditions and translational invariant
MPOs. In fact, MPOs are just MPS with two physical indices.
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2.1.2 Projected Entangled Pair States

Projected entangled-pair states are tensor networks where each tensor has physical dimen-
sion. They can be defined using any graph. The most prominent examples are defined
on a two-dimensional regular lattice, for example translation invariant PEPS defined on a
square lattice. In this case, the state is defined with the help of a single rank-5 tensor:

-

The bulk of the state then is defined by the contraction

the boundary can either be periodic; that is, the state is defined on a torus, or defined by
rank-four tensors on the sides and rank-three on the corners.

Other examples include PEPS defined on graphs that do not contain cycles: on trees.
That is, the state is described as, for example,

W) =

In this case, the lack of cycles means that the calculation of expectation values is sim-
ple. The underlying geometry, however, restricts their representation power. One of their
possible uses is in quantum chemistry as a post Hartree-Fock method. Here, the different
tensors represent different modes. The geometry of the network is then determined by
the strongest correlations between the different modes in a simple approximation; these
correlations are found to be robust, and thus the geometry calculated from the simpler
approximation works well.

2.1.3 Multi-scale renormalization ansatz

The multi-scale renormalization ansatz is a TN ansatz that reflects the scale-invariance
of critical systems. One-dimensional MERA is defined with the help of rank-three and
rank-four tensors in the bulk as
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The rank-three tensors are required to be isometries while the rank-four tensors unitaries:

-0 11-8

where the white filling denotes taking the adjoint (complex conjugation and reverse reading
direction).

2.2 Representing states as TINS

Tensor Networks are widely used as variational ansatzes in numerical algorithms. As such,
it is crucial to understand how well can TNS describe states. We show that every state
can be represented as non-TI MPS and PEPS. The bond dimension (and thus the number
of parameters) required for the description, however, generally scales exponentially with
the system size.

Despite this general exponential scaling, MPS and PEPS are good ansatzes for describ-
ing ground and thermal states of local Hamiltonians. This is closely related to the area
law: the entanglement present in the aforementioned states is localized at the boundary
for any bipartition.

2.2.1 Exact representation of states

One of the evidences that MPS is a good variational ansatz is that every state can be
represented as open boundary condition (OBC) non-TT MPS [51]. We shortly review the
proof as it also explains which states can be efficiently approximated as MPS. Let |¥) be
a state on n particles arranged in a line. Let a minimal-rank decomposition corresponding
to the cut between particle 2 and 7 + 1 be

0) = ¢ @ 1€)).
J
Notice that for every ¢ < n — 1, one can write

€ =" Wi ® g (2.3)
k

for some vectors |¢;7gl>, as on the last n — i — 1 particles, |¥) is completely supported on

the vectors [€;*!). Therefore, starting from the left, the state |¥) can be written as

T) =) "ok @160 =D [dh,) @ [U7.4,) ® I€7,)-
k k



2.2 Representing states as TNS 15

Continuing the process by repeatedly using Eq. (2.3) leads to the MPS form

T) = " éh) @ [hs,) @@ p e Y@,
k

This shows that for exact representation of the state, the minimal bond dimension required
at any given cut is exactly the Schmidt rank of the state for the corresponding bipartition.
As for general n-partite states the Schmidt rank at the cut in the middle of the chain grows
exponentially with n, this representation is not efficient.

Note that the above argument can readily be generalized for PEPS defined on a tree.
That is, any state can be written as a PEPS defined on a tree. Let us consider now PEPS
defined on an arbitrary graph. Note that removing an edge from the graph means setting
the corresponding bond dimension to one and thus removing an edge from the underlying
graph decreases the representative power of the ansatz. As every graph contains a tree,
every state can be represented as PEPS independent of the underlying graph. The bond
dimension needed for this representation, however, might scale exponentially with the
number of particles, which makes this statement unpractical. The important question is to
understand what is the representative power of tensor networks with low bond dimension
(that is, at most polynomially scaling with the system size).

2.2.2 Approximating states

Tensor Networks are used in variational algorithms to find ground states of many-body
Hamiltonians. It is therefore important to understand what are the limitations of the
ansatz: which states can be approximated as TNS with a small number of parameters.

To formalize the question, notice that the important thing is how the bond dimension
scales with the number of particles. That is, consider a family of states, |¥y), where the
index N stands for the number of particles. Fix an error €, and look for the lowest bond
dimensional TNS, |¥y), such that the distance between |¥y) and |¥y) is smaller than e.
The question is then how the bond dimension Dy of ]\TJ ~) scales with V.

First, it is important to clarify what is a good approximation; that is, what distance
measure we use to quantify closeness of states. Even though in a finite dimensional vector
space every norm is equivalent, the different norms might scale differently with the number
of particles and thus using different norms leads to qualitatively different results.

A very natural choice is to require that the approximation is e-precise for every local
observable. Let us require for example that it is e-precise for every observable on neighbor-
ing particles. That is, if the reduced density of |¥y) and |¥y) on particles i and i + 1 is
priq and pl, correspondingly, then this approximation naturally leads to the condition

||10£Yz‘+1 - ﬁﬁYi-yl”l <e

Note that this approach only makes sure that the expectation values of local observables
are well approximated, thus expectation values of global operators such as the Hamiltonian,
might have an extensive error. That is, even if the Hamiltonian is a sum of local terms,
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the energy difference of |Wy) and |¥ ) might scale with N and thus |¥ ) might have very
small overlap with the actual ground state |¥y). In order to obtain a good overlap, one
has to take an approximation error € that scales as the inverse of the system size. This
approach is taken, for example, in [55].

Another possibility for approximating a many-body state is to require that expectation
values of every (even multi-particle) observable is precise up to error €. This leads to an
approximation in the one-norm:

sup [(U[01x) = (Ex[01Ew)| = 0w en] - ) (x| <e 24)

This approximation scheme is present in many papers, including Refs. [56, 57, 1, 58].
Approximation with TNS has been analyzed in several papers [59, 55, 58]. The best
bounds are found for MPS, where fast decaying Schmidt coefficients mean good approx-
imation. This, in fact, can be proven with similar tools as the area law, even though an
area law for the von Neumann entropy only does not mean approximability with MPS [60].
For PEPS, all known bounds are worse [56, 57]. We analyze this problem in Section 3.1.

2.3 Expectation values

As TNS are used as variational ansatz, it is important to be able to calculate the energy
of a given TNS. The Hamiltonians in consideration are local Hamiltonians, thus one needs
to calculate the expectation value of local observables. This expectation value can be
expressed as the contraction of a tensor network without physical indices. This problem is
easy in 1D, while very complicated in 2D; that is the reason behind the success of DMRG
and why calculations with PEPS are so difficult.

2.3.1 MPS: transfer matrix

We demonstrate with the help of MPS how the calculation of expectation values reduces
to the contraction of a tensor network without physical symmetries. In the translation
invariant case, this contraction can be expressed as the trace of the powers of a completely
positive (CP) map called the transfer operator.

Let O be a two-local operator. Then the expectation value (U|O|W¥) can be graphically
represented as:

A1 A2 A3 A4 Ad Anfl An
(W[O| W) = H
Ay Az 14;3 14;4 As - An—1 An

This expression can be evaluated efficiently if it is evaluated from left to right. In this way,
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in each step one has to store a matrix of D? x D? dimension: define

Al An AZ As Ay
4"7
Aq An A; Az Ay

then the expectation value can be expressed as
(V|O|V) =FE,-Ey- X - E,.

That is, the expectation value is simply the product of n matrices and thus can be calculated
even for a very long chain (if the bond dimensions are bounded).
In the translationally invariant case, the matrices FE; all coincide and the expectation

value takes the form
(V|0|¥) =Tr{X - E"}.

One can think of the matrix £ as a linear operator with action
A

- 3 — E(p) = ZAiji = .. (2.5)

A

E' is called transfer matrix and it is a CP map. Spectral properties such as primitivity,
irreducibility and reducibility of this map tell a lot about the MPS itself such as how to
decompose it into a sum of simpler MPS.

2.3.2 PEPS

Higher-dimensional tensor networks are less successful then their one-dimensional counter-
parts. This is caused mainly by the fact that calculating expectation values is difficult.
In recent years, however, there has been a significant development that made algorithms
based on PEPS be able to outperform other conventional methods such as quantum Monte
Carlo sampling. In this section, we show why the contraction of PEPS is difficult.

Similar to MPS, expectation values of local observables can be expressed as a con-
traction of a tensor network without physical indices. The difference, however, is that
this tensor network is two-dimensional. For example, the norm of a PEPS defined on a
two-dimensional square lattice can be represented as

mmmw
W=
- o o o & S
V. Y Y
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The problem with contracting an n x m PEPS is the following. If one contracts from left
to right, at each step one has to store a vector that is defined on m particles. That is, the
transfer matrix is defined on multiple particles:

At the beginning of the contraction, one can store this vector due to its MPS form. After
every new line contracted, the result is still an MPS, its bond dimension, however, might
grow exponentially with the number of rows contracted. The exponential scaling of the
bond dimension makes this process unfeasible. It has been shown that this intuition is
accurate: contracting PEPS is a very hard (#P-hard) [01].

The root of the problem is the presence of loops in the graph on which the PEPS is
based. Indeed, in the case of a PEPS defined on a tree the contraction is easy by recursion:
the leaves (degree-one vertices) can always be removed from the graph. This makes tree
tensor networks highly suitable for numerical simulations [62].

In practice there are several methods to circumvent the problem. This of course requires
approximate contraction schemes. Such scheme is the corner transfer matrix method used
to contract TI PEPS on square lattices. Here, the contraction is reduced to finding the
solution of a fixed-point equation.

2.4 Decomposition into simple objects

One of the most important features of TT MPS is that it can be decomposed into the sum
of smaller TT MPS. This, together with the understanding of the indecomposable objects
— called normal MPS — leads to the understanding of general MPS: which parameters
in the describing tensor are irrelevant and what are the remaining degrees of freedom in
describing a given state. These theorems are often referred to as fundamental theorems
and are discussed in Section 2.7.

While the theory of MPS is successful mainly due to the possibility to decompose MPS
into a sum of simple objects, a similar theory is still missing for PEPS. The definition of
normality can, however, be generalized to this situation as well. It is partially due to the
lack of this decomposition that fundamental theorems are only known to very restricted
classes of PEPS.

2.4.1 Structure of TI MPS

The decomposition of TI MPS into simple objects is based on finding invariant and periodic
(invariant after blocking) subspaces of the MPS tensors. We prove that if an invariant (or
periodic) subspace can be found, then the MPS can be written as the sum of two (or more)
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smaller bond dimensional MPS. Note that this does not mean that the MPS tensor itself
is the direct sum of the two smaller MPS tensors: it might only be upper or lower block
triangular. Once all invariant and periodic subspaces are found, the remaining tensor is
a normal tensor and thus the building blocks of TT MPS are normal MPS. We also prove
that the decomposition obtained above is unique (on the level of states).

The first important step in the decomposition of TT MPS is to find invariant subspaces.
That is, given an MPS tensor A with the help of the matrices A* € Mp, to find a vector
space V C CP such that V = Span,{A*V'}. If P is a projector onto V, this means that the
MPS tensor A satisfies A°P = PA'P Vi, or graphically

AP pPap (26)

Inserting P on one of the bonds of the MPS is the same as inserting P on every bond:

as it can be seen using Eq. (2.6) repeatedly. It can also be seen that Eq. (2.6) is equivalent

to HQ_AL:H_i_H

Q A Q

Y

for ) = 1 — P, and thus inserting () on one of the bonds is the same as inserting it on all

of the bonds:
Q Q Q Q Q Q
rL—l—o—szrl—bq—l—o—l—o—l—oT (2.8)
A A A A A A A

This means that if such a projector can be found, the MPS decomposes into the sum of
two MPS:

TAl—AL JATZTALLALi %+TW"' %. (2.9)

These two MPS, moreover, can be written as smaller bond dimensional MPS: let the rank
of Pber < D. If P = VW is a decomposition of P with W : C” — C" and V : C" — CP,

then
P P P P
l ° l ....._L.T:rl—li---—lT, (2.10)
A A A B B B

%_ I (2.11)

W AV

where

This process then leads to the decomposition of the TT MPS into smaller bond dimensional
TT MPS, and thus can be continued until there can be no more invariant subspaces found.
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Even if there are no more invariant subspaces present in the MPS tensor, there might
still be invariant subspaces after blocking. We call such a subspace periodic subspace. Let
Vo be any subspace, and let us define V; by the recursion V1, = Spanj{AjV;}. Then Vj is
a periodic subspace if there is n for which V,, = V{. If B, is a projector onto V, then

e s e (212)

A Py

and thus the MPS can be decomposed as a sum of smaller bond dimensional MPS after
blocking using the method above. Note that if Vf is a minimal periodic subspace, then
VoNVy =0 for all £ = 1...(n — 1), as that subspace is also invariant after blocking n
tensors. Therefore if P, projects onto V; and P,P; = 0, then ). P, = 1 (due to the lack of

invariant subspaces) and
—L—H = —o—i—o— . (2.13)

A P PZ'+1A P;

This shows that the MPS takes value zero for every system size that is not a multiple of n.
If the system size is a multiple of n, then the MPS is the sum of n indecomposable MPS.

Suppose now that there are no invariant or periodic subspaces in A. Then in Ref. [63]
it has been proven that A is normal, that is, there is an L such that L consecutive tensors

satisty
Al Al . A'l -0 = X=0. (2.14)
X

L is called the injectivity length and if the tensor A is normal with L = 1, then it is called
injective. Note that normal tensors, after blocking, have one-sided inverses:

1 - 21
A A A

We have therefore proven that any TI MPS, after blocking, is a sum of normal TT MPS.
This decomposition is unique due to the orthogonality of normal MPS in the thermody-
namic limit: if A and B are normal tensors, then either |U, (A)) = \"|¥,(B)) or

(9 (A)| 0 (B))[*
[0 (A) |2 - |9 (B2

=0 (2.16)

as n — oo [52]. This means that given a set of normal tensors {A;}, there exists N such
that for all n > N the states |¥,,(A4;)) are linearly independent, and thus the decomposition
above is unique. Actually, with the same proof it can be shown that given different normal
MPS described by tensors A;, the vector spaces

Vi= A AL A4 ]| XeMp
X
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are linearly independent for large enough n.
Note that the existence of invariant and periodic subspaces is related to the spectral
properties of the transfer matrix.

Definition 1. A CP map T is primitive if there is an n such that 7" (p) > 0 (that is, it is
strictly positive) for any p > 0 (that is, positive semidefinite) [641]. It is reducible if there
is a projector P > 0, P # 0, P # Id such that T(P) < AP. It is irreducible if it is not
reducible and it is periodic if it is irreducible but not primitive.

To connect these definitions with spectral properties, first note that the Perron-Frobenius
theorem states that for any CP map T with spectral radius 1, 1 is an eigenvalue and there
is a corresponding eigenvector that is positive semi-definite. That is, there is p > 0 such
that T'(p) = p. The following theorem shows how the above properties of T are reflected
in its spectrum:

Theorem 1. Suppose the CP map T has spectral radius 1. Then T is primitive if and only
if 11is the only eigenvalue with absolute value 1, it has multiplicity 1 and the corresponding
eigenvector is positive definite. If T is periodic, the eigenvalues with absolute value 1 are
p-th root of unity for some p.

Given an MPS tensor A, the corresponding transfer matrix 7" is reducible if and only if
there are invariant subspaces. T' is periodic if and only if there are no invariant subspaces
but there are periodic subspaces. Finally, A is normal if and only if 7" is primitive [63].

2.4.2 Non-TI MPS

For non-TI MPS no similar decomposition is known. More precisely, one has to be careful
when formulating a similar theorem: the expansion of an MPS in any product basis is
a sum of product states and thus a sum of normal MPS. This expansion is, however,
not interesting due to the large number of terms. Despite that, several notions can be
transported from the TIT case; for example, periodic/invariant subspaces can be found
(these two notions are the same in the non-TI case). Similarly, the notion of injectivity
and normality can be generalized to the non-TI case. A non-TI MPS is called normal, if
after blocking any L consecutive tensors, the following holds:

At Ai+2- Aivr == 0 = X - 0 (217)
X

If L =1, the MPS is called injective. That is, an MPS is injective if all tensors have an
inverse:

ATt

T-1C s

A;
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2.4.3 PEPS

Similar to the non-TT MPS case, it is not known whether PEPS can be decomposed into
the sum of simple objects (apart from the expansion in a basis). However, the notions of
injectivity and normality can be generalized to PEPS as well.

A PEPS tensor A is injective if as a map from the virtual to the physical state it is
injective:

-0 = X=0 (2.19)

This is equivalent to the tensor A admitting a one-sided inverse A~

A—l

ﬂz - ﬁj [[ (2.20)

—A
A

Similar to the MPS case, a PEPS tensor is called normal, if it becomes injective after
blocking in a finite, simply connected region such as in a rectangle. These notions can be
generalized to the non-translationally invariant setting.

2.5 Renormalization

An important concept is that of renormalization. The renormalization process consists of
two steps: blocking and applying an isometry that reduces the physical dimension. The
blocking step is easily represented by the blocking of tensors:

b ot L

Notice that the tensor B, obtained by blocking two (resp. n) A tensors:
B A a4
is defined on the physical Hilbert space H ® H, but it only spans a bounded-dimensional

subspace of it no matter how many tensors we block. There is thus an isometry that does
not ‘change the state’ but maps it back to a bounded-dimensional Hilbert space:

H = i . (2.22)
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This is the second step of the renormalization process. If the bond dimension of the tensor A
is D, then the physical dimension of C' is at most D?. The bond dimension of C' is the same
as that of A, thus repeating the renormalization step always results in states with physical
dimension at most D?. That is, for MPS, one can define a renormalization process. This
process does not affect the decomposition into normal MPS. In fact, the renormalization
fixed points are exactly those MPS that are sums of pairwise locally orthogonal injective
isometric MPS [52]; injective isometric MPS are described in terms of isometries: the
defining tensor A satisfies
At

1 -1 (2.23)

A

Note that injective isometric MPS have zero correlation length as expected from (gapped)
renormalization fixed points.

2.5.1 PEPS

Renormalization for PEPS is more difficult; in fact, there is no known procedure for that.
One way around this is to use the bulk-boundary correspondence and renormalize MPOs
describing the boundary of the system; this approach is taken in Ref. [52].

Note that any gapped renormalization fixed point has zero correlation length. In case
of unique ground states, it means that the state can be written as some local isometries
acting on product states; the product structure of these two layers, however, might be
non-overlapping. Such states are, for example, injective isometric PEPS; these are PEPS
where the PEPS tensors satisfy

AT

ﬂz - ]j ([ . (2.24)

—A
A

Other examples include isometric semi-injective PEPS as defined in Section 3.3. These
states also have the two-layer structure described above.

2.6 Virtual symmetries and topological order

The decomposition of TT MPS leads to the identification of a special class of MPS tensors.
These MPS tensors can be characterized as the centralizer of the group algebra of a finite
group G. The class of MPS obtained this way is then called G-injective MPS. The concept
of G-injectivity can then be generalized to PEPS. We show that the presence of the virtual
symmetries leads to a set of locally indistinguishable states characteristic for topological
order.

The above concepts can be further generalized leading to MPO-injective PEPS. We do
not include the the description of MPO-injective PEPS in this thesis. For MPO-injective
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PEPS tensors, the virtual symmetries are described with the help of some special MPOs
instead of the tensor product of group elements. This class of tensors is capable to describe
every known topological lattice models (that is, it can describe all string-net models).

2.6.1 G-injective MPS

Let A be an MPS tensor. Using the decomposition from Section 2.4, we can give another
MPS tensor B that — after blocking enough particles — generates the same state as A, yet
has a much simpler form. To do that, notice that after blocking, A is just the sum of
injective MPS; B is then just the direct sum of these components:

B = @Diag <)\§j), U )\,(7]13) ® A;, (2.25)
J

where the j** normal MPS appears m; times in the decomposition, with weights A;. Using
the orthogonality of normal MPS, we see that — after blocking — the matrices B’ span all
such block diagonal matrices:

Span,{B'} = @ Diag <)\§j), e A%i) ® My,
J

A subset of these tensors, where all /\Ej) are equal for a given block j, is particularly
appealing. These tensors are in the form

B' = P1d,, @ A,
J

and the matrices B; span every matrix of this form. Notice that this block diagonal form
means that virtual symmetries are present. In fact, B’ is just the centralizer of the algebra

A=P M, ®1dg,. (2.26)
J

That is, for all X € A,

Notice that the algebra A can be thought of as a representation of the group algebra
of a finite group G. With this, the symmetries of B are completely determined by the
representation of the group elements:

B g B g\’

and for any matrix X € Mp,

=0 = Zg_ng:O,
g

X
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as X — > p g 'Xg is the projector onto the symmetric part of X. These two properties
are called G-injectivity and the second condition is equivalent to the the existence of the
pseudo-inverse B~ satisfying:

—1

:B:: =y § El . (2.28)

B g

A tensor is then called G-normal if it is symmetric and after blocking it becomes G-injective.
G-injectivity and G-normality can be defined for non-TI MPS, too.
Note that the states

B Be... B XeMp, = B Be... B XeA
X X

generate the subspace spanned by all different MPS present in the decomposition, defined
by tensors A;. These basis vectors are then locally distinguishable.

2.6.2 G-injective PEPS

G-injectivity and G-normality can be defined for PEPS as well. Contrary to the MPS case,
one can create locally indistinguishable states using G-injective tensors and thus represent
topologically ordered subspaces with it. Note that these states do not represent all known
topologically ordered lattice models. To write all such states (i.e., all string-net models)
as PEPS, one needs to use a generalization of G-injectivity called MPO-injectivity.

A G-injective PEPS tensor is a PEPS tensor satisfying two properties. First, it is

symmetric:
L ‘o
= 5
A 9 A gt
g

second, it is completely supported on the trivial subspace:

L
(Y 1= = Z%ZO

where X7 means that it is transposed both in vertical and horizontal directions. G-
normality can be defined by requiring on one hand that the tensor is symmetric, on the
other hand that the full support condition holds after blocking. Similar to the MPS case,
both G-injectivity and G-normality can be defined for the non-TT setting, and, in fact, for
any geometry.
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Similar to the MPS case, one can consider the states obtained by inserting group
elements before closing the boundary. More precisely, consider the states labeled by two
commuting group elements g and h that are defined as

|\Ilg7h> - Y

where the white tensors correspond to the group element g while the gray ones to the group
element A. We consider the state with closed boundary — that is, on a torus — and thus
the strings of two group elements form the two non-equivalent incontractible loops. The
string of g (and h) can be deformed arbitrarily and can thus be moved through the lattice
(in the case of [g,h] = 0):

o

Note that the states |W, ) and |Wy ) are the same if there is a group element k& such
that ¢ = kgk~! and b’ = khk~!. Therefore the dimension of this subspace can be counted
as follows. Take all pairs (g, h) such that [g,h] = 0. Consider the equivalence relation
(g,h) = (kgk™, khk™') on this set. The number of linearly independent states is then
the number of such equivalence classes (in case the representation of the group algebra
is faithful). This number can be shown to be the same as the number of irreducible
representations of the Drinfel’d double of the group algebra C[G].

The set of states defined above can be shown to have topological properties. First,
these states, unlike in the case of MPS, are indistinguishable by local operators — at least
in the G-isometric case [16]. Second, the ground-state degeneracy depends on the genus
of the surface the model is defined on. For this, note that as G-injectivity can be defined
for any lattice geometry, one can define a similar model on the sphere, too. There are no
incontractible loops on the sphere, thus the loops above can be moved to a single point,
where they vanish.

2.7 Fundamental theorems

Certain operations do not change the entanglement structure of states, and thus bring TNS
to TNS. Such operations include local operators, time reversal symmetry (conjugation),
translation and reflection symmetries. After these operations, the state is described by
some other tensors that are related to the original ones. If any of the above operations is a
symmetry of the given TNS, then we arrive at two different sets of tensors describing the
same state. To understand how to represent symmetric TNS it is therefore fundamental to
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understand how two sets of tensors can generate the same state. In this Section we provide
an overview of the relevant questions and the existing theorems.

Let us first show that the symmetries listed above bring TNS to TNS. For example, if
a state is represented by an MPS,

o bbb
1 Ao Az Apn

then the state @), O;|¥) can be written as

(ol O2 O3 On
Q) 0i|v) = :
i Ay Ag As An

and thus the state after applying local operators admits an MPS description with tensors

Ok
BL _ i (2.29)

Similarly, the reflection of the state can be written as

R|T) = AT AT AT AT |
n n—1 n—2 1

Not only do these states not change the MPS (or similarly, PEPS) form, but they also leave
properties such as injectivity, normality and G-injectivity invariant. In one dimension, the
decomposition into normal MPS is also invariant.

More generally, if an operator can be expressed as a TN, it also transforms TNS to
TNS, but with increased bond dimension. For example, an MPO acting on an MPS,

O1 Oz O3 On

e ——4 )
’Al Ay As Aﬂ

is also an MPS that is described with the tensors

Oy
B (2.30)
——

By

O|¥) =

A

Unlike the above simple operations, these operations in TN form do not leave properties
like injectivity, normality or G-injectivity invariant. Moreover, in one dimension, they
might change the decomposition into normal MPS.
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2.7.1 Fundamental theorems for TI MPS

The one-dimensional case is relatively simple due to the decomposition into normal MPS.
Because of the existence of such a decomposition, one just have to prove the Fundamental
Theorem for normal MPS.

Two normal MPS tensors A and B generate the same state (for system sizes N > 2L+1)
if and only if they are related by a gauge (see also Section 3.5):

I R W (2.31)

B X A X1

For general TI MPS, we have a similar statement if it is in block-diagonal form with normal
components. In this case, one has to assume that the two MPS generate the same state
for every system size. Then, if both tensors are in the form of Eq. (2.25), that is,

- @Diag (Agj), Y ) ® Al (2.32)
@Dlag <N1 ,...,,u,i?) ®B;-, (2.33)

the MPS generated is the sum of the individual components:

(A Zz( ) (A (2:34)
U (B ZZ(M) Uy (B))). (2.35)

Therefore, by the orthogonality of MPS in the thermodynamic limit, for each j there is a
k such that A; and Bj are related by a gauge. Moreover, if the states are the same for
every N, then the prefactors A and p coincide. Therefore there is a global gauge relating

the two tensors [52]. Finally, a similar statement can be obtained if the components are
allowed to be periodic, not only normal [65].
For non-TT MPS with open boundaries, a similar statement was proven in Ref. [60]. For

periodic boundaries, one has to require that both of the MPS are normal, see Section 3.5.
In the non-TT case, the gauge might depend on the position. That is, for every k,

B N W (2.36)

By, X Ax X34

2.7.2 PEPS

For PEPS, proving fundamental theorems is more difficult. In fact, such theorems only
exist for normal tensors. The difficulty of the general case is related to the lack of the
ability to decompose PEPS into a sum of simple objects.
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Two normal tensors A and B generate the same state if and only if (provided that the
system size is large enough) they are related to each other as [(7]:

b .
B X

For general tensors, however, the above equation does not hold. There are explicit
counterexamples presented in Ref. [2], see Section 3.3. In this case, not local gauges but
an MPO on the boundary relates the two tensors. The situation is in fact even worse: it
is in general undecidable whether two PEPS tensors generate the same state [0].

It is therefore important to find classes of tensors for which the question is decidable.
Apart from the normal case, another example of such a class is presented in Ref. [2], see
Section 3.3. This class of tensors is a generalization of injective PEPS and can be used for
a deeper understanding of SPT classification. It is also conjectured that G-injective and
MPO-injective tensors generating models that display topological order are such classes.
As a step towards a Fundamental Theorem for these tensors, we reprove the Fundamental
Theorem for injective and normal tensors. The proof is significantly different from the
already existing proof of Ref. [67]. This difference allows us to generalize to the non-
translationally invariant case as well as for arbitrary geometry.

2.8 Parent Hamiltonians

Given a TNS, one can systematically construct a frustration-free Hamiltonian such that
the given state is its ground state. This Hamiltonian has a ground space described in Sec-
tion 2.6. This Hamiltonian can thus display topological order. Moreover, in the isometric
case, the Hamiltonian is a sum of commuting terms as expected in renormalization fixed
points.

2.8.1 MPS

In this Section, we demonstrate the parent Hamiltonian construction with the help of
MPS. We point out that in the G-injective case the ground space degeneracy is a result of
symmetry breaking. Consider a translationally invariant MPS defined by a tensor A:

Le us consider the n-particle subspace that is generated locally by the tensor A:

S:{TAL...JA_;T'XEMDxD}.
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The Hamiltonian term is given as the projector onto the orthogonal subspace of S: h =
Proj(S*). Then the full Hamiltonian is the sum of all translations 7 of this term:

H=> 7"(h). (2.37)

This Hamiltonian is a positive operator as it is the sum of Hermitian projectors. The state
|W) has zero energy, thus it is a ground state.

If, moreover, the tensor A is injective, then it is enough to consider the Hamiltonian
for n = 2; this Hamiltonian contains only nearest neighbor terms. It can be shown that
the Hamiltonian has a unique ground state and that it is gapped. If A is normal, then to
obtain this unique ground state, one has to consider the construction for n > 2. If A gets
injective after blocking L sites, then it is enough that the Hamiltonian terms act on L + 1
particles.

For G-injective MPS, it can be shown that the ground space of the Hamiltonian is

spanned by the elements
g
v,) = -
A A A A

Note that as the element g moves through the network,

it is easy to see that these elements are all ground states and, in fact, these are the only
ones [00, 16]. Out of these elements, |¥,) and |¥},) describe the same state if and only if
h = kgk~!. Therefore, the ground-state degeneracy is the number of conjugacy classes in
G. These states can be locally distinguished and thus the ground-state degeneracy of the
Hamiltonian comes from symmetry breaking.

2.8.2 PEPS

In this Section, we show how the parent Hamiltonian construction for MPS generalizes to
PEPS. Consider a TI PEPS defined on a square lattice. A four-body Hamiltonian term
can be defined as a projector onto the subspace

LT )

Similar to the MPS case, the parent Hamiltonian of injective PEPS have a unique ground
state for any finite size (and periodic boundary conditions), but it is not necessarily gapped
and thus the ground-space might be degenerate in the thermodynamic limit [68].
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In the G-injective case, the Hamiltonian might display topological order. In this case,

the ground states might be labeled by two commuting group elements g and h and are
defined as

“Ijg7h> = )

where the white tensors correspond to the group element g while the gray ones to the group
element h. These states look locally like the state |¥) as the line of g can be deformed
arbitrarily and can thus be moved through the lattice (for that , [g, h] = 0 is also required):

L

As shown in Section 2.6, some of these states coincide. The resulting ground state degen-
eracy then depends on the topology of the surface on which the model was defined.

The excitations of these models are anyonic excitations. For example, two magnetic
fluxes located at the gray rectangles are described by

2.9 Phase classification

In this Section we demonstrate how Tensor Networks can be used for phase classification.
The philosophy behind this classification is the following. TNS are expected to approximate
ground states of gapped Hamiltonians well. These states also possess parent Hamiltonians.
It is known that any two parent Hamiltonian of a given state are in the same phase;
we therefore classify the parent Hamiltonians of TNS. A particularly nice feature of this
approach is that due to the fundamental theorems we know how symmetries of the state
emerge from their local description and thus it makes SPT classification possible.

Here we only consider the one-dimensional case; for generalization to higher dimensions
see ,e.g., Section 3.3.

2.9.1 Gapped phases in one dimension

Without symmetries, in case of a unique ground state, it is known to be only one phase
in one dimension. If considering also degenerate ground-space, then the different phases
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are exactly the different degeneracies. Let us recover this result with the help of MPS. We
follow Refs. [22] and [23].

First note that if H and H’ are local, gapped Hamiltonians with the same ground-
space, then the Hamiltonian path vH + (1 — ) H’ interpolates between them. Therefore,
any parent Hamiltonian of a given state is in the same phase. Consider now two MPS
which are defined by tensors A and B satisfying

- i (2.39)

where O id an invertible operator. Then the path O(A) = A-Id+ (1 —\)-O is a continuous
path of operators between O and Id. This path is typically invertible. If accidental zero
eigenvalue arises, this degeneracy can be lifted by adding another term to it. Therefore,
the MPS defined by tensors B and A are connected with a continuous path where the
interpolating MPS are described by tensors

4_wf o
A

)

where O(A) is invertible. Then the parent Hamiltonian corresponding to the tensor C'(\) is
a continuous path of local gapped Hamiltonians interpolating between the two endpoints.

To interpolate between different bond dimensions, notice that with the above, one can
suppose that the two states are |wp) and |wg), where

1 -,
wp) = \/—E;ym

The reason is that any injective MPS can be transformed with SLOCC to this form, and
thus these states are in the same phase as the original MPS. To interpolate between these
states, consider the Hamiltonian defined by the terms

hy = 1Id — [¢x)(dal,

where |¢)) = Awg) + (1 — N)|wp). This defines a continuous path of commuting Hamil-
tonians with unique ground states that interpolate between the two parent Hamiltonians.
As the Hamiltonian is a sum of commuting projectors, it is automatically gapped.

Finally, any non-injective MPS — after blocking — is a sum of locally orthogonal injective
MPS. Due to the local orthogonality of the different components, the interpolation can be
done in parallel in the different sectors.
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2.9.2 SPT phases in one dimension

At the heart of the classification of SPT phases with MPS lies the Fundamental Theorem.
Suppose a phase is protected with on-site symmetries U, that form a group G. Then, as
the ground state is symmetric (in case of unique ground state), the Fundamental Theorem

implies
ke o

X, A X5t

Let us apply first the symmetry U, and then the symmetry U,. Then

e L_Uh e

Xgn A X, Xo Xp A XX
A

The gauges on the r.h.s. are unique up to a multiplicative constant. That is, the gauges
X, form a projective representation of the group G-

Xy X, =w(g, h)Xgh.

Given a finite group G, there is a finite number of essentially different projective represen-
tations and they form a group (by taking the tensor product). This group is the second
cohomology group H?*(G,C*). The different SPT phases then correspond to the different
projective representations emerging at the virtual level and thus they are labeled by the
second cohomology group [22, 23].
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Chapter 3

Publications

During my thesis, I worked on several aspects of Tensor Networks. This Chapter contains
the reprints of my publications summarizing these projects.

As TNS such as MPS and PEPS are widely used as variational ansatzes in numerical
algorithms, it is crucial to understand how well they can approximate Gibbs and ground
states of Hamiltonians. In Section 3.1 we show that Gibbs states of local Hamiltonians —
and thus ground states of gapped, local Hamiltonians — can be efficiently approximated
with PEPS.

Even though this result implicitly gives a polynomial-time algorithm to construct the
PEPS approximating such a Gibbs state, calculating expectation values using this repre-
sentation is hard. In Section 3.2 we provide instead an algorithm to create these states
on a quantum computer. Using the quantum computer, measuring expectation values of
observables becomes simpler. The algorithm works especially well for commuting Hamilto-
nians. If the Hamiltonian is also classical, we prove that the algorithm runs exponentially
faster than the best known worst-case bound for Monte Carlo algorithms achieving the
same goal on a classical computer.

In Section 3.3 we investigate further the states for which our algorithm works. We
find that these states share a lot of properties with injective PEPS. In particular, they are
unique ground states of their parent Hamiltonians for every finite system size. When these
states are defined on a honeycomb lattice, they are actually injective, while this is not the
case anymore on the square lattice. We introduce a class of PEPS encompassing these
almost injective states and show that many other physically interesting states fall into this
class as well. We show when two such PEPS generate the same state, which in turn makes
it possible to analyze the symmetries of these states. This result makes the classification
of 2D SPT more rigorous.

In Section 3.4 we start investigating local symmetries instead of global ones, such as the
gauge symmetries in lattice gauge theories. This required different tools from the previously
existing fundamental theorems comparing two TN description of the same state, since in
those theorems one assumes invariance under translations.

In Section 3.5 we generalized the fundamental theorem of injective PEPS to any normal
non-translationally invariant MPS and PEPS. With this generalization one can readily
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investigate local symmetries as in Section 3.4, as well as arbitrary geometries such as
higher-dimensional PEPS or states defined on hyperbolic lattices.

In Section 3.6 we then ask how general a fundamental theorem for PEPS can be. We
show that there are PEPS tensors for which it is hard (even impossible) to tell whether it
generates the zero states for all system sizes or not. This result implies that one can not
expect a general fundamental theorem deciding when two PEPS tensors generate the same
state.

Finally, in Section 3.7 we use the fundamental theorem developed in Section 3.5 to in-
vestigate of entanglement properties of MPS. This new fundamental theorem is required in
order to deal with the setting of entanglement theory, which is not translationally invariant.

Each Section in the following contains a short summary of the corresponding publication
as well as the reprint of the publication.
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3.1 Approximation of (Gibbs states with PEPS

This Section contains the publication

e Andras Molnar, Norbert Schuch, Frank Verstraete, and J. Ignacio Cirac. “Approx-
imating Gibbs states of local Hamiltonians efficiently with projected entangled pair
states”. In: Phys. Rev. B 91.4, 045138 (4 Jan. 2015), p. 045138. arXiv: 1406.2973

Tensor Network States provide us with powerful numerical algorithms to explore emer-
gent phenomena in strongly correlated systems. Such algorithms are, for example, the
DMRG algorithm [37] widely used in the investigation of one-dimensional systems or the
iPEPS algorithm effective for the simulation of certain two-dimensional phenomena [G9].
The success of these algorithms suggests that TNS are the right variational ansatz for
many-body systems. It is important thus to understand whether that is indeed the case
as any variational algorithm based on the wrong ansatz leads to incorrect results.

The goal of this project is therefore to understand how well TNS can perform as vari-
ational ansatzes. The usual condensed matter Hamiltonians consist of local interactions,
which are often restricted to nearest neighbor ones; one is usually interested in Gibbs and
ground states of such Hamiltonians. We would like to approximate these states with TNS
such that the approximation results in correct expectation values of every observable (even
global ones). This approach makes sure that the energy of the state — the expectation value
of the Hamiltonian — is correct. As discussed in Section 2.2, this requirement is equivalent
with an approximation in trace norm: we want to find a TNS p such that

lp =2l <e

where p is a Gibbs or ground state of the Hamiltonian. As every state can be exactly rep-
resented as TNS [54], see also Section 2.2.1, the relevant question is how many parameters
are needed for expressing p as TNS. If the number of parameters grow exponentially with
the particle number, storing the state on a computer is hopeless for larger system sizes.
On the other hand, if the number of parameters required for the approximation grows
only polynomially, the state can be stored efficiently on a computer even for larger system
sizes. However, note that even for TNS with a polynomial scaling in the bond dimension
computing expectation values might still be hard [70].

In this paper, we prove that there exists an operator p that can be written as a PEPS
with low bond dimension and approximates well the Gibbs state p of a local Hamiltonian.
We give two approaches for this approximation, one based on the Trotter decomposition
of the Gibbs state and the other one based on the cluster expansion of Ref. [56, 57].
We show that the required bond dimension grows only polynomially with the system size.
This, in fact, also proves a sub-exponential bound for the ground states of local, gapped
Hamiltonians.


http://dx.doi.org/10.1103/PhysRevB.91.045138
http://dx.doi.org/10.1103/PhysRevB.91.045138
http://dx.doi.org/10.1103/PhysRevB.91.045138
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Approximating Gibbs states of local Hamiltonians efficiently with PEPS
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We analyze the error of approximating Gibbs states of local quantum spin Hamiltonians on lattices
with Projected Entangled Pair States (PEPS) as a function of the bond dimension (D), temperature
(871), and system size (N). First, we introduce a compression method in which the bond dimension

scales as D = eOUog”(N/€) jf B < O(log(N)). Second, building on the work of Hastings', we derive

a polynomial scaling relation, D = (N/E)O(B). This implies that the manifold of PEPS forms an
efficient representation of Gibbs states of local quantum Hamiltonians. From those bounds it also

follows that ground states can be approximated with D = N ol

108(N)) \whenever the density of states

only grows polynomially in the system size. All results hold for any spatial dimension of the lattice.

I. INTRODUCTION

Problems dealing with quantum many-body systems in
lattices appear very often in different branches of Physics
and Chemistry. They typically correspond to discretized
versions of first-principle continuum models, like in high-
energy physics, atomic physics, or quantum chemistry,
or provide a phenomenological description of a complex
system, as in condensed matter physics. They are char-
acterized in terms of a lattice Hamiltonian, H, which de-
scribes the motion, as well as the interactions among the
different constituents. Apart from generating the dynam-
ics via the Schrodinger equation, the Hamiltonian defines
the quantum state of the system in thermal equilibrium
through the Gibbs density operator,

—BH —BH

P= : z tre[e*ﬂH]’ M

where Z is the partition function and g = 1/kpT is
the inverse temperature (we set the Bolzmann constant
kp = 1). This operator encodes all the (statical) phys-
ical properties of our systems. Extracting that informa-
tion becomes a hard problem, even for systems consist-
ing of very few particles. The reason is that, in order to
determine expectation values of observables, we have to
express p in a basis of the corresponding Hilbert space,
and the dimension of the latter grows exponentially with
the number of lattice sites, N (i.e. volume) of the lat-
tice. This fact is ultimately related to the tensor prod-
uct structure inherent in quantum mechanical problems
dealing with composite objects, and thus ubiquitous in
several branches of science.

There exist different ways around that problem, at
least in some specific situations. For instance, one can
employ sampling techniques in certain models (not suf-
fering from the sign problem), to accurately determine
the physical properties of a system in thermal equilib-
rium. Alternatively, one can restrict oneself to simple
tractable families of states depending on few parameters,
which can then be determined by variational techniques.
This last approach typically requires a good intuition to

select which family will encompass all the physical prop-
erties that one has to describe, and can easily lead to
either wrong or inaccurate results. Yet another approach
is that of quantum simulation, where the Hamiltonian of
interest is implemented on a different system on which
one has enough control?.

Strictly speaking, the exponential scaling of the dimen-
sion of the Hilbert space with the size of the lattice should
not be the ultimate reason for the difficulty of quantum
many-body problems, at least for the ones that natu-
rally appear in nature. For instance, if H is the sum of
terms acting non-trivially only on at most x lattice sites,
then we can characterize all possible Hamiltonians with a
number of parameters that scales only polynomially with
N. If those terms are local, meaning that the distance
between the sites on which term of H acts is bounded by
a constant, this scale is even linear in N. Thus, for all
those problems, p itself only depends on few parameters.
One says that the states can only explore a very small
“corner” of the Hilbert space®. Consequently, it may be
possible to utilize this fact to find families of states that
describe all possible many-body lattice problems with x-
body interactions in thermal equilibrium, and that depend
on a number of parameters that only grows polynomially
with N. Thus, a central problem in this context is to
find and characterize such a family of states. A first and
fundamental step would be to solve that problem for lo-
cal Hamiltonians, on which we will concentrate in the
following.

Matrix Product States (MPS)*® provide the answer
for one dimensional models at zero temperature for both,
gapped®” and critical models®. Specifically, if ¥q is the
ground state of such a Hamiltonian there exists a MPS
of bond dimension D, Wyps, such that [|[¥g— Uypg|| < €
with D = O[poly(N/e€)]. Note that, in turn, the number
of parameters to characterize the MPS scales polynomi-
ally with D. This result is strongly connected to the
area law”19 which is fulfilled (or only slightly violated)
for those models and MPS. In higher dimensions and
still at zero temperature, it is conjectured (and proven
under certain assumptions!!'12); that the area law still



holds (with logarithmic corrections for certain critical
models'®!4). In that case, one would expect that the
Projected Entangled-Pair States (PEPS)'%16  which ex-
tend MPS to higher dimensions, would provide us with
the efficient description of that corner of the Hilbert
spaces. Moreover, for any finite temperature (indepen-
dent of V), an area law has been proven!” both for Gibbs
states (1), as well as for Projected Entangled-Pair Oper-
ators (PEPO), the extension of PEPS to mixed sates.
This also suggests that PEPOs can efficiently describe
Gibbs states of local Hamiltonians. From the physics
point of view, this is actually the relevant question, as
any extended system can only be cooled down to a cer-
tain temperature independent of the system size.

Hasting® has already derived some remarkable results
addressing that question. He has shown that in d spatial
dimensions, one can build a PEPO, ppgpo, such that
[lp — ppEPO||1 < € with bond dimension scaling as

D — £OBlog(N/e)h) (2)

This gives a polynomial scaling for one dimension, and
a sub-exponential (although superpolynomial) one for
higher ones. This result also implies a bound for the ap-
proximation of the ground state. In fact, if H is gapped
and the density of states for a fixed energy only grows as
poly(N), then choosing § = O(log N) in (1) we obtain a
state that is as close as we want to the ground state!S.
This means that, under those conditions, we can find a
PEPS approximation of the ground state with

D — OUog(N/e)?Hh) (3)

In the present paper we derive the following results.
First, we use a novel method to obtain a bound for
B8 < O(log(N)) independent of the dimension (although
still superpolynomial in N),

D = ¢Oog?(N/e)) (4)

Under the same condition on the density of states as be-
fore, we also obtain that the ground state can be approx-
imated with

D = Og®(N/€)) (5)

independent of the dimension. Finally, using Hastings’
construction of the PEPO (see also!?), we show that it
is possible to have a polynomial scaling for any temper-
ature, i.e.

D = (N/e)°W), (6)

The paper is organized as follows. In section II we de-
fine the problem we are addressing in this work. Section
III derives the bounds (4) and (5) using a technique based
on the Trotter expansion. In Section IV we use a different
encoding of the PEPO based on Hastings’ construction
to obtain the polynomial bound (6). In all these sections
we quote the results and explain how we have proven
them. In the appendix we give details of the proofs.

II. PROBLEM

We consider a growing sequence of finite spin systems,
Sn, with two-body interactions. To every system, S,
we assign a graph, G, = (V,,&,), where the vertices
V,, correspond to the individual spins and the edges &,
to interactions. The Hamiltonian is such that only the
connected points interact:

Hy = he, (7)

ecén,

where h, acts non-trivially on spins v and w if e = (v, w).
Even though for simplicity we have considered only near-
est neighbor interactions, the results generalize to local
more-body interactions. We will assume that the (opera-
tor) norm of all the terms in the Hamiltonians is bounded
by 1, i.e., ||| < 1. If the norm of the Hamiltonians were
bounded by J instead of 1, this factor could be included
into the definition of the temperature.

We assume that all graphs are connected, and that
their degree is uniformly bounded. That is, the number
of edges starting from a given point is smaller than some
constant z. This implies that 2|&,|/z < [V,| < |&€.| + 1.
Thus, we can equally characterize the size of the system
by the number of spins or interactions, N = |V,| and
|€n], respectively. For convenience we will denote |E,,| by
K and omit the index n in the following.

We also assume that there is a uniformly bounded lat-
tice growth constant. This means that there is a universal
constant, 7, such that for any given e € E and all | € ZT

| {Z C E|T connected, e € Z, |Z| =1} | <~".  (8)

That is, the number of connected regions having [ edges
that include a specific edge, e, grows at most exponen-
tially with [. In particular, this is the case if G, is a reg-
ular lattice in any spatial dimension?’. Thus, our treat-
ment includes all those cases.

We consider the Gibbs state corresponding to H given
by (1). We will construct a PEPO, p, of bond dimension
D, that is close to that state. In particular, for any € > 0,

=7 — |, <elle™? |, 9)
where ||z||, = [tr(zTz)?/?] P Stands for the Schatten-p-
norm (||z|| = ||x]|e for the operator norm). We will be
interested in how D scales with N (or equivalently, with
K) and e.

By a PEPO on a graph G = (£,V) we mean that the
operator p admits the following form:

p= Z ®X§(eg)...a(eg(v))~ (10)

a:€E—{1...D} veV

v

Here, Xa(e’i’)...a(ezz’w)
v alone, z(v) is the degree of v, and ej,...¢7,, are the
edges going through v. This definition is the straightfor-
ward generalization of PEPS!® for operators?:?2. One

) are operators acting on the vertex



can readily see® that this operator can be written as a
tensor network on the graph G, where the bond dimen-
sion is D.

III. CONSTRUCTION BASED ON A TROTTER
EXPANSION AND COMPRESSION

In this section we use a Trotter expansion combined
with a compression method to approximate the Gibbs
state. The intuition about why this expansion should
give rise to a PEPO description is the following (see
also??). Let us assume that the operators h. commute
with each other. Then, the Gibbs state (1) is propor-
tional to a product of exponentials, each of them of the
form e~#"<. One can easily show that each term in that
product creates a link in the PEPO'". The bond di-
mension, Dy, is simply the maximum number of singular
values of h., when decomposed in terms of the vertices it
connects, and thus it is independent of K and the temper-
ature. In the general case where the h. do not commute
with each other, we can still perform a Trotter expansion
and approximate p (up to a constant factor) by (r77)M
where

K

T= HefﬁhiﬁM. (11)

i=1

The integer M has to be chosen such that the approxi-
mation is good, i.e.

le™H = () M|y < elle™||x (12)

for some € > 0. Now, if we use the same argument we see
that each time we apply 7, we create a bond between each
pair of vertices that are connected in the graph. That is,
we multiply the bond dimension by Dy. Thus, naively,
the final bond dimension will be D3 and since M has
to grow polynomially with K, we get a very bad bound.
However, for large M each of the terms in 7 is close to the
identity operator. Thus, this operator creates very little
entanglement and it should be possible to compress the
information that is contained in the bond variables for
any pair of connected vertices, and therefore to decrease
the bond dimension. In fact, in the case of commuting
Hamiltonians one can reduce it to Dy, independent of M.
This is, in fact, what we do in this section: we first find
M such that (12) holds, and then we compress the bond
to get a better scaling of the bond dimension with K.

More specifically, we write e #hi/2M — ]1+(e_'8}”/2M—
1), then, after collecting the K terms of 7 and 7! into
one product of 2K terms, we obtain

M 2K M 2K

o =TT = T 0+ o), (9

j=1i=1 j=1i=1

where lzi denotes hy 1, if © < K, and h;_ g otherwise,

—Bhi/2M _

and z; = e 1. After expanding the product,

this operator takes the form

M 2K

ST =M (14)

)‘GM?VI,QK j=li=1

(i) =

The sum runs over all M x 2K matrices with entries 0 or
1, denoted by M4, , ;. From this sum we only keep those
terms in which anil given x; appears at most L times in
(14). In Section I1I B we show that the resulting operator
p is a good approximation to (777)M if L ~ log K.

In section IITC we show then that the resulting op-
erator can be written as a PEPO, in the sense of (10),
with bond dimension M%), The reason why this oper-
ator admits a PEPO form can be understood as follows.
First we identify each particular term in the expansion
of (777)™ with the help of indices defined on the edges.
This can be done by specifying at every edge, ¢, the posi-
tion where zx+1_; and/or xk4; appear out of the M pos-
sibilities. Once a term is identified, we proceed with the
Schmidt decomposition of that term in order to build the

local operators Xz(e;) ale?, )" Let us notice that the lat-
alel

ter only depends on the order in which the operators z.v,
Tey, v Tey  appear in the given term, where €7, .. .eg(v)
are the edges starting from point v. This order can be
obtained locally from the edges that surround v, which
contain information about the x involved in each of them.
As a result of that, at every edge we have to specify

(Af)2 ~ M?" natural numbers. As M = poly(K) and

L = O(log K), this gives a bond dimension K©(°8 %) for
the approximating operator. Therefore, as N < 2K/z,
we obtain a bond dimension that scales like NOUgN),

A. Trotter expansion

We know that (777)™ (7 as in equation (11)) tends
to e #H if M — oo. The question is how big M has to
be chosen such that we obtain a good approximation in
one-norm. Here we prove that setting M = poly(K) is
enough (see also?*).

We present the proof in two steps. First we show
that e ## — (7T7)M||; is small compared to |e=#H||;
as long as ||n — 7||2as is small compared to ||n||2as where
n=-e" . Second, we show that || — 7||2as is small
compared to ||e=#H/2M |55, The key point is that both
e PH and (777) are close to (1 — SH/M)M. We state
the first step as a proposition:

Proposition 1. Ife <1/3 and
I = 7llans < 7 lnlaas, (15)
then
1" = (7Fr)M 1 < el . (16)

The proof combines the identity a™ — b™ = . a’(a —

. 3
b)b =1 with the Holder inequality for matrices?® and



it is presented in the Appendix. We state the second
statement (that 7 is close to 7) as a lemma.

Lemma 1. If M > 363°K?/e and ¢ < 1, then

In = rllaar < 57l

-7 — .
n i Nli2nm

The main idea is that it is enough to prove the state-
ment for the operator norm, as || — 7|2 is bounded by
the Holder inequality

In = 7llear = 0~ n(n — D)ll2ar < o~ HllInll2aelln — 7,

and [[np~!|| is not too big as n is close to the identity
operator. In order to show that ||n—7|| is close to zero, by
a simple series expansion we obtain that ||n—1+5H/M]||
is small and so is |7 — 1 + SH/M||. The statement then
follows from the triangle inequality. The detailed proof
is presented in the appendix.

Putting together Proposition (1) and Lemma (1), we
obtain that the Trotter approximation is e-close (in
one-norm) if the trotter steps are chosen to be M >
36082 K2 /¢.

B. Compression

We approximate now (777)™ by an operator j starting
from Eq. (14). This expansion can be pictured as follows.
We can think of the resulting operator as a sum:

I ENEA RN

1] X
(riM =3 |2 X , (17)
all fillings| - X
M| X X

where the table can be understood as follows. We begin
to read from the upper-left corner, from left to right, row-
by-row. Whenever we meet an X in the actual cell, we
write down the corresponding operator z; (according to
the column), and otherwise the identity operator. The
value assigned to a given table is then the product of
those operators. We finally have to sum up the resulting
operators for all possible fillings of the table.

The approximating operator p can be thought of in the
same way, just limiting the number of X’s in each of the
columns.

[ e fa] - o]

1| X
b= Z 2 X . (18)
filling per | ° X
column < L v ix X

We want to prove that this is a good approximation:
I(7T7)™ — 5|li < ¢llp|l1 if the maximal number of X’s

per column, L, is chosen big enough. We will show that
L = O(log K) is enough.

Let us first explain the main idea of the proof. Given a
set of columns Z C {1,2... K}, define S(Z) to be the sum
of all tables containing more than L X’s in all columns ¢ €
7T, but with no restriction for the columns not belonging
to Z. Formally, let Q(Z) denote the set of these tables:

QI)=AeMiyp|i€eT=> N;>Ly,

J
then S(Z) is the sum

M 2K

S Ol 111 E SR

AeQ(T) j=1i=1

In any column that has no restriction, the sum can be
evaluated, giving back e #"/2M in every row of that col-
umn. By evaluating those sums we arrive to a sum con-
taining only a few terms. In these remaining terms still a
large number of X'’s appear, therefore the norm of each
such term is small. Thus the one-norm of S(Z) can be
bounded. We will express p with the help of the sums
S(Z) in order to be able to bound its norm.

We use this observation in order to upper bound the
one-norm of (777)M — 5. That difference contains one or
more columns where there are more than L appearances
of X. We regroup the tables as follows. First, given a set
of columns, Z, we sum up all tables that have more than
L appearances of X in the columns i € Z, albeit at most
L in all columns ¢ ¢ Z. This set of tables is the following
set:

J
The sum of these tables will be called R(Z):

M 2K

= > TIIT= (20)

AeT(Z)j=11=1

Note that the operator p is expressed by R(0), as p is the
sum of tables that in each column contain at most L X'’s.
We can express the sum S(Z) with the help of R(Z):

S(Z)=)_ R(J), (21)

J21

because in any table in S(Z), the columns containing
more than L X's form a set J 2 Z. Note that (r77)¥ =
S(0), as (rT7)M contains all tables, with no restriction
on the number of X'’s in any column.

The difference (777)M — j is then



To bound the norm of this difference, we need to express
R(0) with the help of the S(Z)’s; that is, we need the in-
verse relation of Eq. (21). This inverse relation is given
by the M6bius inversion formula, which is used, for exam-
ple, in the context of the Kirkwood-Salzburg equations,
for a cluster expansion for the partition function?6:27.
The statement of the M&bius inversion is the following.

Let A be a finite set, P(A) the set of all its subsets,
and V a vector space. Given a function, f : P(A) — V,
we define the following transformations:

o= 3 1) (23)
J:ADT DT

Q=3 )"V (24)
J:ADT DT

Lemma 2 (Mobius inversion).

f=i=1

This lemma just expresses that the second transforma-
tion is the inverse of the first one. The proof is presented
in the Appendix. We will use the lemma by setting A
to be the set of columns, and f = R. Thus, compar-
ing the definitions (21) and (23) we deduce that f = S.
Applying the lemma we obtain the desired relation

R(®) = (-1)"s(1),

T

and thus substituting back to Eq. (22)

(fn)M —p=50) - > (-)Fs@),  (25)

T

therefore

DM = -3 0Ts@. ()

A0

The one-norm of the difference can be bounded by the
triangle inequality:

2K
2K
TAAM _ 51 <
I =< 32 () s, 1@l @7

We obtained this form by counting the number of subsets
T of the 2K columns that have |Z| = m. Now, we need to
bound the one-norm of S(Z). First of all, as noted before,
we can sum up over all indices possessing no restriction.
That is, over all \; ; with ¢ ¢ Z. For example, if 2 ¢ T
then

I EN I N

X |e=Ph2
S(T) = > e Pha| X . (28)
filling < L : e—PBh2
for column i € 7 milx e*ﬂhz X

where we have already summed up for all Ay ;. Let p be
such a term in S(Z) in which each x; (i € Z) is appear-
ing exactly k; > L times. The one-norm of this term is
bounded by the following lemma.

Lemma 3. If M > 723°K?2, then

ki+...km
_ 3
Il <3l (35)

This bound is the consequence of the fact that the z;’s,
whose norm is small, appear exactly k1 +ka+. .. ky, times
in yu, while the rest of the operators, that is, e #" give
almost a Trotter approximation of e ##. The proof is
presented in Appendix D. The number of such terms p

is given by
W) () o

as at each column ¢ € Z one has to choose k; rows out of
the total number of M rows to place the appearing x;’s.
Thus the one-norm of S(Z) is bounded by the following
sum:

S(T) > Z Z 3”e_5H|1i1’_—”[1(Z> (%)k7

k1>L ko >L
(30)

therefore

IS@I < 3lle] (Z (%) (%))m 31)

The sum in the parenthesis can be upper bounded by

22 = (2)'

(see Lemma 5 in Appendix E) and thus

L m
IS@ <3l [‘* (%)] S

Substituting the obtained bound into Eq. (27) the fol-
lowing holds for the error of the compression:

2K L
- _ 2K ) 3e
[(rTr)M =51 < 3lle PH |y E <m) e3P <—Lﬂ>

m=1
Thus, after evaluating the sum, we obtain

72K
1+ 38 (?) ] -1

(34)
As (1+z/K)K <e® <1+42xaslong as z < 1, this yields
the bound

m

(33)

[(rtr)M — 5|, < 3lle™ |

- _ 3ef o
I = gl < 12l e (BF) L @)



Therefore, if < blog K, setting L = O(log K /¢) implies
I(Fr)M =Bl < elle™]lu, (36)

thus the error of the compression is bounded by ¢ if L =
O(log K/e¢) and M > 723°K?2.

C. Coding as a PEPO

We show that the resulting operator p admits a PEPO
form as in equation (10):

pN - Z ®X(Z(e7l’)...(x(e‘z’(v))' (37)

a:€—{1...D} veV

First, let us consider the Schmidt decomposition of the
operators x;.

= M1 =N At AR, (38)

v=1

with s being at most dghy s> Where dppys is the dimension
of the Hilbert space describing the individual spins, and
the edge corresponding to column i is composed of the
two particles v and w. Note that there are two columns
associated to a Hamiltonian term h;, K+1—14 and K +1.

After this decomposition, we can think of p as the fol-
lowing sum:

[ lo1[a]. . Jworc]

13]1]0] o0
p= > 2/0]0]3] 0 |, (39)
filingper | = |1 0| 3]0 4
column < L M2 ol s 0

where the sum runs over all fillings that have at most L
cells different from 0 in every column. The table means
the following. We begin to read the table from left to
right, row-by-row. Whenever we meet a cell in column
i containing the number k we write down the operator
A" @ A" as in Eq. (38). Otherwise we write down
the identity operator. The value of the table is again the
product of these operators.

Every term in the above sum is now a tensor product.
The local operator acting on particle v depends only on
the columns corresponding to the edges surrounding v.
Indeed, operators acting non-trivially on particle v occur
only in these columns.

Therefore, the index a(e) at edge e will specify a pos-
sible filling of the two columns corresponding to e, and
the operator XY ) will mean the product of the

a(e’i’)...a(e;’(v)
corresponding Schmidt coefficients.

For a given edge a(e) can take
2

o= |5 ()] crom

k<L

different values, as the positions of the non-zero elements
and their values are needed to be specified for the two
columns corresponding to edge e.

In Section IIT we have shown that we should set M >
36082K? /e in order to the Trotter approximation be -
close to the Gibbs state. In Section III B we have seen
that one can choose L such that the compressed opera-
tor, p, is e-close to the Trotter expansion. Therefore, by
the triangle inequality, for any given e that decreases at
most polynomially in the system size, one can approxi-
mate the Gibbs state with error e, if the Trotter steps
are taken to be poly(K) and the compression, L, to be
O(log(K)). Thus, our method gives a PEPO approxi-
mation with bond dimension K©U°e(5)) " As 2K /2 < N,
this is a PEPO with bond dimension N©Uog(V)),

In Section IIIB we only have supposed that § <
blog(K), or equivalently, 8 < blog(N). If H is gapped
and the density of states for a fixed energy only grows
as poly(N), then by setting 8 = O(log(N)), the ground
state projector is approximated by the Gibbs state with
an error decreasing as poly(N). Therefore, our method
also gives an NYUg(N)) hond dimensional PEPO ap-
proximation of the ground state projector, and thus an
NOUoe(N) hond dimensional PEPS approximation for
the ground state (for any prescribed error e that decreases
at most as poly(N)) under the same condition.

IV. Poly(N) BOND DIMENSIONAL
APPROXIMATION

In this section we show that with the help of the clus-
ter expansion technique! we can approximate the thermal
state by an MPO with N9 bond dimension. For that,
we just have to modify theorem 15 in'® and introduce a
more efficient way of encoding the PEPO. That theorem
says that for 8 < 8* (8* is a constant) the density opera-
tor can be well approximated with the truncated cluster
expansion, where only clusters of size at most O(log K)
(equivalently, O(log N)) are included. By a clever choice
of the coding of the PEPO, we show that for that tem-
perature one just needs a poly(N) bond dimension, and
then, as in!, we extend the result to lower (but finite)
temperatures.

A. Cluster expansion

Before restating theorem 15 in'® we need to introduce
some notation. Let £* = U,?"Zoé'k, that is, a word w from
E* denotes a sequence of edges: w = (wyws ... wy). Let
h. denote the product of the Hamiltonian terms corre-
sponding to those edges, hy = huw, hw, - - - A, , and let
supp(w) be the set of all edges occurring in w.

Every word’s support is a set Z C £. One can break
it into connected components: Z = U;Z; where the Z;’s
are connected, and different components do not contain
common points. These connected components are also



called clusters. Then, let Wy C £* be the set of all
words whose support contains only connected compo-

nents of size at most L. 8* will denote a constant such
that ae*~DF" (8" — 1) < 1, and

2 . (41)

Theorem 15 in'? contains the following statement:

;”_:) - 1) (42)

Similar to equations (56-58) in'? one can show that the
operator p admits the following form:

p= > II/@ (43)

ZeCr ¢
7 =WwI;

Theorem 1. If § < 3*, then

le™H — plly < flePH ] - (exp (K

with © = ve*~ V(A — 1) < 1.

where C;, means the subsets of edges Z that does not
contain a connected component of size bigger than L, and
the connected components of Z are Z;’s. The operators
f(Z:) act locally on Z; and are defined as:

o (=)

fo= > T (44)
weT"
supp(w) =T

We show in Appendix F that f(Z) is the Mdbius trans-
form of f(Z) = e #H®D  with H(Z) = 3,7 he. This
observation makes it easier to show that p admits the
form (43).

B. Coding

We show in this subsection that the truncated cluster
expansion p (43) can be written as a PEPO [cf. Eq. (10)].
This operator has a very special form. It is a sum of prod-
ucts of local operators, such that the operator acting on
a vertex v only depends on the cluster where v is con-
tained in. Therefore, coding p as a PEPO will be carried
out in two steps. First, we enumerate all Z € Cj, subsets
of edges with the help of an index oy : € — {1,2... By }.
This indexing will be such that for any given v € V vertex
the surrounding edges encode the information in which
cluster v is located. Once the cluster Z; 3 v is identified,
the operator f(Z;) is written as a PEPO with the help
of an index ey : £ — {1,2...B2}. The index « used at
the description of the PEPO is then the composition of
a1 and as taking Bj By different values.

a. Identifying the clusters. Let the different values
of a(e) enumerate all clusters containing e and of size
at most L. For a given cluster size [, there are at most
4! clusters containing e (see Eq. 8), therefore there are
at most L% such clusters. As L = O(log K), this means
that a takes at most By < poly(K) different values. Let
us now examine how this indexing is related to the orig-
inal goal: to enumerate all Z € Cr, subsets of edges. For
any given Z € Cr, subset one can find the correspond-
ing values (a1(e))ccs. However, given an indexing, oy,
it might not correspond to such a subset of edges. The
reason is the following. Given an indexing (aq(e))eces,
each index means a cluster Z.. The subset Z € Cy, cor-
responding to this ay is UcZ,, if for any two edges e and
f either Z. = Zy, or the two clusters Z. and Z; do not
have common point. Therefore the indexing does not
correspond to an Z € Cp, subset if and only if there are
two edges e and f such that a;(e) and a;(f) denote two
different, but overlapping clusters. Let us join e and f
with a path of edges going in the union of the two clus-
ters Z. and Zy. Along that path there is a contradiction
locally; otherwise, e and f cannot specify contradictory
information (see Figure 1). Therefore, if an indexing o
does not correspond to a subset of edges, then there is a
point v € V where it can be detected.

O
L

L] LI

Figure 1. Two clusters specified by the thick edges. The
information contained in those edges contradict as the clus-
ters overlap. However, the contradiction appear locally some-
where along the dashed line. Thus, our coding will give the 0
operator for this configuration.

b.  Coding the local operators. Any operator defined
on at most L particles can be written as a PEPO with
bond dimension d2L = where dsp, is the dimension of
the Hilbert space of the particles. For example, an ex-
pansion in a product basis of the operators supported
on L particles can be viewed as a PEPO. As f(Z;) is
such a local operator with L = O(log K), this coding
requires an index as with By = poly(K) different val-
ues. The local operators used for this construction will
be Yo, tep)...aun (e ) (Fi)-

With the help of the index o« = («aj,a2) the op-

v .
erators Xa(ef).“a(eg(v)) are constructed as follows. If

ag(ey),ar(ey) ... al(eg(v)) both specify the same cluster
Z; (or some of them the empty cluster, if compatible with



Z;), then let
Xoey).alel ) = Yo, (), an(er (o)) (Li)s  (45)

otherwise, if both of them specify the empty cluster, let
X(Z(ef)...a(e”( ) be 1, otherwise let X be 0.

a(e;’)...a(e:’(v))
By construction, the contraction of these tensors really
gives p.

As the index used at the coding, a = (a1, as2), can
only take BBy = poly(K) different values, the above
coding is a PEPO with poly(K) (equivalently poly(N))
bond dimension. Thus, for any g < [*, we gave an
efficient PEPO description of the Gibbs state. Moreover,
Theorem (1) holds for 8/ = 5/2M instead of g if the
trace norm is replaced by ||.||2as without any essential
modification. Therefore, by taking M such that 8 <
B, that is, M = O(p), this result can be extended to
lower (but finite) temperatures as well (see Proposition
1). However, after this step, the approximating operator
will be a PEPO exponentiated M times. Therefore the
bond dimension required for the PEPO description of the
Gibbs state at arbitrary temperature is NO(%),

V. SUMMARY AND OUTLOOK

We have analyzed the ability of tensor networks to
describe thermal (Gibbs) equilibrium states of lattice
Hamiltonians with local interactions. First, using a Trot-
ter expansion and a compression method, we have shown
that it is possible to approximate that state with a PEPO
whose bond dimension scales as N?U°gN)  where N is
the system size (number of vertices in the lattice). This
result is valid for any finite temperature and spatial di-
mension. It also holds true at zero temperature as long
as the Hamiltonian is gapped and the density of states
for any energy interval only grows polynomially with the
system size. Second, building on Hastings’ construction?,
we have shown that it is possible to find a PEPO with a
poly(N) bond dimension at any finite temperature and
spatial dimension.

There are some straightforward implications of the re-
sults derived here. First, even though we have concen-
trated on PEPOs, it is trivial to express our results in
terms of (pure) PEPS. At finite temperature, we can just
consider the PEPO corresponding to half the tempera-
ture, and apply it to locally maximally entangled states
in order to obtain a purification in terms of a PEPS with
a polynomially growing bond dimension?!. At zero tem-
perature, we can simply apply the constructed PEPO to
a random product state in order to show that there exists
a PEPS with D = NOUegN) Second, for translationally
invariant problems in regular lattices, our construction
may break translational invariance (as we select some or-
der of the bonds). But it is always possible® to make
a PEPO (or PEPS) translationally invariant with an in-
crease of the bond dimension by just a factor of V. Third,
even though we have considered Hamiltonians interacting

along the edges in the graph, our construction can be eas-
ily extended to the case in which the local Hamiltonians
act on plaquettes. The idea is that at the Trotter decom-
position we have made no assumption on the support of
the individual Hamiltonian terms, whereas at the coding
procedure, we still need to keep information contained in
a constant number of columns: in an edge e = (v, w), we
can keep the information contained in the columns cor-
responding to Hamiltonian terms that act non-trivially
on either v or w. In such a coding the same piece of
information is specified in more than one edge, but their
consistency can be checked locally, at the vertices. The
cluster expansion technique can be applied with no es-
sential modification as the number of terms acting on
the boundary of a cluster can still be upper bounded by
a constant times the size of the cluster, and the number of
clusters containing [ terms is still bounded by +!, where ~
is a lattice growth constant?’. Finally, our construction
can also be straightforwardly extended to fermions with
the result that we just have to use fermionic PEPS28.
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Appendix A: Proof of Proposition 1

Here we present the proof of Proposition 1. The proof
consists of two steps. First, by the positivity of 7, we
show that if £ < 1/3 and

£
17 = llzar < 371l (A1)

then
0% = 77l ar < 3elln? | ar- (A2)

Using the identity a? — b* = a(a — b) + (a — b)b and the
triangle inequality we obtain

19 = 7V 7llar = 00 =) llar + 0 =7 7], (A3)

thus using the Holder inequality and that || X|an =
| XT||2as , we conclude that

7 = 778 ar < (Inll2az + I7ll2a0) I = 7ll2as. (A4)



Iln — 7|l2asr is bounded by the assumptions of the state-
ment, and so is ||7||aas by the triangle inequality. There-
fore

o ot < @4 Sl (A9)
n is positive, thus ||(/3,; = [|7?|lam. If € < 1, then
5
In* = 77t llar < 3711l (A6)

This completes the proof of the first step.
Second, we prove that if Eq. (A6) holds, then

1Y = (rTr) Ml < el |1

The proof is basically the same as that of the first step.
Using the identity a™ — b™ = > a'(a — b)b™ "1 and
the triangle inequality we obtain

M—-1
1" = )M < Y0 P = i) )M
=0
(A7)

Hence by Holder’s inequality the difference is upper
bounded by
Mo
(M—i—1)

M-—1 )
R i P A G
=0
(A8)

For X positive semidefinite, and any real number r, X" >
0, and thus by the definition of the Schatten norms

g T

X" aryr = [ X Mas- (A9)

Applying (A9) to n and 777 in (A8), the inequality takes
the following form:

M—
M —
1Y = (rtr) Ml < Z I 5 ll® =77l llw P73
=0

(A10)
|n?* — 777||ar is bounded by Eq. (A6). Hence, by the
triangle inequality, |77 as is bounded as well,

3e
WHWS7NM+ﬁHﬂM§Q+ )mn

As 143¢/M > 1, we can upper bound the sum by taking
(14 3e/M)M as common factor in every term,

M
€ 3¢
I = oM (14 35) P (am)

Since (1 +3e/M)M < e3¢ < 3, if € < 1/3, the statement
of the Proposition follows:

1P = (rF)M 11 < 9elln?[13 (A12)

Appendix B: Proof of lemma 1

Here we present the proof of Lemma 1, and derive how
big the number of Trotter steps should be chosen for a
good approximation of the Gibbs state. The proof relies
on the fact that if M is big enough, then both 1 and 7
are close to 1 — SH/2M.

By the use of Holder’s inequality we obtain

I = Tll2ar = 0~ 0l = 7)ll2ar < Inll2aclln™ lln = .

The norm of n~*

M > BK/2:

can be upper bounded by a constant if

It < PV <3, (B1)

The norm of 7 — 7 will be bounded with the help of
the triangle inequality, by adding and subtracting 1 —
BH/2M:

We will use the following bound on the Taylor expan-
sion of the exponential function to upper bound these
expressions.

Lemma 4. The following two bounds hold:
e — 1d] < ] 41,

2
HeA C1d- 4| < @e\m”.

Proof. e? = " n, , thus
k [eS)
A" A"
"2 2 ar (B3)
n=0 n=k+1

Therefore the norm of the difference can be upper
bounded by the triangle inequality

A" = A
- Ay 3 A

n=0 n=k+1

A i IIAII
(k+1)! & ’

(B4)
Summing up we have the

since (n+k+1)! > nl(k+ 1)L
desired inequality

a )"
wA—EjnJL_k+J,'M' (B5)

n=0

The statements correspond to the particular cases k =
0,1. O

Due to the previous lemma, we can bound the first
part of the right hand side of Eq. B2:

BEK*? oBE/2M
< —
- 8M? 2M (B6)

e 1—|——H



If M > B2K?/e and M > %, because then e/E/2M < 3
and 3/8 < 1/2.
The second part of the right hand side of Eq. B2 can
be written as
H
-1+ pH _ 1+ 2] —

H
1+ 20

5L (B7)

7

where z; is as in Eq. (14). Let us expand the product.
The zeroth term cancels out, whereas the 1st order term

is
Zmi—k ﬂ—

The norm of the sum of the k' order terms can be upper
bounded by

() () = ()
e2M < _
k 2M —\2M

if M > /2, because there are (1}:) k" order terms, and
the norm of ||z;|| can be bounded by lemma 4:

leill < 337¢
Therefore, after expanding the product in Eq. (B7), we

obtain that
vl <[ ) S )
(B8)

The first term can be again bounded by Lemma 4 as

B

2M

x; + Bhi/2M = e Bhi/2M 4 4 Bh, /2M:
B e _ Kp?
le <K et < oo (B9)

since if M > /2, then ez

be upper bounded by
> /3KB\"  [/3KB\® 1 5K2[32
2\ mr) = (T | 3KE =7
k=2 -2

since if M > 3K, then 1_%_6 < 2, and 9/2 < 5. Fi-
2M

nally, K > 1 and thus the sum of the bounds obtained

in Eq. (B9) and in Eq. (B10) can be upper bounded by

6K23? €
e S (B

< 4. The second term can

(B10)

e

it M > 12K262L,
Putting together the two bounds in Eq. (B6) and Eq.
(B11), we obtain that

€
In—7ll < — (B12)

M
if M > 12K?%3?%/e. Therefore, the statement follows: if
M > 36K?23?%/e, then

€
ln —7llaar < M\|77||2M~ (B13)
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Appendix C: Proof of the Mo6bius inversion

Here we prove the Lemma 2. The first part of the
statement is that f = f. Let us define f'(I) as

F1(@) =Y ()W),

J21

(C1)

Then, the statement is that f'(Z) =
f with the help of f as in Eq. (23):

f(Z). Let us express

F@ = ()Y (K (C2)
J2L K2J
By changing the order of the sums we obtain
D= K Y (VL ()

K2T J:K2J2T

We evaluate now the second sum. Suppose first K # Z:
then

Z (1)l = Z (,1)IJ’|:(1,

J:K2T 21 J'CK\T

1)V = o,

Otherwise, if £ = Z, then the sum is one. Substituting
this back in the expression of f/(Z), we get

=Y i)Y ()= f).

K2Z J:KDJDT

(C4)

This proves the first part of the statement. The second

part, f = f, works similarly. Let us define now f” as

follows:
"1 =3 FI)

JET

(C5)

Thus, we have to prove that f” = f. Substituting back
the expression for f (as in Eq. 24) in this equation, we

obtain
=2 > (-

JCIKCT

IJ\)CIf (K). (C6)

By changing the order of the two sums we obtain

=D S D (pEL

KCT J:KCITCT

(C7)

The second sum is again dx 7, and thus

() = f(D).

Appendix D: Proof of Lemma 3

Here we present the proof of Lemma 3. In p two types
of terms occur. First, if 7 refers to a column that has been
summed up (i ¢ Z), then in every row of that column



the term e~ Ah: appears. Second, if ¢ € Z, then the sum

on that column has not been evaluated, therefore the
corresponding term in row j is xl)‘J . We now separate

these terms:

M
= H H yj‘w H e—ﬁhi/2M7 (Dl)
j=14€Z ie{1..2K}
where we have introduced
Y = H e~ Bhi/2M 4. H eBhi/2M | Bhi/2M (D2)

7<i j<i

The norm of y; can be bounded by the norm of z; as
follows:

lyall < llille” (D3)
because He’ﬂﬁi/zMH < 1 and ||€B;”/2M|| < eP/2M and
there are at most 2K such terms in y;. Thus, by applying
Lemma 4 to z;, we obtain:

3
lyll < lzsllePXM < L _epramgarepnr o 30

< 237 oap (DY)

since e?CKFN/ZM < 3 if M > 28K > B(K +1/2). We
now apply Holder’s inequality to Eq. (D1) in order to
bound || |1

M

S Xij

lially < TT Nyl
7

H 6—ﬁﬁi/2M

ie{l.2K} M

The last expression of the right hand side is (777) from
the Trotter expansion formula. By the use of an other
Holder’s inequality

1770 < (1711300

Using the triangle inequality and Lemma 1 with the
choice € = 1/2, we obtain that

1 _
Il < (14 537 ) Il L (D5)

if M > 7282K?; therefore
1 2M
v =TTl (14 37 ) I3 (oo

Using the bound (D4) on ||y;||, and the fact that (1 +
1/2M)* < e < 3, we obtain the statement of the

lemma,
ki4...kn
3 _
h=s(3) e o
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Appendix E: Lemma on the sum of binomial
coefficients

We need the following lemma to upper bound a sum
of binomial coefficients in Eq. (31):

Lemma 5. ), (A,f)x’f < Mz (%)L

Proof. First, as (1\/:[) < MF*/k!, we have
MY & 1 k

Z(k>x SZE(MQC) . (E1)

k>L k>L

We then use (L+n)! > nlL! and sum up over n =k — L.
M 1

Z (k)xk < —'(Mx)LeMac. (E2)

E>L ’

Finally, by Stirling’s formula, we have the desired result:
M eMz \*

Z (k>xk§eMx (T) (E3)

k>L

O

Appendix F: On the cluster expansion

In this Section we show how to use the Mdbius inver-
sion to reproduce the cluster expansion. In particular,
we show that

— " wl
= ¥ S @y

weIL”
supp(w) =T

is the (inverse) M&bius transform?® of

F(T) = e PHD, (F2)

Let us consider the Mobius transform of g:

_ RN Iw]
TR W UEDSEED M - S

JCIT VIS S

supp(w) = J

This means that in § we have to sum up for all words
in Z*. Indeed, in the sum every word is counted exactly
once as we sum up all possible supports. This implies
that

§(I) = e PHD = f(1), (F4)

and therefore by the Mobius inversion formula g = f.
We now show that obtaining the form Eq. (43) of p
is much easier with these tools. The proof follows from



the multiplicativity of f: if 7 and J are non-overlapping
clusters, then f(ZU J) = f(Z)f(J). Indeed,

FTug) = 30 ()OO, (ps)
KCIug

where we have used the multiplicativity of the exponen-
tial. K can be broken into two parts: Kz = KN Z and
K7 =KnNJ. Then both the —1 factor and the exponen-
tial factorizes as follows:

f(IU J) = Z(_l)\l\’cz\(_1)|-7\’CJ|6*/@H(’CI)€*BH(’CJ)

KrCZT
KgCJ
(F6)

12

and this sum is nothing but f(Z) - f(J). This implies
that the Gibbs state admits the following form:

p=>. II Ja@, (F7)
Ice i:Z; are the

clusters in 7
and thus the approximation p is nothing but

p= Z HJE(L) (F'8)

TeCL g
7 =WZ;

as in Eq. (43).
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3.2 Rapid adiabatic preparation of injective PEPS
and Gibbs states

In this Section, we include the following paper:

e Yimin Ge, Andras Molnar, and J. Ignacio Cirac. “Rapid Adiabatic Preparation of
Injective Projected Entangled Pair States and Gibbs States”. In: Phys. Rev. Lett.
116.8 (Feb. 2016), arXiv:1508.00570. arXiv: 1508.00570

The previous project provides implicitly a polynomial-time algorithm to prepare a
PEPS representation of the Gibbs state of a local Hamiltonian on a classical computer.
The obtained representation, however, does not provide the ability to calculate expectation
values of local observables: contracting PEPS in general is a hard problem [70]. To gain
further insight into thermal states, one thus needs to develop other techniques. Building on
Feynman’s original proposal, one can use quantum computers to prepare these states. Once
the state is represented on a quantum system, measuring expectation values of observables
is efficiently feasible.

In this Section, we propose an algorithm to prepare Gibbs states of commuting Hamil-
tonians on a quantum computer. Since every classical Hamiltonian is commuting, one
readily obtains a quantum algorithm that prepares Gibbs states of classical Hamiltoni-
ans. Apart from Gibbs states, the algorithm is also suited for the preparation of injective
PEPS. We show that for a Hamiltonian consisting of N particles the algorithm requires
O(Npolylog(N/e)) gates to prepare a state that is e close to its Gibbs state, provided the
Hamiltonian satisfies a uniform gap condition: there is a gapped path consisting of local
changes that connects it to a trivial Hamiltonian. For classical Hamiltonians, the number
of gates can be compared to the Markov chain Monte Carlo (MCMC) methods, as this
condition is the same under which the existence of rapid mixing is usually investigated. For
MCMC, the best known worst-case bound for the mixing time (the number of elementary
gates expressed with the help of the number of particles) is O(N?), thus our algorithm
scales better. If we allow for parallelization, i.e. we compare the circuit depth of the two
algorithms, our algorithm achieves an exponential speedup.

The idea behind the algorithm is simple: we construct a parent Hamiltonian of the state
and by slowly interpolating between a trivial Hamiltonian and this parent Hamiltonian, we
obtain an adiabatic state preparation protocol. This naive algorithm, however, has very
bad worst-case run-time bounds. If the Hamiltonian satisfies a uniform gap condition, then
better run-time bounds can be achieved by changing the Hamiltonian terms one by one.
Finally, with the help of the Lieb-Robinson bound, we show that these local changes can
be replaced by local unitaries further reducing the number of gates.


http://dx.doi.org/10.1103/PhysRevLett.116.080503
http://dx.doi.org/10.1103/PhysRevLett.116.080503
https://arxiv.org/abs/1508.00570

PRL 116, 080503 (2016)

PHYSICAL REVIEW LETTERS

week ending
26 FEBRUARY 2016

Rapid Adiabatic Preparation of Injective Projected
Entangled Pair States and Gibbs States

Yimin Ge, Andrds Molndr, and J. Ignacio Cirac
Max-Planck-Institut fiir Quantenoptik, D-85748 Garching, Germany
(Received 14 August 2015; revised manuscript received 22 December 2015; published 25 February 2016)

We propose a quantum algorithm for many-body state preparation. It is especially suited for injective
projected entangled pair states and thermal states of local commuting Hamiltonians on a lattice. We show
that for a uniform gap and sufficiently smooth paths, an adiabatic runtime and circuit depth of O(polylogN)
can be achieved for O(N) spins. This is an almost exponential improvement over previous bounds. The
total number of elementary gates scales as O(NpolylogN). This is also faster than the best known upper
bound of O(N?) on the mixing times of Monte Carlo Markov chain algorithms for sampling classical

systems in thermal equilibrium.

DOI: 10.1103/PhysRevLett.116.080503

Quantum computers are expected to have a deep impact
in the simulation of quantum many-body systems, as
initially envisioned by Feynman [1]. In fact, quantum
algorithms have potential applications in diverse branches
of science, ranging from condensed matter physics, atom
physics, high-energy physics, to quantum chemistry [2].
Lloyd [3] was the first to devise a quantum algorithm to
simulate the dynamics generated by few-body interacting
Hamiltonians. When combined with the adiabatic theorem
[4,5], the resulting algorithms allow one to prepare ground
states of local Hamiltonians, and thus to investigate
certain quantum many-body systems at zero temperature.
Quantum algorithms have also been introduced to prepare
so-called projected entangled pair states (PEPS) [6-8],
which are believed to approximate ground states of local
gapped Hamiltonians. Furthermore, quantum algorithms
have also been proposed to sample from Gibbs distributions
[9-14], which describe physical systems in thermal equi-
librium. The computational time of most of these algo-
rithms is hard to compare with that of their classical
counterparts, as it depends on specific (e.g., spectral)
properties of the Hamiltonians which are not known
beforehand. However, they do not suffer from the sign
problem [15], which indicates that they could provide
significant speedups.

Quantum computers may also offer advantages in the
simulation of classical many-body systems. For instance,
quantum annealing algorithms [16,17] have been devised to
prepare the lowest energy spin configuration of a few-body
interacting classical Hamiltonian, which has obvious
applications in optimization problems. Quantum algo-
rithms have also been proposed to sample from their
Gibbs distributions at finite temperature [18-23]. Apart
from applications in classical statistical mechanics, similar
problems appear in other areas of intensive research, e.g.,
machine learning. Speedups as a function of spectral gaps
have been analyzed in Refs. [12,21,22]; the scaling with

0031-9007/16,/116(8)/080503(5)
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large system sizes, which is of particular interest for
applications in deep machine learning [24], is however
not optimal.

In this Letter we propose and analyze a quantum
algorithm to efficiently prepare a particular set of states.
This set contains two classes relevant for lattice problems:
(i) injective PEPS [25]; (ii) Gibbs states of locally
commuting Hamiltonians. Class (ii) contains all classical
Hamiltonians, and thus the quantum algorithm allows us to
sample Gibbs distributions of classical problems at finite
temperature.

Our algorithm outperforms all other currently known
algorithms for these two problems in the case that the
minimum gap A occurring in the adiabatic paths (to be
defined below) is lower bounded by a constant. We show
that the computational time for a quantum computer, given
by the number of elementary gates in a quantum circuit,
scales only as

T = O(Npolylog(N/e)), (1)

where N is the number of local Hamiltonian terms, & the
allowed error in trace distance and the degree of the
polynomial depends on the geometry of the lattice. Note
that an obvious lower bound on the computational time is
Q(N), as each of the spins has to be addressed at least once.
Thus, Eq. (1) is almost optimal. Furthermore, the algorithm
is parallelizable, so that the depth of the circuit becomes

D = O(polylog(N/e)). (2)

This parallelization may also become very natural and
relevant in analog quantum simulation, as is the case for
atoms in optical lattices [26].

One of the best classical algorithms to sample according to
the Gibbs distribution of a general classical Hamiltonian is the
well-known Metropolis algorithm [27]. The currently best

© 2016 American Physical Society
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upper bound to its computational time is 7 = O(N?/Agoen)
[28], where A, 1S the gap of the generator of the stochastic
matrix. We will see that given any stochastic matrix, one can
always construct a quantum adiabatic algorithm with the same
gap A = Ay, and thus we obtain a potential quantum
speedup of almost a factor of N. Under parallelization, the
circuit depth is almost exponentially shorter. Our algorithm to
prepare injective PEPS also provides a better scaling than the
one presented in Ref. [7].

The class of states we consider in this Letter can be
thought of as commuting finite range operators acting on a
set of maximally entangled pair states (Fig. 1). More
precisely, consider a regular lattice in some dimension,
and let G = (V, €) be the associated (infinite) graph. We
endow G with a distance d, the minimum number of edges
separating two vertices in V. We associate a d-dimensional
Hilbert space, H,, to each of the vertices v € V. Consider
the set A of interaction supports, i.e., A is a collection of
sets of vertices whose relative distance is at most a constant
R, the interaction length, and consider for each A € A an
interaction Q; which is an operator supported on ® ,c; H,-
We assume that they are strictly positive, T > Q; > ¢,T,
and mutually commute, [Q;, Q] = 0. Consider also a set
Y of mutually excluding pairs of neighboring vertices.
Moreover, let Ay be a finite subset of A with |Ay| = N,
and define

)« [] 2 @ 147), ©

JeAy HE

where Yy = { € Y|uN({J;en, A) # @} is the set of pairs
with a vertex in Ay, and |¢*) = >°¢ | |ii) is an unnor-
malized maximally entangled state between the pairs of
vertices in Y'y. We will give a quantum algorithm to prepare
the state, Eq. (3), and analyze the runtime as a function of N
and other spectral properties. In the following, we drop the
subindex N to ease the notation.

As mentioned above, Eq. (3) includes two relevant
classes of states. The first is the class of injective PEPS.
The graph is composed of nodes, each of them including a
set of vertices [Fig. 2(a)]. In this case, 1" contains pairs of
vertices in nearest neighbor nodes, whereas A contains

FIG. 1. The general class of states, Eq. (3). Finite range
operators (red) acting on a collection of maximally entangled
pair states (blue) distributed on a graph.

each node. The operators Q, act on different nodes, and
therefore trivially commute. The resulting state is just a
PEPS, which is injective since each Q; is invertible. In fact,
every injective PEPS can be expressed in this form up to a
local unitary using a QR decomposition. The second class
is the class of Gibbs states of commuting Hamiltonians
[29]. To see this, consider the graph which contains
sites composed of two vertices, one of them is called
“system” and the other “ancilla.” The set 1" contains all
sites, whereas A contains interacting system vertices
[Fig. 2(b)]. The relation with Gibbs states is evident if
we write Q, = e#"/2, where ||h,|| <1, and take into
account that they mutually commute. It is easy to see that if
we trace the ancillas, we obtain

poce M, (4)

where H =), hy.
The state Eq. (3) is the unique ground state of a
frustration-free local Hamiltonian that can be written as

G=) G, (5)

pey

with

G, = (HQ;‘)&(HQ;‘), (6)

AEA, AEA,

where A, = {1 € A|ANu # @} is the set of supports whose
interactions act nontrivially on u, and P, is the projector
onto the subspace orthogonal to |¢™),. Notice that since
each G, is supported in a region of radius R around u, G is
indeed local.

The state Eq. (3) can be prepared using an adiabatic
algorithm. For that, we define a path Q,(s) with unique
ground state |¢(s)), where s € [0, 1], with Q,;(0) = T and
Q0,(1) = 0Q;. We can choose Q,(s)=(1-1s)1+s50;.

72 N S,
N /D
N
N /DN
N
AY

[
(i

FIG. 2. (a) Projected entangled pair states. (b) Purification of a
thermal state. For each system qudit, we introduce an ancilla to be
placed in a maximally entangled pair with its system particle, then
apply e#"/2 to the system.
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In the case of the thermal state, we can also choose
Q,(s) = e#"/2_Then, by starting with |¢(0)) and chang-
ing the parameter s:0 — 1 sufficiently slowly, we will end
up in the desired state |¢(1)). The runtime for this
preparation, as measured by the number of elementary
quantum gates, is unpractical, however, as it scales as
T = O(N*A=3e polylog(N/e)), where ¢ is the tolerated
error and A is the minimum spectral gap along the path.
Indeed, the adiabatic theorem [30] gives an adiabatic
runtime of 7 = O(N*A=3¢™!) so that Hamiltonian simu-
lation [31] gives T = O(zN?polylog(N/¢)).

To obtain a better scaling, we first use a variant
of the adiabatic theorem with almost exponentially
better runtime dependence on the error using a suffi-
ciently smooth reparameterization of the Hamiltonian
path. The quadratic scaling of the runtime with the
derivative of the Hamiltonian, however, leads to an
unpractical dependence on N since the Hamiltonian
contains O(N) terms that change with time. To avoid
this, we change the Q’s individually, leading to an
adiabatic runtime of 7 = O(Nlog'**(N/eA)A=?). This,
however, uses Hamiltonians acting on the whole system,
despite only the change of a single O, which would result in
an additional factor of O(N*polylog(N/¢)) for the compu-
tational time measured by the number of elementary gates.
We circumvent this problem by using Lieb-Robinson
bounds [32] and the frustration freeness to show that
under the assumption of a uniformly lower bounded
spectral gap, it is at each step sufficient to evolve with a
Hamiltonian acting only on O(polylog(N/¢)) sites instead
of the full lattice.

Thus, define a sequence of N Hamiltonian paths by
enumerating the elements of A as 4y, ..., 1y, and define

Gn(s) - Z

HEY
d(p.in)<zlog! ta(N/e)

Gp(s) (7)

forn =1,..., N, where y is a constant control parameter,
and

Guyls) = ( HA;,'m(S)> P, ( HA;.'m(S)> (8)

Am€Ay A€My

with
0, (1) m<n
Anm(s) = Qﬁm (S) m=n (9)
0, 0)=1 m>n.

Notice that G, is supported on a region of radius
O(log't*(N/e)) and dG,/ds is supported on a region
of bounded size. By reparameterizing G,(s) = G,(f(s))
with f, a function in the Gevrey class 1 + a, we can assume
G, to be in the same Gevrey class [33].

Consider the sequence of Schrodinger equations

)|wn>, W (O)) = lwa(er)) (10)

d t
iy, =G, —
ldt|l//n> n (T

n

for times 7, = O(log(N/e)!™®), starting in |y ;(0)) =
|$(0)), the trivial ground state of G(0). The algorithm
proceeds by running Hamiltonian simulation [31] on this
sequence of adiabatic evolutions. Since at all times we only
evolve with Hamiltonians acting on O(polylog(N/¢))
sites, the number of gates only grows as Eq. (1).
Moreover, the evolution of consecutive G,’s can be
parallelized if their support is disjoint, i.e., if G,, ..., G,
have disjoint supports, the subsequence can be replaced
by their sum without altering the evolution. Since
|suppG,| = O(polylog(N/¢)), it is clear that an ordering
of the 4, can be chosen such that subsequences of length
Q(N/polylog(N/¢)) of the G,;s can be parallelized at a time,
resulting in a circuit of depth Eq. (2), an almost exponential
improvement over previous bounds.

In the following, we show that for a uniformly lower
bounded gap, the error of the above algorithm is bounded
by e First, we use that under sufficient smoothness
conditions on a Hamiltonian path G(s), the final error
can be almost exponentially small in the adiabatic runtime.
Indeed, as proven in the Supplemental Material [36], if G is
in the Gevrey class 1 + a and d*G/ds* = 0 at s = 0, 1 for
all kK > 1, then an adiabatic runtime of

K\ K?
T = 0(10g1+(l (gA) A3> (11)

is sufficient for an error &, where A is the minimum gap
of G(s) and K = |suppdG/ds| if G is local. The required
smoothness conditions can always be achieved with a
suitable reparametrization of the path G(s) - G(f(s)).

This allows us to implement the global change of the
Hamiltonian, Eq. (5), as a sequence of N local changes.
Define the sequence of Hamiltonian paths,

Gu(s) =) _Guuls). (12)
HEY

Notice that Eq. (12) is the same as Eq. (7), but contains all local
terms G, ,. The weak dependence on e~ 'in Eq. (11) ensures
that the accumulated error under the sequential evolution
with Eq. (12) remains small. Indeed, for a final error &, it is
sufficient that the evolution with each G, in this sequence only
generates an error of at most ¢/N. Equation (I11) and
|suppdG,, /ds| = O(1) imply that this can be achieved in a
time 7, = O(log'™*(N/eA,)A,?), where A, is the mini-
mum spectral gap of G,,. A decomposition into a circuit then
requires T = O(N>polylog(N/eA)A™3) elementary gates,
where A = min, A,. This is already an improvement by a
factor N over the naive change of the entire Hamiltonian,
assuming similar behaviour of A compared to the spectral gap
of the original path G(s).
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Assuming that A = Q(1), we can further improve
on this using Lieb-Robinson bounds to localize the
effect of the adiabatic change. Indeed, we show in the
Supplemental Material [36] that local terms in Eq. (12)
which are supported at a distance Q(log'"*(N/¢)) away
from the support of dG,,/ds do not significantly contribute
to the unitary evolution generated by Eq. (12). This allows
the replacement of Eq. (12) with Eq. (7) without signifi-
cantly altering the evolution and thus the final state.
Notice that G, only acts on O(polylog(N/e)) sites and
7, = O(polylog(N/¢)) for all n. Thus, its unitary evolution
can be simulated with only O(polylog(N/¢)) gates. Hence,
we finally obtain a number of gates in the circuit model that
grows only as Eq. (1) for a constant error and lower bounded
spectral gap. Using the described parallelization, we finally
obtain a circuit depth, Eq. (2), as claimed.

In the analysis above, we have assumed a gap > A along
all N paths. This assumption can in fact be relaxed to a gap
at either s = 0 or s = 1 (see Supplemental Material [36]),
using the positivity condition on Q;. We thus say that the
system has a uniformly lower bounded gap A if for all finite
subsets A C A, the Hamiltonian, Eq. (5), has a spectral gap
> A. Under this assumption [47], the circuit depth, Eq. (2),
can be guaranteed [48].

For the preparation of thermal states of classical
Hamiltonians H, it is natural to compare these results with
the performance of classical Monte Carlo Markov chain
algorithms for Gibbs sampling such as the Metropolis
algorithm or Glauber dynamics. Notice that due to the
nature of their implementation, a fair comparison of
performance should compare the mixing time of a
discrete-time Markov chain to the number of elementary
quantum gates, whereas the mixing time of a continuous-
time Markov chain should be compared to the circuit depth.
The best known upper bound on the discrete mixing time for
Monte Carlo Markov chain algorithms for sampling from
Gibbs distributions of classical Hamiltonians given just the
promise of a spectral gap scales as O(N?). Although under
certain additional assumptions such as translational invari-
ance [49,50], weak mixing in two dimensions [51], or high
temperature [52], the existence of a logarithmic Sobolev
constant and hence the rapid (discrete) mixing time of
O(NlogN) can be proven, no such proof exists for the
general case to the best of our knowledge. Our scheme thus
outperforms classical Monte Carlo algorithms whenever
rapid mixing cannot be shown even in the presence of a
uniform gap.

Note that any classical Monte Carlo algorithm can be
realized as an adiabatic algorithm, as has, e.g., been
observed in Ref. [20]. Indeed, if S is the generator matrix
of a continuous-time Monte Carlo algorithm that satisfies
detailed balance with respect to the Gibbs distribution,
G = —ePf/2Se7PH/2 is Hermitian. This Hamiltonian has
the same spectrum as —S and has the unique ground state
e PH/2|+)®N  For classical Hamiltonians H, this state has

the same measurement statistics as p; for observables that
are products of 6. By introducing an ancilla for every
particle and applying the map |i)+>|ii), the purified version
of the thermal state can also be recovered, and its parent
Hamiltonian has the same spectrum as —S within the
symmetric subspace. Thus, any classical system with a
uniform spectral gap for the generator matrix can be turned
into a rapid adiabatic algorithm.

For quantum Hamiltonians, notice the restriction to
commuting local terms. For noncommuting local terms,
an approximate quasilocal parent Hamiltonian can be
considered above some constant temperature that allows
the preparation in polynomial time. We describe this
procedure in the Supplemental Material [36].

For the preparation of injective PEPS, the given algo-
rithm is similar to Ref. [7], which, however, requires a
runtime of O(N*) in the uniformly gapped case, due to the
use of phase estimation and the “Marriot-Watrous trick,”
which are computationally expensive for large systems.
The better runtime of the present algorithm is largely due to
replacing these subroutines by a local adiabatic change.

Throughout the analysis of this Letter, we focused on the
case where a uniform constantly lower-bounded spectral gap
is assumed. This assumption is only used to obtain a small
number of elementary gates and circuit depth, whereas the
adiabatic runtime of 7 = O(N log!**(N/eA)A™?) is inde-
pendent of this assumption [53]. In contrast, the runtime of
the algorithm to prepare PEPS givenin Ref. [ 7] only grows as
T ~ A~! for small gaps, and for thermal states, algorithms
based on quantum walks, phase estimation, and the quantum
Zeno effect have been proposed with a runtime of T ~ A~1/2
[12,21,22], albeit with worse scaling in the system size.
We believe that similar techniques can be applied to our
scheme of local changes to obtain a good scaling of the
runtime for both large system sizes and small spectral gaps.
Moreover, it would be interesting to investigate if this
scheme of local changes can also be applied to speed up
classical Monte Carlo algorithms.

We have also shown that the algorithm can be paral-
lelized, thus giving rise to a circuit depth that scales only
polylogarithmically with N. This is particularly attractive for
certain experimental realizations of analog quantum simu-
lators, such as with atoms in optical lattices [54] or trapped
ions [55], where this could be carried out in a very natural way.

We thank A. Lucia, D. Pérez-Garcia, A. Sinclair, and
D. Stilck Franca for helpful discussions. This work was
supported by the EU Integrated Project SIQS.
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I. PROOF OF THE ADIABATIC THEOREM WITH ALMOST EXPONENTIAL ERROR DECAY

In this section, we prove a variant of the adiabatic theorem that only requires a runtime almost exponentially small in
the allowed error. Our proof largely follows the proof given in [1], which is based on the method of adiabatic expansion
[2]. The adiabatic expansion in [2] establishes an approximation of the time-dependent Schrédinger evolution in terms
of the instantaneous ground state and its derivatives, but on its own does not necessarily imply an adiabatic theorem
because it assumes a special initial state. Our proof, like [1], resolves this problem by exploiting the Gevrey-class
condition which allows to satisfy these initial conditions, and uses this expansion to establish a bound on the required
runtime. However, unlike [1], which only proves the almost exponential dependence of the runtime with respect to
accuracy, our proof also explicitly establishes the dependence on all other parameters such as the spectral gap and
the bound on the Hamiltonian derivatives [3].

Consider a smooth path of Hamiltonians, G(s), s € [0, 1], acting on a finite-dimensional Hilbert space H. Let ¢(s)
[1] be the ground state of G(s) and (e, s) the solution of the following Schrédinger equation:

i (e,8) = G(s)(e,8),  9(0) = $(0), (13)

where 1/e = 7 is the runtime of the adiabatic algorithm, and * denotes derivative with respect to s. We assume
furthermore that the ground state energy of G(s) is 0 (i.e., we fix the phase of 1) and that it has a gap at least A
throughout the whole path. By an appropriate choice of the phase of ¢, we can without loss of generality assume that
<¢>(s)‘ ¢(s)> = 0. In the following, we will sometimes drop the explicit dependence on s to simplify the notation.

Unless otherwise stated, ||.|| will always denote the operator norm for operators and the Euclidean vector norm for
vectors (it will always be clear from the context which one is used). In this section, we prove the following theorem.

Theorem 1. Suppose that all derivatives of G vanish at 0 and at 1, and moreover that it satisfies the following Gevrey
condition: there exist non-negative constants K, ¢ and « such that for all k > 1,

L

GP|| < KeF = .
691 < Ke* =

(14)

Then,

: K (47*\° R S
1 _ i < | — . — - | — R
meln||1/J(e,1) e’ (1) < 8ce ( 3 ) exp (4682 (4772) T 2) . (15)

Notice that we don’t require the Gevrey condition (14) to hold for k = 0. Therefore, in the application of Theorem 1

in the main text, K = O(1) since along the paths G, (s) (as defined in (12) in the main text), only O(1) local terms
change.

Proof of Theorem 1. Following the adiabatic expansion method from [1, 2], we search (e, s) in the form of an asymp-
totic series expansion by constructing vectors ¢;(s), s € [0,1], j > 0, such that for all M > 0,

M-1 4
vies) = D ¢;(s)e|| = O(). (16)

j=

We first show an explicit expression for ¢; provided that such an expansion exists. Second,we prove that the expansion
really exists if G(*) (0) = 0 for all £ by giving an explicit error bound. Third, to connect the expansion to the adiabatic
theorem, we show that

M-1

min [[¢(e, 1) — o) < 2l(e,1) = Y bi(s)el, (17)

Jj=0



for some @ for all M if G(®)(1) = 0 for all k. This already proves an error bound of O(¢™) for any M. Finally, if
G is Gevrey class, then the error bound can be expressed with the help of the parameters appearing in the Gevrey
condition and using a suitable choice of M yields to the bound in Eq. (15).

Ezxplicit form of ¢;. To satisfy the equation at s = 0, we require ¢o(0) = ¢(0) and ¢,;(0) = 0 for all j > 0.
Furthermore, substituting back the ansatz to the Schrodinger equation Eq.(13), following [2], we arrive at the recursion

1 (t/)

. 'G_l"—, j:' td/ v G~ .j— / , 18
by = o0 +iG Y, gy =i [ ar (i) da(t)) (15)

for all j > 0, where ¢;(s) is a complex number and G~! is the pseudo-inverse of G, and initial values are

Note that ¢;(0) has to be zero in order for ¢;(0) to be zero, but this is not a sufficient condition. We will investigate
below when ¢;(0) = 0 can be satisfied.

Ezistence of the expansion. To satisfy ¢;(0) = 0 for j > 0, éj_l(O) needs to be parallel to ¢(0). This is satisfied if
all derivatives of G are 0 at s = 0 (see Lemma 2 below). We show that if this condition is fulfilled, then the expansion
exists.

Define the truncation of the asymptotic series expansion,

M- .
’(/JM = Z (bjGj. (21)

Note that if ||t —vps|| = O(M~1), then the expansion exists. Indeed, then || —ns|| = || —¥ars1 +eMdnr]| = O(eM).
By construction, ¥,; almost satisfies the Schrodinger equation: zewM Gippy +ieM bri_1. Let U (s) be the dynamics
generated by G/e Then, |[¢ar(e, s) —p(e, s)|| = |U(s) ar(e, s) — ¢(0)] and
< M—l/ ds/
0

Mt / ds'U T¢M 1
where we used that if the first M derivatives of G are 0, then 9us(e,0) = ¢(0). This proves the existence of the
expansion.
Connecting the expansion to the adiabatic theorem. Using the triangle inequality, we obtain

min [[¢(e, 1) — (L) < llvo(e, 1) —da(e, D + min [[¢nr (e, 1) — e“o(1)].

o) wstes) - 60 = | [ as 3 @) | = 22

(23)

In Lemma 2, we prove that if the first M derivatives of G(s) vanish at s = 1, then ¢;(1) is parallel to ¢(1) for
all j = 1,..., M. Therefore, 1p(e, 1) is parallel to ¢(1), so that ming |[¢ar(e, 1) — o) = ||lvar(e, 1)|| — 1|. But
1 = ||¢o(e, 1), so using the triangle inequality, we get ming |[¢ar(e, 1) — €@ (1)|| < ||var(e, 1) — (e, 1)||. Therefore,

min [[¢(e, 1) — PP < 2[9p(e, 1) — (e, 1] (24)

Choice of M. From Eq. (22) and (24),

1
min [[1(e, 1) — e?o(1)]| < 2, 1) — Y (e, 1| < 2€M_1/0 [ éar—ll; (25)

so we only need to bound ||q.SM,1||. We do this by using that G is Gevrey class. From Lemma 7 below,

M-1
Ar? K (472\° | K2 472\ ° (M) +e
<27 . 2c— [ — e —
loar—l <2 5 %A ( 3 ) A ( 3 > ] (M +1)2 (26)

Therefore,

3
(e, 1) — $(1)]] < M1 .8(;% <4W2>

K2 42\ e
3 Arie (3)] (M+1)2 27)




Changing M to M + 1 and using that [(M + 1)!]'+® /(M + 2)? < MO+2)M e obtain

. M
ote ) ot <5k (1) [0 4 (122, Mﬂ - &S
This is true for any M, so setting
1
M= (TAS ) 7l (29
eK?4¢? (4”2)
we obtain
3 5\ THa
ot - o) < seey (1) e d - (241 () ) . (30)
This proves Theorem 1. O

We have repeatedly used the following lemma in the proof of Theorem 1.
Lemma 2. If G®¥)(s9) = 0 for some so € [0,1] and for all k =1... M, then
(i) ¢F)(so) is parallel to ¢(so) for allk =0,..., M,

(ii) [GCV)Y (s0) =0 for all k=1,..., M,
(i) qS,(Cl)(so) is parallel to ¢(sg) for allk =0,....M and1=0,...,M — k.

Proof. G¢ =0, so (Gp)F) = ZJ ( )GWE=3) = 0 for all k. Applying this for k& < M and evaluating the result at
so, the derivatives of G vanish, thus Gqﬁ(k) = 0 and therefore ¢(*) is parallel to ¢ at sq, which proves (i).
To prove (ii), use the Cauchy formula

1

G l=_—

2m

where I' = {z € C | |z] = A/2} is a fixed curve around 0. Taking the kth derivative of Eq. (31) and evaluating it at
S0, we see that the derivatives of G~! also disappear.

(z — G)_lldz, (31)
r z

To prove (iii), we proceed by induction on k. By (i), the claim is true for k¥ = 0. For k > 0, we have gb,(cl) =
(ord)® + i(G’lngECljl)(l). By (i), the first term is parallel to ¢ at so. The second term consists of derivatives of G~*
and derivatives of gb,(cl). By (ii), the derivatives of G™! vanish at sg, so that the only remaining term is iG !¢, ZH).
But this term also vanishes at sy by the induction hypothesis. This proves (iii). O

In the remainder of this section, we derive the bound on the norm of ¢y;_; which was used in the proof of Theorem 1,

following the analysis in [1]. First, we recall two technical lemmas from [!], which will be used repeatedly.

Lemma 3. Let p,q be non-negative integers and r = p + q. Then,

R\ )k — L+ g [(k 4 r)l)ite 472
;(1)(1+p+1)2(k—l+q+1)2§(k+r+1)23' (32)
Proof. Notice that if r = p + ¢, then
b ) e
(I;) [+ p)(k+q—DH = (l)[(lf—lﬂ < [(k + r)ltte. (33)
(l+p)

To upper-bound the summation, divide the sum into two parts at [(k —p+q)/2]. Ifl < |(k —p + ¢)/2], then
(k—Il4+qg+1) > [(k+p+q)/2] +1. Otherwise, if I > | (k—p+q)/2], then (I+p+1) > [(k+p+q)/2] + 1. Therefore,

k 9]
1 1
. 34
; (I+p+12(k—1+q+1)2 ; l+1 (L(k+p+q)/2] +1) (34)

This can be upper-bounded by 472/3 as k+p+q+1 < 2(|(k+p+q)/2] +1). This finishes the proof of Lemma 3. [



We now use Lemma 3 to prove that if A and B are Gevrey-class, then their product is also Gevrey-class.

Lemma 4. Let A(s), B(s) (s € [0,1]) be smooth paths of either vectors in H or operators in B(H) satisfying

k+p)ltte [(k+q)]"*
AW < ggelEEPITT d | BW| < B0 35
AW < ca i B < B (3)
for some non-negative constants C,d, E, f, non-negative integers p,q, and for all k > 0. Then,
472 [(k+r)ite
ABW | < Z—CBgFt— 12
(B < S-CBg (36)
for all k > 0, where g = max(d, f) and r =p+q.
Proof. We have
k _
sl < 3 (7)1a0 s, (37)
1
so inserting the bounds (35) and upper-bounding d and f by g, we obtain
R\ [+ ) [(k — 1+ e
AB)W| < CEg* () : 38
ICAB)™ 1] < 92; 1) (+p+1)2 (k—1+q+1)? (38)
Using Lemma 3 to upper-bound the r.h.s. of this expression proves Lemma 4. O

Next we give a bound on the derivatives of the pseudo-inverse G~!. As G is non-invertible, the proof consists of
two steps: first reducing the problem to the invertible case, then proving that the inverse of an invertible Gevrey-class
operator is again Gevrey-class (assuming that the inverse is uniformly bounded).

Lemma 5. If G satisfies Eq. (14), then for all k > 0,

2\ k 1+a
K 477) [k (39)

2
Sy < 2 (KA .

Proof. First, write the pseudo-inverse using the Cauchy formula,

1 1 1
-1 _ -
¢ = 2mi ?{ G—zzdz’ (40)

where ' = {z € C||z] = A/2} is a fixed, s-independent curve. Taking the kth derivative of Eq. (40) (with respect to
s), we get

(G = o 416 -2 d D)
™ Jp z

Thus, the norm of the pseudo-inverse can be bounded by the triangle inequality,
I(G=HW| < max [|[(G ~ 2)7 . (42)
z

Note that G — z is invertible and ||(G — 2)~!|| < 2/A for 2 € I'. We now show that (G — 2)~! is also Gevrey-class,
more precisely that

llGc-21" < % (im‘“j)k ([:'I:; (43)

for £ > 0. To show this, we proceed by induction. For k£ = 0, the bound obviously holds. Taking the kth derivative
of (G—2)(G—2)"1 =1, we get

(G-2" =@-2"Y <’;> (G — 2O [(G =2 (44)

=1



Using the induction hypothesis and collecting terms (notice that I > 1 and k —1 < k — 1), we get

Ly k=1 k Ik — D)]i+e
fie-ar®=5(zx) (%) E()mmsreo “

Using Lemma 3 to upper-bound the sum in (45), we get

2 (2 Ar®\F [k)ite
P M E e e : 16
H[( N N Y (k+1)2 (46)
This proves (43). Substituting this bound into Eq. (42) proves Lemma 5. O

Next, we prove that the ground state is also Gevrey-class (with the special choice of the phase as above).

Lemma 6. If G satisfies Eq. (14), then the ground state ¢ satisfies

2\ P 14+
ol < (=5 () ) 5 @

for all k > 0, where K, c and « are defined in Eq. (1) and A is the minimal gap of G.

Proof. We proceed by induction on k. For k& = 0, (47) just reads ||¢|| < 1. For k > 0, notice that G¢ = 0 and
¢ = —G~1GW¢ since the phase of ¢ is chosen such that <¢’ ¢> = 0. Therefore,

oo fo-ra | "

Expanding the derivatives, we get

Hd)(,gH < ':z:; (k - 1) H [Gfla(l)yk_l_l)

The right hand side can be bounded using the induction hypothesis as the higest derivative of ¢ appearing there is
the (k — 1)th. For that, we first derive a bound on the norm of the derivatives of G='G(). This can be done by
applying Lemma 4 to GV and G~ and using Lemma 5 to obtain

|+ (49)

2 Ar2\ " [(k + 1)1+
~1(1) (k)’ < 2 W
H[G Gl ‘* <KCA 3 > (k +2)? (50)
for k > 0. Substituting this bound into (49), we obtain
k—1 k—1 o\ !
k—1 2 472 [(k—)l)e 2 (4r? [[Nite
®) < Ke==——) Y= (ges (2 . 1
I ”—l_0< ! )( A 3) (k—1+1)2 CA(B) (I+1)2 (51)
Notice that Il < k — 1, so
2\ * 2\ k—1k-1 _ _ n\Nita [qni+a
l6®)| < o2 An” 4r” k=1 [(k = DY [ ) (52)
A3 3 — l (k—1+1)2 (1+1)2
Thus, using Lemma 3, we obtain
k
2 [(4n2\?\  [k]ite
<k>’ < i LA
ol < (w3 (%)) 455 o

which proves Lemma 6. O



We are now in the position to bound \|q51v1_1|\. Instead of bounding it directly, we prove a general bound on all
||¢§-k) I. The desired bound is obtained then by setting j = M — 1 and k = 1.

Lemma 7. For all j, k> 0, the vectors ¢; and scalars ¢; defined in Eq. (18) satisfy

. N 1+ ) k + ) }1+O¢
||¢] || — 1449413 (k"‘] + 1)2 an |SDJ | — 2443 (k+ + 1)2 ) (5 )
where the constants A1, As and As can be expressed with the constants appearing in Eq. (14):
82 K [472\? S K2 [4m2\°
A= —, A3=2c— | — Ay =4 — [ — | .
1 3 ) 3 CA ( 3 > ) C A3 < ) (55)

Proof. We proceed by induction on j, using the recursion in relation (18). We first bound |¢;| using the induction

hypothesis, then bound |<p§»k)| for k > 0 before bounding ||¢>§k) Il
Base case.  'We have ¢g(s) =1 and ¢o(s) = ¢(s), so (54) holds for j = 0 since

K (472\°
Ay >1 and AgZQCK (g) (56)

Bound on |¢;|, 7 > 1. |p;| can be bounded by the maximum value of the integrand in Eq. (18),

sl < NG oMl < NGTHI - (191 - [|65-1ll- (57)

Using the bound on ||@|| from Lemma 6, |G~!|| from Lemma 7 and the induction hypothesis on [|¢;_1 |, we get

LTl (O)1] s
< A AA“A[() < A} 58
;] A 3 G+1)2 =~ 2(+1)?2 (58)
since
AZ 21
1>A—=—-
1A2A4 (59)
Bound on ||<p( )|| We now bound |(p§k)| for k > 0. First, from the induction hypothesis,
, NSRS
MR 1< A AJ-{M“M
Then, using Lemma 4 and Lemma 5, we get that for all k£ > 0,
ey ®  4x? 2 [(k+)tre
L. <——A AJ 1Ak+17 1
H(G & 1> H 3 AT Pk +j+1)? (61)
Moreover, from Lemma 6,
. k+1)))tte
(k) < Ak+1 [( 2
Since ¢; = <¢‘ G_l(bj_1>, Lemma 4, Eq. (61) and (62) imply that
2\ 2 ; Nl+a
(1)) _ ) < (470 2 g1 ghar [+ 7+ DT
for k£ > 0. Changing k + 1 to k gives
dm PRl eIV (CE )l s
< A A AT AR e < Aj AR T 4
! (3) ATETR T i+ 1)2 T (k- + 1) ®

2
. 2
since 1 > Al%% (%) .



7

Bound on \\¢§k)|\ We now bound qug-k)H. Using the bound on ||¢*)|| from Lemma 6 and |cp§k)|, Lemma 4 implies

472 i oakllk + )it
1(00)"|| < 7A2A§m~ (65)

Finally, using Eq. (18),

i < 2o (s [(e6) ) o

Hence, since

472 472 2
22" <A, and %ZAS < Ao, (67)
we obtain
, Allta

B < g, 40 gk LEHDTT 68
I < gl e (68)
which finishes the proof of Lemma 7 and hence the proof of Theorem 1. O

II. LOCALITY OF LOCAL ADIABATIC CHANGE

We show in this section that G,, and G, as defined in Eq. (7) and in Eq. (12) in the main text, generate basically
the same dynamics. The proof relies on G(0) being frustration-free, and a runtime of 7 = O(log*™*(N/¢)), because
it turns out that the achieved locality scales linearly with the runtime. We also use the Lieb-Robinson bound [5—8],
which states that if H is a local (possibly time-dependent) Hamiltonian with uniformly bounded interaction strengths,
U (t) is the unitary evolution generated by H, and O4, Op are operators supported on regions A, B, respectively, then

I[U()0AUT (1), O]l < cmin(|Al, |B)[|OAll|Op |l exp (vt —vL), (69)

where L is the distance between A and B, and c¢,y, v are constants depending only on the geometry of the lattice and
the maximum interaction strength.

The following theorem justifies the replacement of (12) with (7) in the main text, without significantly altering the
evolution and thus the final state.

Theoren} 8. Let G(s) = 2 pex Gu(s) be a frustmtz;on-free Hamiltonian path with O(N) local terms such that
| supp %G| = O(1), and let G be a localised version of G, i.e.,

G(s) = Z Gu(s), Y = {u eT| d(supp %é,suppGu) < XT} (70)

neY’

for some constant x and adiabatic runtime 7. Let ¢ and ¢ be the evolved states under G and G respectively, i.e.,

@'%W) =a (i) (1), i%zf?(t) =G (t) U(t), te0,7], $(0) = (0) = 6(0), (71)

-
where ¢(0) is the ground state of G(0). Then, for sufficiently large x = O(1),
[9(7) = ()| < eN>72e0=x/7, (72)
where ¢,v,v are the constants from (69). In particular, if T = O(log' ™®(N/e)), then
l4(r) = $(7)| <e/N (73)

for sufficiently large x = O(1).



Proof. For any Q C T, let Go = ZMEQ G, and Uq(t, s) be the unitary dynamics generated by Ggq. Then U satisfies

8tUQ (t7 S) = —’iGg (t/T)UQ (t, S), (74)
0sUq(t, s) = —iUq(t, s)Ga(s/T), (75)
Uq(t,s) =T exp —i/dt’GQ(t'/T) . (76)

S

Notice that Gy = G and Gy = G. We write U = Uy and U = Uy. Let B be the boundary of Y’, that is,
B={ueX|dM\p) =[x7]} and B = T\B. Then, since G(0) is frustration-free and all terms outside of Y’ are
constant, Ug(t,0)¢(0) = U(t,0)$(0) as Ug = U ® Up\y, and Upg\y ¢(0) = ¢(0). In other words, G generates the
same dynamics as G. Thus,

(1) — ()| = |[U(0) — Us(0)|| = [TU4(0) — Ugd(0)|| = [|¢(0) — UTUz8(0)]], (77)
where U and Ug are evaluated at (7,0). Let V(t) = UT(t,0)Ug(t,0). Then, since Gg = G — G5, Eq. (74) implies

%V = iU (t,0)Gp(t/T)U(t,0)V (t). (78)

We now approximate V with a local unitary to obtain a bound for (77). Let X = {u € T | d(p, B) < r} for some r
to be specified below, and let

Vx(t) = T exp {z/o dt’U;(t’,O)GB(t’/T)UX(t’,O)} (79)

For r = 3x7 and sufficiently large y = O(1), X and supp G are disjoint since | supp G| = O(1), so Gx (t/7) = Gx(0) for
all t € [0, 7]. Because of frustration-freeness, Gx (t/7)$(0) = 0, and thus the dynamics generated by Gx acts trivially
on the initial state, i.e., Ux(t,0)¢(0) = ¢(0). Thus, Vx also acts trivially on the initial state, Vx (t)¢(0) = ¢(0).
Hence, substituting this into Eq. (77), we get

16(0) = UTUS(0)|| = [[Vx$(0) — UTU(0)|| = [|6(0) — VEV(0)]- (80)
From the definition of V" and of Vx,

d
dt

where G g is evaluated at t/7. Thus, by integrating (81) and using the triangle inequality and unitary invariance of
the operator norm,

—(Viv)=ivi(UtGpU - ULGRUX)V, (81)

I6(0) - Vive) < [ at|01G0 - ULGaUx| = [ dtlGn ~ DULGRUXT, (2)
0 0
where the unitary evolutions are taken from 0 to t and G is evaluated at t/7. Observe that
0, (U(t,5)Uk () = =i (t, )G (/1)UL (1, 9), (83)

where X = T\ X. Integrating (83) over s, we get

Gp(t)r) — UULGR(t/r)UxTUT = —i / dsU(t, ) [GX(S/T) T (t,$)Gp(t/T)Ux (¢, s)} Ut(t, s). (84)

Therefore, using the triangle inequality and the unitary invariance of the norm, we get
() — G < / dt/ as | [k (1. 9)Gm(1/mUx (1. 9), Ox (5/7)]| (35)
< / dt / ds cN2e =37 < e N272em o, (86)

where the second line follows from the Lieb-Robinson bound as B and X are separated by a distance r = %XT. This
proves Theorem 8. 0



III. RELAXATIONS ON THE ASSUMPTION OF A UNIFORM GAP ALONG THE PATH

In this section, we show that the assumption of a spectral gap along the entire path of G,, can be relaxed.

Theorem 9. Suppose that én(O) has a spectral gap of at least § > 0. Then C;’n(s) has a spectral gap of at least ¢3¢
for all s € [0,1], where qo satisfies that 1T > Q) > qol (with Qx as in Eq. (3) in the main text). In particular, a
uniform gap as defined in the main text implies a constantly lower bounded gap along the entire Hamiltonian path in
the given algorithm.

Proof. Since Gn (0) is positive semidefinite and has a non-trivial kernel, the spectral gap condition of én(O)~ is equivalent
to G (0)? > 6G,(0). Note that 1 > A, ,,(s) > qol (with A, ,, as in Eq. (9)). Let X,,(s) = qug,ln(s)Gn(O)A;}n(s).
Then,

Gu(s)=>_| JI APl ] Akl (87)

HEY \m:Ap €A, Mm:Am €A,

> A | T Ak [P TI Anin(s) | Anl(s) (88)

HEY \ m:Am €A, m:Am €A,
= g5 A5 0 (5)Gn(0) A7 7, (5) (89)
= X, (s), (90)

where we used in the second line [|4; ], (s)] < o+ Notice that G, (s) and X, (s) have the same kernel and are both
positive semidefinite. Thus, the gap of én(s) is lower bounded by the gap of X, (s). But since G,,(0)? > §G,,(0), we
also have X,,(s)? > 36X, (s) since A, %(s) > 1. Thus, G, (s) has a spectral gap of at least A, > ¢§é. O

IV. GIBBS STATE PREPARATION IN THE NON-COMMUTING CASE FOR HIGH TEMPERATURES

The algorithm we presented to prepare a purifiaction of the Gibbs state of a Hamiltonian used explicitly that the
Hamiltonian is a sum of commuting terms. Thus, one may wonder if one can apply it directly to Gibbs states of
non-commuting Hamiltonians H. The genaral answer is no. The reason is that even though a parent Hamiltonian
can still be defined as

GU(B) = G =Y et P Bt (91)

pneY neY

now the terms are not local (hence the superscript nl), and the norm of each term may be exponentially large in N.
Thus, adiabatic state preparation using (91) directly takes exponential time. However, in this section we show that
for sufficiently high, but constant temperatures, one can approximate G™ by an 7 = O(log N)-local Hamiltonian G"
which is a sum of O(poly(N)) terms. We also show that in this case, G™ (and thus also G) has a (1) spectral gap
and O(N) norm. Because of the existence of the gap, the ground state of G” is a good approximation of the ground
state of G™.

Using the adiabatic theorem, the following algorithm runs in O(poly(N)) time for high enough (but ©(1)) temper-
atures and gives a good approximation of the purification of the Gibbs state of a non-commuting Hamiltonian:

1. Prepare the ground state of G"(0) = >_ oy Py

2. Calculate G™(B)
3. Prepare adiabatically the ground state of G"(3)

We first use the cluster expansion [9] to construct the approximating Hamiltonian G”. We also show that the norm
of G™ is O(N). Finally, we show that the gap of G™ is (1). For simplicity, assume that H = Y oxea IS a sum
of nearest-neighbour interactions, although the results and proofs generalise to other types of interactions. We also
assume that ||| < 1.
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Cluster expansion. We now show that G™ can be approximated by an r = O(log N)-local Hamiltonian G”. More
precisely, we show the following result.

Theorem 10. For sufficiently small (but constant) 3, there exists an r = O(log N)-local Hamiltonian G" with
O(poly(N)) terms such that

IG™ = G"[| < O(1/ poly(N)). (92)
Moreover, the terms of G™ can be calculated in O(poly(N)) time.
For any function f defined on the subsets of A, define the Mdbius transformations

f@) =" fo), (93)

ecn

FQ) =) (-1I*\°f(o). (94)

eca
It is straightforward to check that the following Lemma holds [10].

Lemma 11 (Mébius inversion).

f=f=r (95)
For any Q C A, let Ho = Y. ha, and let f,(Q) = e P e 2o p efHe for any y € Y. Using Lemma 11, one
can express Gzl as
Gil = fu(A) = ) fu(®). (96)
QCA
This so-called cluster expansion has many interesting properties.

Lemma 12. Let p € Y. If Q C A is such that p is disjoint from Q and © C A is disjoint from €, then

fu(QUO)=0. (97)
Proof. We have
fu@uey= > (—1)NYI(—)IO\lfHer p o=20Her p ePHer — (98)
2'CN,CO
since Ho: commutes with P, and with He/, and the sum over €’ is 0. O

Lemma 12 states that f# is non-zero only for connected sets of edges that, in addition, contain p. Another interesting
property of f, is that its norm can be bounded as follows.

Lemma 13. For any Q C A and any edge p,

£ (@I < (e* = 1), (99)
Proof. Expanding the exponentials, one gets
. —B)lwrl . (28)lwal . (—pg)lwsl
Q) = —1)l\el (=8) B, Poyhs, Puhos » 100
=2 CORE ol gt P oo

where ©* is the set of all finite sequences of elements of O, and for any w € 0%, |w| denotes the length of w and
hw = h>\1 . h)\‘w‘ ifw= ()\1, ey )‘|w\)

Consider the set A = supp(wy) Usupp(ws) Usupp(ws). If A #£ €, then the alternating sum in (100) over all © such
that A C © C Qis 0. Thus,

Blwil . (2p)lw1 . glws]
> .

FUQ)] < 101
1)l < ol [l o] (10D

w1y, Wo, w3 € OQF
supp (w1 ) U supp(ws) U supp(ws) =
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But this is exactly a Mobius transform, so

”JEM(Q)H < Z (_1)|Q\6| Z Blwl . (2ﬁ)|w2| . Blwsl _ Z (—1)‘9\6‘345@' _ (645 B 1)&'. (102)

wil|! - |wa|! - |ws]!
ecn w1 wa,ws EO* ]t fwa |t fuws] eca

O
We are now in a position to prove Theorem 10.

Proof of Theorem 10. Using (96), we can write Gﬁl as a sum of local terms where the norm of the terms decay
exponentially with their support. As the number of terms with a given size is bounded by the lattice growth constant
[11], Gt = O(1) above some temperature. Indeed, let 1) be the lattice growth constant, so that the number of sets

of connected edges containing p and of size M is bounded by e” . Then,
G < > 1@l < > e™ (e — )M =0(1) (103)
QCA M>0

if 8 is sufficiently small (but constant). In this case, Gﬁl can be approximated by an r-local operator G}, by omitting
all connected sets Q2 of size at least . The error of this approximation is

T

e —anl < S R@) < Y e - v = D)y (100

1Q1>r M>r Sl -1 1-y

where y = e (64'8 — 1). Therefore, above some constant temperature, the cluster expansion can be truncated at
|Q| < O(log N), giving an error of O(1/ poly(N)). This results in a O(log(N))-local Hamiltonian

D DD DA (105)

1 |Q|<O(log N)

with O(poly(N)) terms. Note that this Hamiltonian can now be calculated in O(poly(/N)) time. Indeed, there are
O(poly(N)) terms f,(€2), and each term can be evaluated in O(poly(IN)) time since there are at most O(poly(V))
subsets of each (). O

Gap of G™. Tt remains to be shown that at sufficiently high (but constant) temperatures, the parent Hamiltonian
is gapped.

Theorem 14. For sufficiently small (but constant) 3, G™ has a spectral gap of Q(1).
Proof. To show the existence of a gap, we use that G™ > 0 is frustration-free, so it is enough to show that
(G™H2 > AG™ (106)
for some A = Q(1). Expanding G™, (106) is equivalent to
Y G+ Enar =y AGH. (107)
B n#V B

Using Eq. (104) with » = 1, we get that Gﬁl is close to P, = G;'L:l for high temperatures and thus it is gapped and
the gap is close to 1. Therefore, it is enough to show that for some other constant A’ < 1,

Y oarert ==Y NG (108)
e B

We upper bound the r.h.s. by lower bounding Z# GZZ as

dap> %Zﬂ > ail+ay (109)
I T

d(p,v)=r
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where z =23 e "Cyr? = O(1) is the number of times a single term is counted, and d is the dimension of the lattice.
Therefore, it is enough to prove that for a given r and any pair u, v with d(u,v) =r,

T n 1 - . T
Grign > —A’Ee G+ Gy, (110)
Note that the kernel of the LHS of (110) is contained in the kernel of the RHS. Next, Gzl +G™ can be lower bounded
by
nl nl 1
Gp, + Gu > 5 (1 - PKer(GﬁlJrG,’}l)) P (111)

since Gzl + G = P, + P,, which has gap 1, and at sufficiently high (but constant) temperature the difference is
sufficiently small.

To lower bound the Lh.s of (110), write G = ‘GLT/Q]‘ + X, and G = ‘Glr,r/ﬂ‘ + X,. ‘G,ET/Z]) and ‘GLT/ﬂ’

commute as they are supported on two disjoint regions, and they are positive, thus their product is also positive. The
norm of X,,, X, is bounded by (with y = " (64’8 — 1) as defined in the proof of Theorem 10)

[r/2]
T T s T y
| Xull = 1Gu = 1GNI < 11Gy = G2+ G =G| < 35— (112)

since ||GT! — GLT/QWH < yI"21/(1 —y) by (104), and thus cl’? > —ylm/21/(1 =), so Gl |Gl[,r/2]| <
2y["/21/(1 — ). Using that above some constant temperature |Gl < 2, we get that

r/2
arigrt — |GgIr2|clr2)|| < 18M <nLer (113)
By i v - T 1l-y ~ 2"

for sufficiently small (but constant) . Therefore for any u, v pair, the following is true:

[r/2] 1 1
Y _ —
Gzngl > —18 1= 1- PKer(GﬁlGj}l)} > —A'%e 1= PKer(GﬁlJrG’l}l)] > —A/EC 7n(G’ZLZ + G:,ll), (114)
as the kernel of GG contains the kernel of G' + G2, This proves Eq. (110) and thus Theorem 14. O

[1] G. Nenciu, Comm. Math. Phys. 152, 479 (1993).

[2] G. A. Hagedorn and A. Joye, Journal of Mathematical Analysis and Applications 267, 235 (2002).

[3] Exponentially small errors have also been reported in [12], however, £(n) appearing in Eq. (22) of that paper should be
defined as the supremum over S, instead of [0, 1], which implies a dependence of this quantity on N. Once this is taken into
account, it is unclear how the arguments of that paper imply an exponentially small error for arbitrarily large runtimes.
Nevertheless, numerical evidence in [13] suggests that the error can be viewed as exponentially small for sufficiently small
runtimes.

E. H. Lieb and D. W. Robinson, Comm. Math. Phys. 28, 251 (1972).

M. Hastings and T. Koma, Comm. Math. Phys. 265, 781 (2006), arXiv:math-ph/0507008 [math-ph].

B. Nachtergaele and R. Sims, Comm. Math. Phys. 265, 119 (2006), arXiv:math-ph/0506030 [math-ph].

S. Bravyi, M. B. Hastings, and F. Verstraete, Phys. Rev. Lett. 97, 050401 (2006), arXiv:quant-ph/0603121 [quant-ph].
R. Kotecky and D. Preiss, Comm. Math. Phys. 103, 491 (1986).

See also A. Molnar, N. Schuch, F. Verstraete, and J. I. Cirac, Phys. Rev. B 91, 045138 (2015), arXiv:1406.2973 [quant-ph].
D. A. Klarner, Canad. J. Math. 19, 851 (1967).

D. A. Lidar, A. T. Rezakhani, and A. Hamma, Journal of Mathematical Physics 50, 102106 (2009).

A. T. Rezakhani, A. K. Pimachev, and D. A. Lidar, Phys. Rev. A 82, 052305 (2010), arXiv:1008.0863 [quant-ph].



68 3. Publications

3.3 Semi-injective PEPS

In this Section, we include the following paper:

e Andras Molnar, Yimin Ge, Norbert Schuch, and J. Ignacio Cirac. “A generalization
of the injectivity condition for Projected Entangled Pair States”. In: J. Math. Phys.
59, 021902 (2018) 59.2, 021902 (June 22, 2017), p. 021902. arXiv: 1706.07329v1

In this project we introduce the class of semi-injective PEPS that encompasses a large
set of important states, such as injective PEPS, the two-dimensional AKLT model or the
cluster state. We derive a fundamental theorem for them: a way to decide whether two such
PEPS describe the same state. The motivation initiates from the understanding of how
Gibbs states of commuting local Hamiltonians can be written as PEPS (see Section 3.2).
Consider a nearest neighbor Hamiltonian,

H = hij, (3.1)
(i)
with commuting terms: [h;;, hjx] = 0; then, the Gibbs state is simply the product of the
local terms:
e PH = H e~ Phis (3.2)
(i)

Let us take a Schmidt decomposition of these local operators,

ey =30 e oy (3.3)
k

The PEPS tensor can then be written as
Aupns = 0900000, (3.4)

Note that operators ) ), resulting from the Schmidt decomposition, commute with each
other. These PEPS behave similarly to an injective PEPS: they have a parent Hamiltonian
with a unique ground state for any finite system size (see Section 3.2). As all classical
Hamiltonians are of this form, some of these states are critical, i.e. they have algebraically
decaying correlations. In this critical case, the parent Hamiltonian has to be gapless. On
a honeycomb lattice, this PEPS is a normal PEPS: grouping the six vertices of a hexagon
results in an injective tensor:

6
— H 6—5hi,i+1 . .3
=1

I L



http://dx.doi.org/10.1063/1.5007017
http://dx.doi.org/10.1063/1.5007017
https://arxiv.org/abs/1706.07329v1

3.3 Semi-injective PEPS 69

where the dots on the Lh.s. represent the PEPS tensors, while those on the r.h.s. — the
Schmidt operators oL, Injectivity now follows from the fact that the operator on the r.h.s.
is invertible and that the Schmidt vectors are linearly independent. On a square lattice,
the same construction is no longer injective. The reason is that in this case, any finite
region contains a corner, i.e. a tensor with two edges going out of the region; this results
in a non-trivial kernel localized at the corner independent of the size of the region.

This phenomenon does not only occur in case of Gibbs states, but in other important
states too, such as the AKLT state in two dimensions, the cluster state, or the CZX model
providing a canonical example for SPT order in two dimensions. In this publication, we
provide a unified framework for discussing these states by introducing a class of PEPS
that we term semi-injective PEPS. We provide a theorem that characterizes when two
such PEPS generate the same state, and thus can classify the symmetries of such states.
We find that a global symmetry can be represented by an MPO acting on the boundary of
a given region. These MPOs provide a (projective) representation of the symmetry group,
and the classification of such MPO representations lead to the 3rd cohomology classification
of Chen et. al [71]. Therefore the class of semi-injective PEPS provides us with means to
rigorously represent the SPT classification in two dimensions.
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A generalization of the injectivity condition for Projected Entangled Pair States
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Max-Planck-Institut fir Quantenoptik, Hans-Kopfermann-Str. 1,
D-857/8 Garching, Germany

We introduce a family of tensor network states that we term quasi-injective Pro-
jected Entangled-Pair States (PEPS). They extend the class of injective PEPS and
include other states, like the ground states of the AKLT and the CZX models in
square lattices. We construct parent Hamiltonians for which quasi-injective PEPS
are unique ground states. We also determine the necessary and sufficient conditions
for two tensors to generate the same family of such states in two spatial dimensions.
Using this result, we show that the third cohomology labeling of Symmetry Protected
Topological phases extends to quasi-injective PEPS.



I. INTRODUCTION

Tensor Network States (TNS) are expected to approximate ground states of local Hamilto-
nians well' 3. Their local description in terms of simple tensors makes them suitable for both
numerical and analytical investigations. First, this local structure enables calculations in
large or infinite systems. In fact, the Density Matrix Renormalization Group (DMRG) algo-
rithm?, which proved successful in simulating one-dimensional systems, can be re-expressed
in terms of Matrix Product States (MPS)>¢, the simplest TNS. This connection also moti-
vated a provably efficient algorithm to find the ground state of a gapped one-dimensional
local Hamiltonian”. Algorithms based on higher-dimensional generalizations of MPS, Pro-
jected Entangled Pair States (PEPS®?), are now also giving the best known numerical results
for certain Hamiltonians in two dimensions (see, for example, Ref. 10-12). Second, TNS are
useful for creating and analyzing exactly solvable models with translation symmetry. In-
deed, paradigmatic wavefunctions appearing in different areas of research have a very simple
PEPS description, where one can generate a whole family of many-body states by contract-
ing, according to a given geometry, the so-called auxiliary indices of N copies of a single

13,14 ynder-

tensor. In two-dimensional systems this includes, for instance, the Cluster State
lying measurement based computation, the rotationally invariant spin-liquid AKLT1¢ and
RVB!7 states, and other chiral'®!® and non-chiral states?®?* embodying topological order.
In particular, PEPS encompass all known non-chiral topological orders?*. All these states
allow for the construction of local parent Hamiltonians and, by making use of their local

description, the ground space structure and the behavior of the low-energy excitations can

be fully analyzed.

In the last years, the theory of TNS has been considerably developed. In particular,
in one dimension a general structural theory of MPS is known. First, the “fundamental
theorem of MPS”25%¢ states that any two tensors generating the same family of wavefunc-
tions can always be related by a “gauge” transformation acting on the auxiliary indices of
each tensor independently. This result allowed for the classification of symmetry-protected

topological (SPT) phases in one dimension?”?

. Indeed, let us consider an MPS invariant
under a symmetry group G. Then, the local gauge transformations which relate the tensor
generating the MPS and that obtained by a symmetry action form themselves a projective

representation of G?%3°. The equivalence classes formed by those projective representations,



which are labelled by the second group cohomology H?(G,U(1)), thus characterize the dif-
ferent SPT phases under the action of GG. Second, for any MPS there exists a systematic way
of constructing parent Hamiltonians with a controlled ground space?>3!:32. All this renders
MPS a general framework for the study of solvable models and the classification of phases

in one dimension.

In two dimensions, considerable progress has been made in understanding the descrip-

tion of topologically ordered phases in the PEPS framework?023:33:34

. However, a general
structural theory of PEPS and, in particular, a “fundamental theorem of PEPS”, is only
known for a specific class, termed “injective”31:3%, Those are PEPS whose generating tensor,
when considered as a map from the auxiliary to the physical indices, can be inverted. While
formally, any random PEPS (after blocking few spins) is injective, many relevant examples
such as the square lattice AKLT model'®, the RVB?¢37 state, wavefunctions obtained from
classical statistical mechanics models®”, as well as all topologically ordered states, do not
have this property. Their lack of injectivity prevents us from understanding their behav-
ior under symmetries and, at the same time, makes the canonical construction of parent
Hamiltonians with unique ground states for injective PEPS inapplicable.

In order to analyze SPT phases in two dimensions, one might thus tentatively restrict to
injective PEPS and apply the fundamental theorem, which yet again yields a projective local
symmetry action on the auxiliary indices. However, in two dimensions the classification of
projective representations in terms of group cohomology is not stable under blocking, and
thus cannot be used to label phases under symmetries unless translational invariance is

imposed®®. This is remedied by the CZX model proposed by Chen et al.?®

. It is made up
from a non-injective PEPS with a corresponding symmetry action, in a way that it exhibits
non-trivial symmetry invariants which are insensitive to blocking. Specifically, the symmetry
action on the auxiliary indices at the boundary of any region is given by Matrix Product
Unitary Operators (MPUQOs). Those can be labeled by elements of the third cohomology
group H?(G,U(1)) of the symmetry group G, and therefore those elements are expected to
label the different SPT phases.

In this paper, we introduce quasi-injective PEPS and develop the structure theory for
them. They significantly generalize injective PEPS and include, among others, the square-

lattice AKLT model, all wavefunctions based on classical models, as well as CZX-like states.

Our central result is a “fundamental theorem of quasi-injective PEPS” which states that any



two tensors generating the same quasi-injective PEPS are related by an invertible Matrix
Product Operator (MPO) acting on their auxiliary indices. For quasi-injective PEPS with
an on-site symmetry, the corresponding MPOs form a representation of the group. We
give a general and fully rigorous proof, based on the arguments of Chen et al.*®, that these
MPO representations are labeled by the third cohomology group H?*(G,C*) = H*(G,U(1)),
suggesting that this labels SPT phases for all quasi-injective PEPS, including those away

39 or with non-unitary symmetries. We further show that

from fixed point wavefunctions
symmetries of quasi-injective PEPS must have a special two-layer structure. This, by itself,
enables the definition of an MPO acting on the physical indices alone, and thus allows one to
assign another label H3(G, C*) to the symmetry action, which we show to coincide with that
of the MPO acting on the boundary. Therefore, the SPT labeling is just as much a property
of the physical symmetry itself as it is of the boundary, and can in fact be directly inferred
by analyzing the structure of the physical symmetry action, without needing to invoke the
underlying PEPS. As a corollary, this implies that the H? label of the MPO action is well-
defined and, in particular, the same on the horizontal and vertical boundaries, also in the
absence of rotational symmetry. Furthermore, we also provide two different construction for
parent Hamiltonians with unique ground states.

The paper is structured as follows. In Section II we introduce the formalism, and define
quasi-injective PEPS. In Section III, we give an overview of the main results of the paper.
Readers who are interested only in the results rather than the proofs might thus restrict to
Sections IT and III. In Section IV, we discuss parent Hamiltonian for quasi-injective PEPS.
In Section V, we summarize central results from the structure theory of MPS needed for the
remainder of the paper. In Section VI, we develop the structure theory of quasi-injective
PEPS, i.e., we give a local characterization of when two quasi-injective PEPS generate the
same state. In Section VII, we apply this to characterize symmetric quasi-injective PEPS,

yielding the characterization in terms of the third cohomology group.

II. FORMALISM

In this section we introduce MPS, PEPS and the graphical calculus commonly used in
the field of tensor networks (TNs). We modify the standard notations in order to be able

to represent TNs that are concatenations of several layers of two-dimensional TNS. Using

4



this notation, we define quasi-injective PEPS. We show that this class of PEPS contains
all injective PEPS as well as some examples that are not known to have injective PEPS

description.

A. Notation

Translationally invariant MPS are defined in terms of a single rank-three tensor A €
CPoCPeCh A=), ,Alsla) (Bl @ i) = 37, A’ ® [i). The corresponding state on n

particles is

:ZTr{Ail...Ain}\il...in>. (1)

The tensor and the corresponding state can be represented graphically as follows. Each
tensor is represented with a square with lines attached to it. The number of lines connected
to the rectangle is the rank of the tensor and each line represents one index. For example,

the single MPS tensor is represented as:

-

Tensor contractions are depicted by joining the lines corresponding to the indices contracted.

For example, the contraction of two MPS tensors is

A A
> AusAb |yl @ lij) = ﬁ—ﬂ (3)

afyij

Same way, the MPS can be depicted as:

:ZTr{Ail...Ain}ul...in): E‘ﬁ—Aﬂ iﬁj (4)

We refer to the contracted legs as bonds or virtual indices, D as the bond dimension of the

MPS tensor A, the uncontracted leg as physical indez, and d as the physical dimension of
A.

We will define PEPS now as generalizations of MPS. We will consider a square lattice,

although other geometries can also be used. Take a rank-five tensor B:

B:f;p. (5)

5



Consider an n x m rectangular grid with periodic boundary conditions (that is, on a torus).
PEPS is defined then by placing the tensor B at every lattice point and contracting the

neighboring tensors:

A
NS NN

An equivalent description is the following. Place maximally entangled pair states on the
edges of the grid. These particles are referred to as virtual particles. At every lattice point,

act with an operator on the four virtual particles closest to the lattice point:

Here each dot represents a virtual particle, the lines connecting them represent that they are
in an entangled (here the maximally entangled) state. The red circles depict the operators
acting on the four virtual particles. We call a PEPS injective if these operators are injective
maps.

In the following, we use this notation when drawing tensor networks in two dimension.

For example, a four-partite state will be depicted as

(8)

This four-partite state can equally be thought of as a non-translationally invariant MPS on

four sites. Then each corner depicts an MPS tensor. Operators are depicted as circles or

o (9

rectangles. For example,



depicts a four-partite operator acting on the physical indices (black points) of four MPS
tensors. In certain cases, we need more than two layers of tensors. In this case the upper

layer is drawn bigger. For example a product of two operators acting on four MPS tensors

\®1 . (10)

In this case the operator depicted as a solid circle acts first on the four MPS tensors, the

are depicted as

dashed one acts second.

We will often use a minimal rank decomposition of tensors. For convenience, we will refer
to the operators in the decomposition as Schmidt vectors, even though the minimal rank
decomposition is not necessarily a Schmidt decomposition, as we don’t require orthogonality.

For example, a minimal rank decomposition of a four-partite operator acting on four MPS

| )

The Schmidt vectors of a four-partite state |¢) can be related to its MPS description. We

tensors will be depicted as:

will therefore depict the minimal rank decomposition as

= ) (12)

where the Schmidt vectors are denoted as:

(13)

B. Quasi-injective PEPS

In this section we define quasi-injective PEPS. We show that this class contains all injec-
tive PEPS. Moreover, we provide examples that are not known to admit an injective PEPS

description, yet they can be written as quasi-injective PEPS.

Definition 1 (Quasi-injective PEPS). Let |¢) be a four-partite state with full rank reduced

densities at every site, and let O be an invertible operator. The quasi-injective PEPS

7



|Wsem (0, O)) is defined as

PR
P00 =1 GGG (14)
PR

where the green rectangle is |¢) and the red circle is O, and the state is defined on a torus
with n x m copies of |¢). We will often drop |¢) and O and the indices n,m from the

notation.

Note that the full rank assumption does not affect which states can be described as quasi-
injective PEPS| it is only needed to avoid unnecessary degrees of freedom in the operator
0.

These states can be written as a PEPS, but that PEPS is in general not injective. For

example, a PEPS tensor generating the same state is

o (15)

with an arbitrary (non necessarily translational invariant) MPS decomposition of |¢).!

In the following we show that these states include injective PEPS as well as all the
examples mentioned above.

a. Injective PEPS. In this case the invertible operator is the PEPS tensor, and the

four-partite state consists of two maximally entangled pairs (and a one-dimensional particle):

Erey s
-
R LS

where the four-partite states are (the fourth particle is a scalar):

L TN states of this form have been used in other contexts, see e.g. Ref. 40.



b. The CZX model The CZX model readily admits quasi-injective PEPS form: the
four-partite states are GHZ states |0000) + [1111), whereas the invertible operators are
unitary operators Ucyzx = X% - [1ij CZij-

c. Purification of thermal states. Consider a commuting nearest neighbor Hamiltonian

on a square lattice and the following purification of its Gibbs state:
1
) = — (e P12 x1d e 18
)= )® 1) (18)

where [¢7) = > [jj) is a maximally entangled pair state, and e PH

® Id acts non-trivially
on one of the entangled pairs at every lattice site. This state admits a PEPS description: as
the Hamiltonian terms are commuting, e ##/2 is a product of local operators. The PEPS
tensors are then simply the product of the Schmidt vectors of these local operators acting
on |¢T). This tensor does not become injective after blocking exactly because of the corners:
after blocking, the operators lying entirely inside the blocked region can be inverted. Note
that applying invertible operators on the tensor doesn’t change injectivity. This factorizes
the tensor into a product of tensors on the boundary and tensors on the corners. The

boundary is injective, while the corners are not: the Schmidt vectors of the Hamiltonian

terms commute, therefore any antisymmetric state on the corner is mapped to zero.

Nevertheless, these states admit a quasi-injective PEPS representation. Indeed, block
2 x 2 pairs of particles. The four-partite state in the quasi-injective PEPS description

consists of the four pairs of particles in the state

] L] 4
= O O - H e Phii | o 1d®%. ® 16T, (19)
¢ (i) i=1

where both ¢ and j runs over the particles in one block and |[¢™) is the maximally entangled
state. The dots represent |¢*), while the ellipses e #"i ® Id®%. The invertible operator
is a product of e #"i ® Id®? on the 2 x 2 block shifted by half a lattice constant in both

O-10

9

directions:



With this convention, the state is written as an injective PEPS as follows:

CULDGY
Ig@@@ @)
IENEE R R

d. AKLT in two dimensions. The two-dimensional AKLT model is a spin-2 system

which is constructed as follows: place a singlet |01) — |10) on each edge of a square lattice.
Then, at each vertex, project the four virtual qubits into the 5-dimensional symmetric

subspace:

—— -

\Warrr) = (22)

—— -

- -

1 L4 L4 A 4
] ] ] ]

Here the blue lines represent singlets, the orange circles projectors into the symmetric sub-
space. As any virtual boundary state which is anti-symmetric on the two qubits of any
corner is in the kernel of the map after appropriate applications of single-qubit Y's, the
PEPS tensors describing this state cannot be injective, even after blocking.

The two-dimensional AKLT admits a quasi-injective PEPS description as follows:

| | | |
) ) ) )

—+e o

| )
G
S

with the four-partite state

-1 2



where the blue lines are singlets, and the orange ellipses are the projectors into the 3-
dimensional symmetric subspace (the four-partite state can thus effectively be viewed as a

state on four qutrits: the one-dimensional AKLT state on four particles), and

o]

o e—e O
: o e—=e O

which acts on the qubits represented by the hollow dots, restricted to the symmetric subspace

(25)

———o
——e ©

o]
(o]

at each corner. It can be verified that the rank of (25) is 81. Clearly, the image of the adjoint
of (25) is contained in the subspace which is symmetric in the pairs of qubits at each corner.

The dimension of the latter is also 81. Thus, (25) is invertible.

III. SUMMARY AND RESULTS

In this section, we give a summary of the results obtained in this work. The detailed
derivations of all these results are given in the subsequent sections. The results extend
the properties known for injective PEPS to quasi-injective ones. First, we show how to
construct local Hamiltonians for which they are the unique ground states. Next, we answer
the question under which local conditions two quasi-injective PEPS generate the same state.
We then use this result to characterize symmetries in quasi-injective PEPS. We also find
that the third cohomology classification of SPT phases naturally extends to these states, and
thus these states might be suitable to capture the physics of SPT phases. In the following,
we give a detailed description of the results.

Consider two quasi-injective PEPS generated by (¢4, 04) and (¢p,Op). Suppose that

on an n X m torus, they generate states that are proportional to each other:

= ST T (26)

where the purple circle and the blue rectangle depicts O4 and |¢4), while the orange dashed

11



circle and the green rectangle depicts Op and |¢p) and p,,, € C. Inverting Op, we obtain

PN (27)

where the red circle denotes the invertible operator O = O5'O4.

In this setup, we prove the following:
Theorem 1. If Eq. (27) holds for some specific ng, mg > 3, then for all n,m € N,
1. Eq. (27) holds with jiy m = p™™.

2. The action of O corresponds to an MPO acting on the boundary as follows: Take a

minimal rank decomposition of the four-partite states w.r.t. the vertical cut. That is,

= m-m and = : (28)
Then for the Schmidt vectors defined as above, the following holds: There are two
MPO tensors X and Y such that

write

where . € C is the proportionality constant from Point 1 above, V,(Y) = (V,(X))™"

for every size n, and both X and Y become injective after blocking two tensors.

3. The operator O is a four-particle non-translationally invariant MPO with the property

that cutting the MPO into two halves yields a minimal rank decomposition of O.
4. The operator O is a product of two-body invertible operators:
O = (014 ® O93) - (012 ® O34) = (012 ® 634> : (OM oY O23> ) (30)

12



where the particles are numbered clockwise from the upper left corner and O;; acts on

particles v and j. Pictorially,

Q[ E a1

In Section VII we use these results to rederive the third cohomology classification of SPT

phases within the framework of quasi-injective PEPS. The setup in this case is as follows:
Let G be a group, O, a faithful (not necessarily unitary) representation of G. Let |¢) be
a four-partite state with full rank one-particle reduced densities. Suppose Vg € G, O, is a

symmetry of the quasi-injective PEPS defined by |¢) and Id:

0 O B O W Oy S Y

rararar

where the blue squares represent |¢), the red operators O,.

Note that this setup can readily be applied for unitary symmetries of quasi-injective
PEPS: let the quasi-injective PEPS be defined by the four-partite state |¢) and an invertible
operator A. Let the unitary representation of the symmetry group G' be U,. Then, by
inverting A in the symmetry condition, we arrive to Eq. (32) with O, = A~'U,A.

Within this setup, we prove that
Theorem 2. If Eq. (32) holds for some n,m > 3, then

1. g~ p(g) is a one-dimensional representation of G.

2. For every g € G there are two MPO tensors X, and Y, such that

and V,(Y,) = (Vo(X,))™" for all n. Moreover, V,(X,) and V,(Y,) form projective
representations of G with V,,(X,)Vn(Xn) = A"(g, h) V(X X4) for a two-cocycle . In

particular, V,,(Xy)V,(X}y) has only one block in its canonical form.

13



3. There is a canonical way to assign an element from H?(G,C*) to the one-block MPO

representation g — Xg.

4. Oy has a four-particle non-translationally invariant MPO representation with ten-
sors Oél),Oéz),Oég’),Oy) in the sense of Theorem 1, Point 3, such that the MPO
Vn(0§1)0§2)0§)0§4)) forms a one-block projective MPO representation and its coho-
mology label coincides with that of the boundary. In particular, the MPO labels obtained

from the vertical and horizontal boundaries are the same.

IV. PARENT HAMILTONIAN

In this section, we prove that quasi-injective PEPS are unique ground states of their
parent Hamiltonian. Let us consider a quasi-injective PEPS |¢). Corresponding to this
state, we consider two parent Hamiltonian constructions. First, one can obtain the usual
parent Hamiltonian by writing the state as a PEPS with the tensors in Eq. (15). That is,
consider a 2 x 2 patch of the tensors. Let S be the subspace generated by the tensors with

arbitrary boundary conditions:

LUG

S = M| |A e cPebn (34)

SUG

\ 7

The Hamiltonian term h; centered around the plaquette state at position ¢ is just the pro-

jector onto S+ and the Hamiltonian H is the sum over all positions of these projectors:

h; = Proj (S*), ® Id (35)
H=Y h. (36)

i
The second construction is to invert the operators O around a plaquette state at site ¢

and project ¢; to zero:
T

= (]]o;"| P (H>Ojl : (37)
Jt

o
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where j runs over all positions of operators that (partially) act on the plaquette state at
position i and the projector P; is the projector to the orthocomplement of Cl¢): P, =
(Id; — |¢)i(¢]) ® Id. Then the Hamiltonian H is the sum of the different terms:

H=> h. (38)

Proposition 3. The quasi-injective PEPS |1) is the unique ground state of both H and H

at all system sizes.

Proof. We first prove that H has a unique ground state. Then we prove that the kernel of
H is contained in that of H.

To see that ker H is one-dimensional, consider the following similarity transform:

(Hoj)TH (H@) :med@@(o;l)*o;l, (39)

where the product runs over all sites 7 that are not neighbors of the projector P;, and the
identity acts on all virtual particles that are neighbors of the four-partite state |¢). The
kernel of each term in the sum is |¢); ® Q) i¢i M, where j runs over all virtual particles that
are not in the four-partite state |¢). Clearly the intersection of these subspaces is @), |¢):,
that is, the kernel of H is one-dimensional.
To see that ker H < ker H, notice that every state in S; (defined in Eq. (34)) is in the
kernel of h;. Therefore,
ker h; < ker h;. (40)

Finally, as ker H = N; ker h; and ker H= N; ker Bi, the inclusion also holds for the kernel of
the total Hamiltonians. U

V. BACKGROUND: MATRIX PRODUCT STATES

In this Section we recall some basic properties of MPS. These definitions and theorems
are mainly covered in Ref. 26. First, recall some basic properties of completely positive

maps.
Definition 2. A completely positive map 7' : p— T'(p) = . AipAlT is

15



e idrreducible if there is no non-trivial projector P such that T'(p) = PT(p)P' for all
p = PpP'. Otherwise T is reducible.

e primitive if In such that T"(p) > 0 for all p > 0.
Note that then the following statements hold:

Proposition 4. Let T : p — T(p) = >, Al-pA;-r be a completely positive map with spec-
tral radius v. Then r is an eigenvalue with at least one positive semidefinite eigenvector.

Moreover,

o T is primitive if and only if r has multiplicity one, the corresponding eigenvector is

positive definite, and there are no other eigenvalues of magnitude r.

o if T is irreducible but not primitive, then r has multiplicity one, and all eigenvalues
of magnitude r are r - exp[2min/ K| for some K andn = 1,2...K. We call K the
periodicity of T.

o T is reducible if and only if A'P = PA;P for some non-trivial projector P.
For proofs, see e.g. Ref. 41 and 42. Now we define Matrix Product States.

Definition 3. An MPS tensor is a tensor A € CP @ (CP)* @ C¢,

A=) Agla)(Bl@li) =D A" ). (41)

a3

For any n € N, the state V,(A4) € (C%)®" is then defined as

Va(A) =D T {A" A} iy ). (42)

i1...0n

The transfer matriz of A, T4 is the completely positive map Ty : p — >, A,-pA;r. We say
that A is

e injective, if Y. Tr{A’p}|i) = 0 implies p = 0.
e normal, if Ty is primitive.

e periodic, if Ty is irreducible but not primitive.
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An MPS is called normal, injective or periodic, if it can be generated by a normal, injective

or periodic MPS tensor.

We often depict an MPS tensor and the corresponding MPS as follows:

T e S =t (43

The horizontal legs of the MPS tensor A are often referred as the virtual indices, while the

vertical one as the physical index of A. The dimension of the virtual indices, D, is called
the bond dimension of A.

Note that, unlike in Ref. 26, for convenience, we do not suppose that the spectral radius
of a normal tensor is 1. Note also that an MPS tensor is injective if and only if it has a left

inverse, C, such that Y, A’ ® C* = Id in the sense as depicted below:

Neal

Here, and in the following, we use the following graphical calculus*® of tensors. A tensor is
depicted as a box or circle, with some lines attached to it. These lines represent the indices
of the tensor. Tensor contraction is depicted by joining the lines. In the picture above, for
example, we have contracted the physical indices of A and C'. The result is the identity
tensor from the bottom indices to the top indices. We have omitted drawing a box for the
identity.

A frequently used concept in MPS theory is the blocking of tensors.

Definition 4 (Blocking). The MPS tensor B is a blocking of Aif B =3, . A" . A*®
iy ...1). Note that V,,(B) = Vi, (A).

We will often write the above contraction of tensors as a product. That is, for any two
MPS tensors C'and D, CD := 7. C"D’ ® |ij). With this notation, B = AA... A. We will
use this notation even if one of the tensors does not have a physical index.

Note that a normal tensor stays normal after blocking. Moreover, injective and normal

MPS are the same up to blocking:

Proposition 5. Any injective tensor is proportional to a normal tensor. Conversely, for
any normal tensor ALy € N such that it becomes injective after blocking any L > Lg tensors.

The minimal such Lo 1s called the injectivity length.
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This statement was proven e.g. in Ref. 44. Note that Ly, might be bigger than the
primitivity length of T4, that is, the minimal n for which 77 (p) > 0 for all p > 0. There is,
however, a universal bound depending only on the bond dimension D.

Note that being normal or injective are properties which are stable under taking tensor

product of MPS tensors:

Proposition 6. The tensor product of two normal MPS tensors is normal. The tensor

product of two injective MPS tensors is injective.

Proof. First, we prove that the tensor product of two normal tensors A and B is normal.
The transfer matrix of A® B is Ty ® T, where T4 is the transfer matrix of A and Tz is the
transfer matrix of B. Denote the spectrum of any operator T' by o(T'). Then o(T4 ® Tg) =
0(T4)-0(Tg). Therefore, Ty ® T has a unique eigenvalue with magnitude (and value) equal
the spectral radius. The corresponding eigenvector of Ty ® Tg is pa ® pp if pa and pp are
the eigenvectors of Ty and T with maximum eigenvalue, respectively. p4 ® ppg is positive
and is full rank, so Ty ® Tg is primitive.

Second, the tensor product of two injective tensors is injective: if A and B are injective

and A~! and B~! are their left inverses, then A~! @ B~ is a left inverse of A ® B. O

Proposition 7. Given two normal tensors A and B with injectivity length at most L, the

two MPS generated by them either become perpendicular in the thermodynamic limit, i.e.

| (Va(A) Vo (B))]
IVa (A - [IVa(B)

T (45)
as n — 00, or the following three equivalent statements hold:

o V,(A) = \"V,,(B) for some X\ € C for alln

e In > 2L+ 1 such that V,,(A) = \"V,,(B) for some A € C

o AV =)\XB'X"!, for some A € C and this X is unique up to a constant

We call the normal tensors A and B essentially different if the MPSs generated by them
are not proportional in the above sense. The proof of these statements can be found in Ref.

26.

Corollary 7.1. Given a set of pairwise essentially different normal tensors, A;, AN € N

such that the MPS V,,(A;) are linearly independent for alln > N.
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Proposition 8. Any MPS V,(A) can be decomposed into a linear combination of normal

and periodic MPSs:
Va(A) =) i Va(Ay), (46)

where each A; is either normal or periodic.
The proof can be found in Ref. 26. We provide a simplified proof here.

Proof. We prove this by induction on the bond dimension D. If D = 1, A; is proportional
to a normal MPS. Suppose now that the statement is true for all D < Dy. Consider an
MPS tensor A with bond dimension Dy. If its transfer matrix T4 is irreducible, then A is
either periodic or proportional to a normal MPS tensor. Otherwise, there exists a non-trivial
projector P such that A;P = PA;P, see Proposition 4. Then V,,(A) = V,,(PAP)+V,(QAQ)
with @ = 1 — P. Finally, the bond dimension of PAP (and QAQ) can be compressed to
the rank of P (corr. Q): write P = Y X for some X : C? — CP, Y : CP — CPo,
XY = Idp. Then XAY generates the same MPS as PAP. The bond dimension of the
resulting MPS is smaller than Dy, thus by the induction hypothesis, they can be written as

a linear combination of normal or periodic MPS. O]

Proposition 9. Let A be a periodic MPS tensor with periodicity K. After blocking K
tensors, V,,(A) decomposes into K essentially different normal MPS:

K
VKn(A) = Z Vn<Bi)a (47)
i=1
where the B;s are pairwise essentially different normal MPS tensors on K spins. Moreover,
Va(A) =0 ifn ¢ KN.

This statement has been proven as Lemma 5 in Ref. 45. Proposition 9 from Ref. 26 is a

corollary of this:

Corollary 9.1. For any MPS tensor A 3K such that after blocking K tensors, Vi,(A)

decomposes into the following linear combination of normal tensors:

Vien(A) = Z (Z MZ) Va(Bi), (48)

where the B;s are pairwise essentially different normal tensors on K sites.
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Finally, the following statement, together with Corollary 7.1, provides the “uniqueness”

of this decomposition:

Proposition 10. If for p,...pu. € C\{0} and A\, ... \; € C\{0}

D= N (49)
i=1 Jj=1

for alln € N, then r = s and p; = \py for some permutation p and for all i .

This statement has been proven as Lemma 9 in Ref. 46.

We will also consider non-translationally invariant MPS.

Definition 5. Let d; and D; (i = 1...k) be positive integers. Let X; = ijl X/ ®j) €
CPi @ (CP#+1)" @ C% be tensors for i = 1...k, where we identify k + 1 with 1. Then the

non-translationally invariant MPS defined by these tensors is

dy dg
V(X X)) =) > T X7 X i) (50)
i1=1 ip=1

A non-translationally invariant MPS is called injective after blocking l sites if Vi = 1...k the

tensor X; X1 ... Xiy satisfies that if Tr {pX7' X2 ... X7, }|ji...5) =0, then p = 0.

Proposition 11. Let X, ... X} define a non-translationally invariant MPS that is injective
after blocking | sites. Then the MPS is also injective after blocking any m >l sites.

Proof. We prove this by induction on m. For m = [, the statement is true by assumption.
Suppose that the MPS is injective after blocking m tensors. Let p € CPi+m @ CPi such that

for m + 1 consecutive sites

> T {pxPxE X ) = 0 (51)

Il Jm+1

for some . Then, as the tensor X, ... X;,,,_1 is injective,

ij-‘rlp =0 vjm-i—l S {]-7 27 cee adi-‘rm}' (52)

+m
Take any matrix M € CP @ CP#+1. Then

0=X2,...X/™1pM € CP+r @ CPi. (53)

i+m
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Then
SO Xt XM} [y i) = 0. (54)
j2...jm+1
The block of the m consecutive tensors X;.1 ... X;.,, is injective, therefore pM = 0. As M

was arbitrary, p = 0, thus the MPS is injective after blocking m + 1 sites. O

Finally, we introduce Matrix Product Operators (MPO).

Definition 6. A Matriz Product Operator is an operator written in MPS form:

Va(X) = ) Te{X XY i) (1l (55)
i1 i1 e
As MPOs are just special MPSs, all the definitions and structure theorems above apply.

In particular, we will use the terminology normal, injective, periodic for MPOs too.

VI. CANONICAL FORM

In this section we investigate when two quasi-injective PEPS defined by (¢4,04) and
(¢, 0p) describe the same state for some (sufficiently large) system size. We find that
this question can be decided locally: the two states are proportional for a large system size
if and only if they are proportional on a 3 x 3 torus. Moreover, the boundary degree of
freedoms are related by an invertible MPO whose inverse is also an MPO. Finally, we show
that Ogl() 4 has to be a product of two-particle invertible operators. In Appendix A, we
also provide some examples that explain why the situation is more complicated than in the
case of injective PEPS.

Consider two quasi-injective PEPS generated by (¢a,04) and (¢p,0Opg). Suppose that

on an n X m torus, they generate states that are proportional to each other:

s oy gl e gl (56)
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where the purple circle and the blue rectangle depicts O4 and |¢4), while the orange dashed

circle and the green rectangle depicts Op and |¢p) and p, ., € C. Inverting Op, we obtain

LT 67)

where the red circle denotes the invertible operator O = Oz'O4. This equation is the

starting point of our investigation below. First we prove that it hold for all system sizes:

Proposition 12. If Eq. (57) holds for some ng > 3,mqg > 3, then it also holds for any

n,m € N and the proportionality constant is fi, , = p"™.

Proof. Take a minimal rank decomposition of the four-partite states w.r.t. the vertical cut.

:m_m and: : (58)

Using this decomposition, Eq. (57) reads as

That is, write

fefietetiotatat: 59)

This gives rise to an MPS description of the states with the following tensors:

_ﬁ_% and - P (60)

where the physical index of the MPS tensor is all physical indices of the virtual particles,
while the virtual indices of the MPS corrspond to the virtual indices of the minimal rank
decomposition of the four-partite states. These tensors are injective: the green tensor is

just a tensor product of the Schmidt vectors, and as the Schmidt vectors (and their tensor
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product) are linearly independent, that tensor is injective. The blue tensor is obtained by
acting with an invertible operator on the tensor product of Schmidt vectors, therefore it is
also injective.

Thus, using Proposition 7, if Eq. (57) holds for ng > 3, my > 3, then it also holds when the
system size in the horizontal direction is changed to any n by keeping the system size in the
vertical direction mg. Therefore Eq. (57) holds for my and any n, and the proportionality
constant i8 finm, = i, for some p.,, € C. The argumentation above holds w.r.t. the
horizontal cut. Therefore the system size can be changed along the vertical direction too:
as Eq. (57) holds for n,my, it also holds for n,m and the proportionality constant is then

m/mo

fin,me. = p™™ for some p € C. O

Note that this implies that it is decidable whether two quasi-injective PEPS are equal for
all system size. Moreover, it is also practically checkable: it is enough to calculate the overlap
between two states (and their norms) on a 3 x 3 torus. The overlaps can be calculated by
standard tensor network techniques. The cost of this computation scales as the 12th power
of the Schmidt rank.

Using Proposition 7, we conclude that up to a constant there is a uniquely defined operator

X, on the boundary for which

TG TG TG = e (61)

— — Xt

This construction, however, does not reveal anything about the properties of the gauges X,
and X !: they are globally defined and the definition depends on the system size. In the
following we explore their structure and show that they can both be written as a normal

MPOs.

Theorem 13. Suppose Eq. (57) holds for some n,m > 3. Then there are two MPO tensors
X and'Y such that
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where j € C is the proportionality constant from Proposition 12, and V,(Y) = (V,(X))™"

for every size n and both X and Y become injective after blocking two tensors.
Before proceeding to the proof, notice that

Lemma 14. The l.h.s. of Eq. (62) can be described by an MPS that becomes injective after

blocking two tensors.

Proof. Take a minimal rank decomposition of the operators O:

Q - D—D (63)

Then the Lh.s. of Eq. (62) is an MPS with MPS tensor

@@ (64)

where the physical indices of the MPS are both the physical indices and the two virtual
indices belonging to the decomposition of |¢4) on the r.h.s. of Eq. (64), while the virtual
indices of the MPS are the virtual indices belonging to the decomposition of O on the r.h.s.
of Eq. (64).

We prove now that this MPS tensor is injective after blocking two tensors. To see this,

block two tensors and note that contracting the middle indices gives back O:
| | | |
C ) C ) C ) C )
Hs-B8-B8 0 e
C ) C ) C ) C )
I I I I

Inverting O does not change the injectivity of the MPS tensor, as it is an invertible operation

on its physical indices. Therefore it is enough to prove that

is injective. Both v; and w; are linearly independent, as the Schmidt vectors of O are
linearly independent and the one body reduced densities of the four-partite states are full
rank. Therefore the vectors v; ® w; are also linearly independent, that is, the corresponding

tensor is injective. O
We now proceed to the proof of Theorem 13.
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Proof of Theorem 13. We first prove that X,, and X! are proportional to an MPS. Write
the Lh.s. of Eq. (61) as an MPS with two physical indices:

o5 w

where the left physical index of the MPS tensor corresponds to the indices on the top of the
r.h.s. (physical and virtual indices of the Schmidt vector), while the right one to the indices
on the bottom of the r.h.s., and the virtual indices of the MPS correspond to the Schmidt

index of the decomposition of O. With this notation, Eq. (61) reads as
--#---xn
I I R S o e o w—
S

o I

T T

)

— Xyt

[
T

Applying a product linear functional on the lower half of the r.h.s. (and the right indices of
the MPS on the 1.h.s.), the equation changes to

l
H }» :)\nx ( ) ( ) ( ) s

? .0

(69)

...4 }_{l

for some A, € C. Notice that the Schmidt vectors on the r.h.s. can be inverted: they are an
injective mapping from the Schmidt index to the physical degrees of freedom, as they are

linearly independent. Therefore,

%AP?}—{#,}—&,# = A\, X '”#”'Xn ’ (70)

where the white circle depicts the inverse of the Schmidt vectors of |¢p). This shows that

X, (and similarly X ') is an MPS with some MPS tensor X (and Y) as long as the Lh.s.

is not 0. It is thus sufficient to prove that there is a translationally invariant product linear
functional (the gray circles), which is independent of n, that does not map the L.h.s. to 0.

Consider two linear functionals acting on the MPS tensor:

2990 90 . -
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We show now that there are linear functionals a,b such that for the corresponding M,

Tr{M,,} # 0. Let us consider the map F': (a,b) — Tr{M,,}. Graphically, this map is

Ferl = @ (72

Notice that F' equals to the operator O with left and right side interchanged applied to the
tensor product of the Schmidt vectors of |¢). As O is invertible, F' is not zero. Therefore
there are linear functionals a, b such that F(a,b) = Tr{M,p} # 0. As Te{M,;} # 0, M, is

not nilpotent and thus
Tr{Mz,} = Zf (73)

for some &;,...&¢r € C\{0}, R > 0. Let S:={n € N|Tr{M},} # 0}. Notice that |S| =
Then, choosing the linear functional appearing in Eq. (70) to be b, the Lh.s. is non-zero for
all system sizes n € S. Therefore, X,, can be written as an MPO for all n € S. Similarly,
using the linear functional a instead of b on the lower part of Eq. (68), we arrive to the
conclusion that X! is also a non-zero MPO for all n € S, for the same S.

Therefore there is a A,, € C such that Vn € S,

Here, y, is the proportionality constant appearing in Eq. (62), and V,,(X) and V,,(Y) are
translationally invariant MPOs on n sites, such that V,,(Y) = (Vn (X )) - /An. Their defining
tensors, X and Y are independent of n. Note that the MPOs V,,(X) and V,,(Y) are defined
for ¥n € N, but we have not yet proven that Eq. (74) holds for n ¢ S.

In the following we prove that Eq. (74) also holds Vn € N for some injective MPO V,,(X),
VoY) with A, = 1.

Using Corollary 9.1, there exists K € N such that after blocking K tensors, both V,,(X)
and V,(Y) (n € KN) can be decomposed into a linear combination of normal MPOs. As
the tensor product of normal MPSs is again a normal MPS (Proposition 6), V,,(X) ® V,,(Y)

has a decomposition into normal MPO that are tensor products. Denote these essentially
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different normal MPO by V,,(X;) ® V,,(Y;). That is, Vn € KN

V() 0 V) = 303 V(X)) © V(). (75)

i=1 j=1
where V,,(X;) ® V,,(Y;) are essentially different normal MPOs. Using this decomposition in
Eq. (74), the Lh.s. is described by a normal MPO (Lemma 14), while the r.h.s. is described
by the sum above for an infinite number of system sizes (indeed, for all n € KN N S). As
essentially different MPSs become linearly independent for large system sizes (Corollary 7.1),
Eq. (75) can describe a normal MPO only if either L = 1 or otherwise all but one i satisfy

M;

» (=0 VneSNKN. (76)

j=1
Recalling that Eq. (73) vanishes Vn € N\S, we conclude that

R M;
DD =D (G)" =0 ¥ne KN, (77)
k=1 j=1 kj

where 7 is chosen such that the sum of (i vanishes Vn € SN kN. Applying Proposition 10
to Eq. (77), all (£¢;;)® =0, that is, ¢;; = 0 for all j and all but one i. Therefore, L =1 in
Eq. (75). Using Proposition 9, we conclude that V,,(X) ® V,,(Y) does not contain periodic
MPO, therefore K = 1. Thus, both the L.h.s. and the r.h.s. of Eq. (74) are proportional to
normal MPOs. Using Proposition 7, we conclude that the equality in Eq. (74) holds Vn € N.
We have therefore proven that there are normal MPO tensors X and Y (the ones appearing
in the unique normal MPO in Eq. (75)) such that ¥n € N and some A, € C

X X X

TG TG =t (78)

These MPO tensors also satisfy V,(Y) = (V,(X))™" /A, for all n € S. As both V,(Y) and
Vo (X) are normal MPOs, the equality holds ¥n € N and thus A\, = A" for some A € C.
Absorbing this constant into Y, V,,(Y) = (V,,(X))™" and

S W R (79)
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O

Corollary 14.1. Suppose that ¥n € N Eq. (62) holds also for some other MPO V,(X) and

~ ~ -1 ~ ~
Vo (V) and V,(V) = (Vn(X)> . Then Vy(X) = MV(X) and Vo(Y) = A"V ™ for some
AeC.

Proof. Due to uniqueness of the gauge in Eq. (61), V(X)) = X\ V,(X) and V, (V) =
AV, (Y). Decomposing V,(X) and V,(Y) to their canonical forms, we see that the only
normal MPS appearing in the decomposition is V,,(X) and V,,(Y'), and that A, = >, A\? and

At =22nf But then 1= 3. (A\in;)" and thus by Proposition 10, A, = A" O

It turns out that the fact that the boundaries of the two quasi-injective PEPS are related
by an MPO severely restricts the form of O. We will indeed find that

Proposition 15. The operator O from Eq. (57) can be written as a product of invertible

two-body operators:
O = (014 ® O33) - (012 ® O34) = (012 & O34> : (OM ® O~23> ; (80)
where the particles are numbered clockwise from the upper left corner and O;; acts on particles

O -

We will prove that O has a four site long non-translationally invariant MPO decom-

1 and 7. Pictorially,

position, with the property that cutting the MPO into two halves yields a minimal rank
decomposition of O. Moreover, we will show that the product of the Schmidt vectors of O
and O~! are tensor products. Before proceeding to the proof, we show that if O and O~}

are both MPO of this form, O has to have the two-layer structure (81).

Lemma 16. Consider two non-translationally invariant MPOs on n = 2k sites with tensors

Xq,...X, and Y1,...Y,. Suppose that
1. V(Xy,...,X,) - V(Yy,...,Y,) =1d

2. Both X;X,;.1 and Y;Y; 11 are injective for all i =1,...,n withn+1=1.
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3. The product of X;X;11 and Y;Y; 11 factorizes as depicted:
Xi Xit1
jpgg - ﬂ [I (82)
Y; Yiq
jgi = . 83

Then V(Xy,...,X,) (and V(Y1,...,Y,)) admits a two layer description:

B ol o 5

where all two-body operators on the r.h.s. are invertible. Eq. (84) also holds when shifted by

one site (with other invertible operators):

RS = . (85)

Note that for the translationally invariant setting, conditions 2 and 3 are satisfied natu-

rally after blocking some tensors.

Proof. Take a Schmidt decomposition of the tensors Xi,..., X, and Yj,...,Y,, in an alter-

S m (86)
RN :m &)

We will prove that the two-body operators defined this way are invertible. They naturally

nating way:

have to be injective from the outside to the middle indices, otherwise V(Xj,...X,) and
V (Y3, ...Y,) would not be invertible. Suppose that there is an operator which is not injective
from the middle to the outside. Suppose it happens in the lower layer of V(X7,...X,).
Consider a 2-site part of the MPO.

y-ge-H
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As we took a minimal rank decomposition, the outer tensors on the lL.h.s. are invertible.

Therefore, the product of the operators in the middle is a product:

101

Therefore if the gray operator is not injective from top to bottom, then its kernel factorizes.
Suppose the left operator on the r.h.s. has a non trivial kernel. Then we can insert a

non-trivial projector y on top that does not change the value of the product:

-4
)-VA(

Inserting this back into the product V(Xy,...X,) - V(Y1,...Y,), we get that

As V(Y3,...Y,) is invertible, its left inverse is unique and equal to V (X1, ..., X,,). Therefore

A: m (92)

By assumption, the tensors defining the MPO are injective after blocking at least two sites.

Therefore, by inverting all but one tensor, we conclude that

%1 o

But this is not possible unless the yellow tensor is the identity. Thus, the two-body operators

are invertible. O

We now proceed to the proof of Proposition 15. Note that it is enough to show that both
O and O~! admit an MPO description that satisfy the conditions of Lemma 16.
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Proof of Proposition 15. Write the Lh.s. of Eq. (62) as an injective MPS with tensors defined
in Eq. (64). The r.h.s. of Eq. (62) is also an injective MPS. Therefore, the generating tensors

are related by a gauge transformation:

= L. (94)

-t (95)

where the red rectangles depict a minimal rank decomposition of the operator O. As V,,(X)

and V,(Y) are inverses of each other, the inverse relation of Eq. (62) reads

S (96)

where the dashed red circles denote O~!. Therefore, with an appropriate minimal rank

decomposition of O~1, the generating tensors are related as follows:

= pny (97)

where the dashed rectangles denote the Schmidt decomposition of O~!. Therefore, applying
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the Schmidt vectors of O and then O~! to the Schmidt vectors of |¢4), we obtain

X
—O—

o ﬁi—
|

X
g
= po 0= : (98)
X
Y

—O—
Y

Contracting two copies of Eq. (98), the middle operator is OO~! = 1d, so

Notice that the l.h.s. is a product w.r.t. the vertical cut, whereas the r.h.s. is product
w.r.t. the horizontal cut. Therefore both sides have to be product w.r.t. both vertical
and horizontal cuts. Note that then V,(X) and V,,(Y) satisfy the conditions of Lemma 16
and thus are products of invertible two-body operators in the sense of Eqs. (84) and (85).
Similarly, both terms on the l.h.s. factorize w.r.t. the horizontal cut. As the one-body
reduced densities of |¢4) are full rank, the product of the Schmidt vectors of O and O~!

factorize:

— 13 1 3
(00705 = AL @ AP, (100)

The same holds for the Schmidt vectors of all neighboring bipartition in any order. Similarly,
the equation holds for the bipartition (13) — (24) and also for the reordering of O and O~!.
Eq. (100) can be pictorially represented as

= (101)



Consider the operator

J1J2 Jaja 1142 1314

7 <O(13) 2 O(g4)> O-1 <O(12) 2 0(34)> _ : ; . (102)

Note that Z factorizes w.r.t. the bipartition (13) — (24): to see this, decompose O~ w.r.t.
the bipartition (12) — (34). Then

o (ot o0tt) - T - T 103

therefore it factorizes w.r.t. the bipartition (13) — (24), and so does Z. Similarly, Z also
factorizes w.r.t. the bipartition (12) — (34). Therefore, Z is a four-partite product,

Kol
o

As contracting the open indices of Z gives back the operator OO0 = O, and as Z

(104)

Z:il !

has a tensor product structure, this construction gives rise to an MPO description of O.
Similarly, contracting only the vertical (horizontal) indices the lower (upper) two layers
gives O7'O = Id (OO~! = 1d) on the lower (upper) two layers, and thus we obtain a
minimal rank decomposition of O in the horizontal (vertical) cut. As the Schmidt vectors
are linearly independent, the MPO tensors become injective after blocking two tensors.

The above construction can be repeated for O~!. This leads to an MPO decomposition
of 071,

These two decompositions satisfy the conditions of Lemma 16: the MPOs become injec-
tive after blocking two tensors, moreover, the product of two neighboring tensors of O and

O~! factorizes. Therefore, O (and O~') is a product of invertible two-body operators. [

The above form provides an equivalent characterization of when two quasi-injective PEPS
are equal for all system sizes. Before stating the theorem, we introduce two swap operators
on four particles. The horizontal swap, Hy4, exchanges the virtual particles of |¢4) in the

horizontal direction:

- . (105)
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The vertical swap, V4, reflects the particles of |¢4) in the vertical direction:

- . (106)
4 3 1 2

We denote the product of Hy and V4 as Sy Sa = HaVa = VaH . Define Hg, Vg and Sy
similarly for |¢p). Note that H4 and Hp are different in general as the Hilbert spaces of
the virtual particles might differ.

Theorem 17. Two quasi-injective PEPS are equal (Eq. (57) holds) if and only if the fol-

lowing conditions are satisfied:

e The operator O factorizes into two-body operators as

OF -

o The Schmiudt vectors of the four-partite states satisfy:

“ o o (108)
{ N J

= : (109)
L N

where the horizontal ellipse denotes HgOH 4, and the vertical ellipse denotes VgOVy.

Note that the last two conditions are equivalent to the property that the two states are

equal on an n x 1 and a 1 x n torus for all n, therefore they are easily checkable.

Proof. The necessity of these conditions is clear from above. We now prove the sufficiency.
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Let

o= v (110)
HpOH, — Q , (111)
VA0 Vg =1 1 (112)
SpOS, = . (113)

Due to the two layer structure of O and O~ (Eq. (81)), the following operator is a product

where HgOH 4 is the lower layer. The vertical swap of the previous operator is

in the horizontal cut:

(115)

where SpOS, is the lower layer. Consider now these operators acting on the quasi-injective

PEPS defined by |¢4) and Id:

N / \ / \ / \ ’ \ / \
.)/\> U»AK_)(» > \ / \ ! \
b b |
\ |
_</_\\ ‘/_\‘\"\ i \ I \ I
ﬁ\/\—u S N 0/—" — oo~ . : ‘o) lo—
\ ' : \ L \ . //' C // // .
/ / / A\ \ A\
_){» \\_/>4\\_)/\> \\ '/ \ '/ \ '/ \
| b b |
L | -k S \ ; \ / \ /
IRV VRV S . , N , . ,
e — — ~——— —o) e [ S
! \ J Z 0 (¢ Z
\ 7 / \ 4 \ 4 \
- _ _ / \ / \ / \
! 1 ! 1 ! 1

From Eq. (108) an

[

(109), the action of the lower layers on each side is to change |¢4) to
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|¢p). Therefore,

\ \ \ \ \ / \
se e se e ie & e o e ol e e
i i | P By Py
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Using once more Eq. (109), the r.h.s. is a tensor product of ¢4 at every position:

PERS
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applying O on both sides on each site, we see that Eq. (57) holds.
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As a simple application, one can derive the canonical form of injective PEPS33.

(117)

(118)

Corollary 17.1. Two injective PEPS generate the same state if and only if they are related

by a product gauge transformation.

Proof. The conditions of Theorem 17 that Schmidt vectors map to Schmidt vectors read as

i

(119)

therefore the operator O is a product on the two leftmost particles (and on one particle

it is the inverse of the other). Similarly the other condition implies that the operator is a

product on the two rightmost particles. Therefore O has a product structure in the desired

form.

[]

We now show that if the span of the Schmidt vectors of both states w.r.t. both the vertical

and horizontal cut contain product states, then |¢4) and |¢5) are SLOCC*"-equivalent, that

is, there are invertible operators Oi, Oy, O3, 04 acting on the virtual particles such that

01 & 02 X 03 ® O4|¢A> = |¢B> Pictorially,
(——Fe) o o

G- oo
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Note that there are examples for states that don’t have product states in the span of
their Schmidt vectors, but they generate the same state and are not SLOCC equivalent. For

example consider

*——0

|pa) = ; |pB) = : (121)

*——0

then the quasi-injective PEPS defined by |¢4) and Id and |¢p) and Id (more precisely the

isomorphism that rearranges the tensor product to the right order) are the same on every

torus, yet these states are not SLOCC equivalent.

Theorem 18. If the span of the Schmidt vectors of both four-partite states in Fq. (57)
contains a product state for both the vertical and horizontal cut on both sides, then the two

four-partite states are SLOCC equivalent.

Proof. By Theorem 17, Eq. (57) implies

[ 2 ® @ * [ 2

[ 2 L ® [ 2
* o * @ e @ e O (122)
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The Lh.s. is product in the vertical direction, the r.h.s. in the horizontal direction. Therefore
the two sides describe a state that factorizes in both directions. Let |£) be this state and
denote this state with a purple square. Then,
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Equivalently, for the Schmidt vectors we get

= (125)

______

— - = (126)

______

If the span of the Schmidt vectors on the l.h.s. contains a product vector, the same is true
for the Schmidt vectors on the r.h.s. Therefore, choosing a product Schmidt vector on the
bottom in Eq. (125) and applying a product linear functional, we get that for some not

necessarily invertible operators,

C | ):( | D) (127)

A similar equation also holds for the lower part, as well as for both sides of |¢p). Inverting

the operators appearing in Eq. (125), by the same argument, we obtain the inverse relation

)::-. ) (128)

and similarly along all other cuts. Eq. (127) and (128) ensure that the one particle operators

can be chosen invertible, thus |¢4) and |£) are SLOCC equivalent. Similarly, |¢g) and |£)
are SLOCC equivalent. Therefore |¢4) and |¢g) are SLOCC equivalent. O

Corollary 18.1. If two quasi-injective PEPS, defined by qubit four-partite states with gen-

uine four-partite entanglement, are equal, then the four-partite states are SLOCC equivalent.

Proof. Notice that if the four-partite states are entangled for both the vertical and horizontal
cut, then the span of the Schmidt vectors is at least two-dimensional. As any two-dimensional

subspace contains a product vector, the previous theorem applies. O]

Based on Corollary 18.1, we provide a full classification of quasi-injective PEPS defined

with four-partite qubit states in Appendix C.
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VII. SPT PHASES

3848 oxtends

In this section we show how the third cohomology labeling of the SPT phases
to quasi-injective PEPS. First, we show how to assign an element from the third cohomology
group H?(G,C*) to a (projective) MPO representation of G. Here, and in the following,
the action of G on C* is trivial. Second, given a group of on-site symmetries of an quasi-
injective PEPS, there are three MPO representations associated to it: the boundary along
the vertical cut, the boundary along the horizontal cut and finally the symmetry operators
themselves. We show that the associated third cohomology labels coincide. The importance
of this statement is twofold. First, the labeling is encoded in the local operators already,
thus one does not have to look at the boundary of the system to find the labeling. Second,

the labeling corresponding the vertical and horizontal boundary coincides despite the model

not necessarily having rotational symmetry.

A. Third cohomology labeling of MPO representations

Consider a group G and a projective MPO representation thereof, that is, a tensor X
that generates an MPO V,,(X,) for all ¢ € G such that V,,(X,)V,.(X) = Au(g, h) Vi (Xgn)
for all g,h € G, where \,(g,h) € C. We will restrict ourselves to MPO representations for
which A, (g,h) = A\"(g, h). We call such MPO projective representations one-block projective
MPO representations. In this section, we show how to assign an element from the third
cohomology group H?(G, C*) to such a representation.

We first show that we can suppose w.l.o.g. that X, is normal. The proof is analogous to

Theorem 13.

Lemma 19. Let g — )E'g be a one-block projective MPO representation of a group G, that
is, V(X)) Vi (X3) = A(g, h)Vi(X,1) for some M(g,h) € C. Then Vg € G there is a normal

tensor X, such that V,,(X,) = V,(X,).

Proof. First we prove that Vn()z'e) = u"1Id for some p € C, therefore there is a normal tensor

X, such that V,,(X,) = V,,(X,). Then, as V,,(X,)V,n(X,-1) = X(g, 9~ ")p"1d, we will see that
V,,(X,) can also be described with a normal MPO.

To see that Vn(f(e) = p"Id, notice that, as g — Vn(Xe) is a representation, Vn(f(e) = p,lId

and that V,(X)V,(X.) = p21d = p,\"(e, )Id. Therefore, i, = \*(e, e).
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Let K be such that after blocking K tensors, V,,(X,) and V,,(X,-1) can be decomposed
into a sum of N and M normal MPOs, respectively. That is, Vn € KN

Va(Xy) =D Va(X9), (129)
Va(Xpm) = S Va(X9)). (130)

Then their product, A"(g, g !)u"Id, can be decomposed into a sum of at least M N not

necessarily essentially different normal MPOs:
A'(g,g7")p"d = ZZV DYW,(XD). (131)
i=1 j=1

Let L be such that after blocking L tensors, all of these MPOs can be decomposed into
normal MPOs: Vn € KLN

X'(g,g7")u"d = Z Z Vo (2175, (132)

> 5 . . . . 54 NN . .
for some normal tensors Z;Jk. Ifi #4 orj# 7, Z;J’“ and Z;’ " are not necessarily essentially

different. Collecting the essentially different terms yields
A(g, g~ Hpu"Id = ZZg” Z) (133)
=1 j5=1

where R is the number of essentially different terms, Z; are a maximal pairwise essentially

different subset of Z//* and S; is the multiplicity with which Z} appears. Note that

N M
i=1 i=1 j=1

As essentially different normal MPOs become linearly independent for sufficiently large
system sizes (Corollary 7.1), Proposition 10 implies that there can only be one term in this
decomposition, that is, R = 1 and moreover S; = 1. As all K;; > 1, we have N = M =1
and thus V,,(X,) is normal. Therefore, V;,(X,) can be described by a normal MPO tensor
X, O

The central tool in this section is comparing normal and non-normal MPS tensors that
generate the same state. We only state the results here, the proofs are provided in Ap-

pendix B.
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Proposition 20. Let A be a normal MPS tensor, B an MPS tensor such that for some
reC
Vo(B) = A"V, (A) VneN. (135)

Then there exist matrices V,W such that VW = Id and VYn € N and (i1,i2...1,) €
{1,2,...d}",
VB" .. B"W = A" . A" (136)

Definition 7. The pair of operators V, W in Proposition 20 is called a reduction from B to

A.

Proposition 21. Let V,W be a reduction from B to A. Let N* = B — WAV . Then the
algebra generated by N* is nilpotent.

Definition 8. Let V, W be a reduction from B to A. Let N* = B® — WAV. Then the
nilpotency length of the reduction is the minimal Ny such that Vn > Ny

Nt . N =0. (137)
The main statement is that any two reductions are related:

Theorem 22. Let V,W and V,W be two reductions from B to a normal tensor A. Let the
nilpotency length of both reductions be at most No. Then A\ € C such that for any n > 2Ny,

VB"B® .. B =\VB"B“.  B™ (138)
BB .. B"W = \"'B"B% . B"W. (139)

Let us now continue how to assign an element of the third cohomology group to a one-
block projective MPO representation. This discussion is essentially the same as in Ref. 38.

We include here the construction for completeness.

Let Xgn = D0 X ® X7* @ |i)(k| be the MPO tensor describing the product of two
MPOs. As X, and X, describe the same state and X, is injective, X5 can be reduced
to X, by Proposition 20. Let us fix such a reduction V(g, h), W (g, h) for any pair of group
elements. We will assign a complex scalar to these reductions. We show that this scalar

forms a three-cocycle. Different reductions then lead to different three-cocycles. We show,
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however, that their ratio forms a three-coboundary. Therefore, the equivalence class of the
scalars is an element from the third cohomology group.

Starting from the reductions V' (g, h), W (g, h), there are two natural ways to reduce the
product of three MPOs:

V(g,hk) x, Wi(g hk) Vi(g,h)

V(h, k) W (h, k) V(gh, k) W (gh, k)

By Theorem 22, there exists a complex scalar A(g, h, k) € C such that for any sufficiently

long chain,

(141)

We show now that this scalar A forms a three-cocycle due to associativity of the product.
For the fixed reductions V' (g, h) and W (g, h), denote the Lh.s. of Eq. (141) as [g[hk]], the
r.h.s. as [[ghlk]. Consider a product of four MPOs, ghkl, and the following sequence of

reductions:
{[ghlk]l] — [lgh][kl] = [g[R[Kl]]] — [g[[nk]l] — [lg[hk]]l] — [[[gh]k]l]. (142)

In this sequence, every member can be transformed to the next by changing the reduction
of three consecutive group elements. Therefore, every member is related to the previous one

by a scalar. Writing out these scalars, we obtain

[lghlk)l] = Agh, k, 1) - Ag, b, k1)~ - A(h, k1) - Mg, hk, 1) - Mg, h. k) -[[[gh]k]l]. (143

J

-~

=1
As this relation is the defining relation for the three-cocycles, A : G — C* is a three-cocycle,

where G acts trivially on C*.
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Note that the above construction depends on the fixed reductions V' (g, h), W (g, h) of the
product of two operators. In general, changing the reduction also changes the scalar. This
change, however, is not arbitrary: we prove now that it forms a three-coboundary. Consider
another reduction V (g, h) and W (g, h) with corresponding three-cocycle X. Then, denoting
the reduction with V (g, h) and W (g, ) by round brackets (in the sense as above), using
Theorem 22,

(gh) = w(g, )[gh) (144)

for some w(g, h) € C. Therefore, the two scalars A and X are related as follows:

((gh)k) = w(g, h)w(gh, k)[[gh]k] (145)
(9(hk)) = w(h, k)w(g, hk)[g[hk]]. (146)

Therefore, the relation between A and \ is

~ B w(g, h)w(gh, k)
Mg 1K) = i Rty )

This is the defining relation of three-coboundaries, thus A/A : G® — C* is a three-

Mg, h, k) (147)

coboundary. Therefore, A, by construction, is a three-cocycle defined up to a three-
coboundary, thus, by the definition of the cohomology group, it is an element from H3(G, C*).

Next, consider MPO representations that are translationally invariant after blocking two
tensors X and Y. The previous method assigns two possibly different labels from H3(G, C*)
to the two MPO tensors XY and Y X. We will show now that these two labels are in fact

equal.

Proposition 23. Let V,,(X,Y,) be a one-block projective MPO representation of G. Then
Vo (Y, X,) is also a one-block projective MPO representation of G and their third cohomology

label 1s the same.

Proof. As V,(Y,X,) is the same MPO as V,(X,Y;), but shifted by one lattice site, it is
a one-block projective MPO representation. W.l.o.g, one can suppose that both X Y, and
Y, X, are injective: they contain only one block, thus they can be reduced to injective MPOs.
Thus, incorporating the reductions into X, and Y, we obtain two new tensors such that
both X,Y, and Y, X, are injective.

Let V(g,h) and W (g, h) be reductions corresponding to the product of X,Y, and XY},
while V (g, h) and W (g, h) be reductions for the product of Y, X, and X,,Y}. Then Proposi-
tion 29 in Appendix B implies that V (g, k) and W (g, h) reduces (up to a scalar) a chain of
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odd number of MPO tensors:

X gh Yg h X, gh

— (g, h) (148)

Therefore, for the product of three MPOs corresponding to g, h and k and a chain consisting

of an odd number of MPO tensors,

Xgnk | Yonk | Xgnk
= p(g, h)pu(gh, k) W (149)

Similarly,

V(g, hk)

Xgnk | Ygnk | Xghk
= ulg, hk)u(h,mw@ (150)

If the above chain is long enough, changing the order of the reductions W changes the above

equation only by a scalar (g, h, k):

V(g,hk)

~ Xgnk | Ygnk | Xgnk
= g b Rulg. k(s k) OO0 (151)

Similarly, changing the order of the reductions on the left side, we get (notice that the scalar
associated to changing the order of the reductions on the left side is the inverse of that on

the right side, see Theorem 22)

_ Mg hok)pulg, hk)p(h, k) 1 ot Yo 1 Yo (152)
Mg, h, k)
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Comparing this equation with Eq. (149), we conclude that

Mg, h, k) plg, hk)u(h, k)
Xg, b, k) (g, h)ulgh k) (153)

Therefore, the two scalars differ only by a three coboundary. That is, the two third coho-
mology labels corresponding to X,Y, and Y, X, coincide. O]

B. Third cohomology labeling of quasi-injective PEPS

We investigate the following setup. Let G be a group, O, a faithful (not necessarily
unitary) representation of G. Let |¢) be a four-partite state with full rank one-particle
reduced densities. Suppose Vg € G, O, is a symmetry of the quasi-injective PEPS defined
by |¢) and Id:

B0 O G O G Oy S Y W

i N
] i
raararanr

where the blue squares represent |¢), the red operators O,.

(154)

Note that this setup can readily be applied for unitary symmetries of quasi-injective
PEPS: let the quasi-injective PEPS be defined by the four-partite state |¢) and an invertible
operator A. Let the unitary representation of the symmetry group G' be U,. Then, by
inverting A in the symmetry condition, we arrive to Eq. (154) with O, = A~'U,A.

Proposition 24. If Eq. (154) holds for some n,m > 3, then it holds for all n,m and

tn.m(g) = "™ (g) for some one-dimensional representation p of G.

Proof. Apply Proposition 12 and notice that p is a representation. O

We show now that the action of the symmetries show up on the boundary as a projective

MPO representation of the group G.
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Proposition 25. If Eq. (154) holds, then for every g € G there are two MPO tensors X,
and Y, such that

n — 1111
TG TG G =) T, ()

and V,(Y,) = (Vo(X,))"" for all n. Moreover, V,(X,) and V,(Y,) form projective repre-
sentations of G with V,,(X,)V,(Xp) = A*(g, h) Vo (X X3) for a two-cocycle . In particular,
V(X)) Vi(Xy) has only one block in its canonical form.

Proof. From Theorem 13, the existence of X, and Y, is clear. From Corollary 14.1, it is
also true that V,(X,)V,.(Xn) = A*(g, h)V,.(X,X,). Due to associativity, A(g, h)A(gh, k) =
Mg, hk)A(h, k), and thus A forms a two-cocycle. ]

Note that if we allow for blocking, there is a length scale K for which A "(g, h) becomes
constant 1. On the other hand, the labeling with an element from the third cohomology
group H?*(G,C) corresponding to the g — X, one-block projective MPO representation of
G is a scale-invariant labeling.

In the following, we show that the classification of the boundary MPO representation
Vo(X,) also shows up in the MPO defined by O,. To see this, we define a translationally

invariant (on four sites) MPO from O, that we call V,,(O,). Write O, as an MPO in Eq. (104),

and open one of the indices. We call this tensor Og. Pictorially,

OQI:I = O, = (156)

This MPO plays an important role in the third cohomology labeling of quasi-injective PEPS.

Proposition 26. The MPOs V,(O,) form a one-block projective MPO representation of G.
Its third cohomology label is the same as that of V,,(X,).

Proof. As the product of the Schmidt vectors of O, and O, factorizes, the tensor ) O;j O; i

S AT

6

has the following structure:



with

o |

Therefore, V,(0,)V;,(O4-1) = Id, as it is the n-fold product of this tensor.
We prove now that V;,(0,)V,(On) Vi, (Ogny-1) = Id, and thus V,,(Oy)V,(Oy) = Vi (Ogp).
Consider the MPS tensor defined by the Schmidt vectors of Oy, Oy and then Ogp)-1
acting on the Schmidt vectors of |¢). Then, similar to Eq. (98), this tensor can be written

as
Xg
Xhn
th

e - , (159)

where the red solid rectangle denotes the Schmidt vectors of Oy, the green one that of
Op, and the dashed one that of Opy-1. Joining two such tensors, the middle operator is

OgOhO(gh)—l = Id, SO

(160)

As the Lh.s. factorizes w.r.t. the vertical cut, and the r.h.s. factorizes w.r.t. the horizontal
cut, and the one particle reduced densities of |¢) are full rank, the product of the Schmidt

vectors of Oy, O and Oyp)-1 also factorizes, and thus

= , (161)



with

= | (162)

Therefore Vn(ég)vn(éh)vn(é(gh)fl) = Id, as it is the n-fold product of this tensor. This
means that V,,(0,) is an MPO representation.

As an MPO representation is also a one-block projective MPO representation, one can
label this MPO representation with an element from the third cohomology group H*(G,C*).
We now show that this label coincides with that of the projective MPO representation of GG
on the boundary. To see this, partially contract the MPS tensors describing the boundary

of the state (defined in Eq. (95)). That is, contract only the lower indices:

= =
=, (163)

Notice that the red MPO tensor acting on the lLh.s. is exactly Og. After contracting these
tensors, Eq. (163) reads

|

(164)

~

Il
U—e o—U
U—e o—U

i
!
x x x ¢] i] i]

By construction, the red MPO appearing on the Lh.s. is V,,(O,). Therefore, if V (g, h),W (g, h)
is a reduction from V;,(0,4)V,(Op) to V,,(Ogn), then it is also a reduction from V,,(X,)V,(X)
to Vo, (Xgn). As the third cohomology is assigned to the MPO representation with the help

N—e O—
U—e —U

of these reductions, V,,(0,) is classified by the same third cohomology class as V,,(X,). O

The above proof can be repeated for the vertical boundary instead of the horizontal one.
This means that the third cohomology label of the vertical boundary is the same as that of
Vn(O;), where O; = D,A,B,Cy, if Oy = A;B,CyD,. Proposition 23 implies that the third
cohomology labeling of Vn(0~’g) and V,,(O,) coincide, therefore the third cohomology labeling

of the horizontal and vertical boundary coincide.
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VIII. CONCLUSION

In this work we introduced a new class of PEPS, quasi-injective PEPS. We showed that
quasi-injective PEPS are a generalization of injective PEPS and that some important ex-
amples that are not known to have an injective PEPS description naturally admit a quasi-
injective PEPS description. We showed that they are unique ground state of their parent
Hamiltonian. We also derived a canonical form, i.e., a way to decide locally if two quasi-
injective PEPS are equal. One of the necessary conditions is that the boundaries of the two
states are related by an invertible MPO. Using this result, the third cohomology labeling
of SPT phases extends naturally to quasi-injective PEPS, suggesting that these states are
appropriate to capture the relevant physics of SPT phases. Using the canonical form, we
have found that the third cohomology label of the SPT phase is not only encoded on the

edge of the model, but also directly in the symmetry operators.
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Appendix A: Examples for canonical form

In the injective PEPS case, if two tensors generate the same state, then they are related
by a product gauge transformation. In the case of quasi-injective PEPS, this is no longer
true as the following example shows.

Let A be the following MPS tensor:

10

A° = )y (A1)
. (24 10
Al = ] (A2)

This tensor was constructed in such a way that it is Z symmetric for size 4, but not for longer

chains: for the tensor B with B = A® and B' = —A!, V4(B) = V4(A), but V5(A) # Vi(B).
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The tensors A and B are also normal, after blocking two tensors they become injective.
Proposition 7 also implies that A and B are not related by a gauge transform. There is also
no gauge relating the tensors after blocking four of them: AX : XBBBBX ' = AAAA.

Consider two quasi-injective PEPS. Let ¥, be defined by ¢4 = V4(A) and Id, ¥ by
¢p = Vi(B) and Id. By construction, ¥, = Wgz. We will show, however, that the PEPS
tensors defined by grouping four MPS tensors:

— b . (A3)
ar

are not related by a gauge, where the blue tensors are A and the green ones are B. We

prove that by contradiction. Suppose there are such gauges, X and Y

_— (A1)
Inverting Y and Y !, we get that
1 :)Y71
X X~ * @
= * o : (AS)
_—>
Y

Notice that the Lh.s. is product w.r.t. the vertical cut, whereas the r.h.s. is product w.r.t.
the horizontal cut. As A and B become injective after blocking two tensors, both X and Y

have to be product operators, and thus

NI .
ST

But this would mean that after blocking four tensors, BBBB = XAAAAX™! for some
gauge X. As this is a contradiction, the two given PEPS tensors generating the same

quasi-injective PEPS are not related by a gauge.

Appendix B: MPS reductions

In this Section, we present the proofs of the theorems about reductions of MPS used in

Section VII.
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Proposition 20. Let A be a normal MPS tensor, B an MPS tensor such that for some
reC

Vo(B) = A"V, (A) VneN. (135)
Then there exist matrices V,W such that VW = 1Id and ¥Yn € N and (i1,iz...1,) €
{1,2,...d}",

VB ... B"W = A" .. A (136)

Proof. Suppose the injectivity length (see Proposition 5) of A is L. Let A and B denote the
tensors obtained from A and B by blocking them L times, respectively. Then A has a left

inverse, A~1. Take the Jordan decomposition of the following matrix:

PR -

where S is semi-simple (diagonalizable), is nilpotent (upper triangular in the basis in

which S is diagonal) and [S, N] = 0. B and A generate the same state, thus

(B2)

The r.h.s is D™, where D is the bond dimension of A, as it is n times the trace of Id.
Using the Jordan decomposition Eq. (B1), the Lh.s. is Tr(S + N)" = TrS™. Therefore
Tr 8™ = D™, thus Proposition 10 implies that the rank of S'is 1. [S,; N| = 0 therefore implies
that SN = NS = 0. Thus, (S+ N)" = S" + N" = S™ if n is larger than the nilpotency

rank of N. Then, as A and B generate the same state, for all n and m,




where we have used n — 1 times that TrId = D. As S is rank one, there are matrices V' and

W such that S can be written as

e

Therefore, as N™ = 0, the L.h.s. can be rewritten as

n m m
/—/%

bty [ty -

Therefore, comparing this with the r.h.s. of Eq. (B3), for all m,

VB .. B™W = A" . A, (B6)
For m =0, VIV = Id. O

Proposition 21. Let V,W be a reduction from B to A. Let N* = B — WAV . Then the
algebra generated by N* is nilpotent.

Before proceeding to the proof, we need the following simple statement:

Lemma 27. Let V,W be a reduction from B to an injectic MPS tensor A, N' = B'—W A'V .
Then for any m > 0,
VNUN2  N™W = 0. (B7)

Proof. We prove this by induction on m. For m =1,
VN'W =VB'W —VWAVW = A" — A" = 0. (BS)

Suppose the statement is true for all n < m. Then, writing N = B — W A4V and using
the induction hypothesis,

VNN?  N™W =VB'N?. . N™W (B9)
Similarly, N2, ..., N1 can be changed to B, ..., Bm1:
VN'N®2 . N"™W =VB“.. B™N™W. (B10)
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Writing now N = Bim — W A™V | we arrive to
VN . N™W =VB"...B"™W —VB" .. .Bm"'WA™VW = 0. (B11)
[
Proof of Proposition 21. B and A generate the same state:
Tr{B"B®?...B"} =Tr {A"A”. . A"}, (B12)

Write B = WAV + N* and expand the product on the Lh.s. As V and W form a reduction,
VN# . N=W =0 for any m > 0 and all ¢y, ...4,, by Lemma 27, and thus all terms cancel
except the products of A and the products of N. Therefore

Tr {N“N™. . . N"} =0. (B13)

This means that Tr{Z} = 0 for every element Z in the algebra generated by N’. Thus, in
particular, for every n > 0, Tr{Z"} = 0. Therefore the algebra generated by N is a nil
algebra, and thus nilpotent*®. That is,

N*N®2_ N» =0 (B14)
for large enough n. O

Theorem 22. Let V,W and V., W be two reductions from B to a normal tensor A. Let the
nilpotency length of both reductions be at most Ny. Then I\ € C such that for any n > 2Ny,

VB"B® .. B =\VB"B%. B™ (138)
BB .. B"W = \"'B"B% . B"W. (139)

Before proceeding to the proof, we need the following calculation that we use repeatedly:

Lemma 28. Let V,W be a reduction from B to a normal tensor A, N* = B' — WAV . Let
Ny be the nilpotency length of the reduction. Then the following equations hold:

B"B?.. . B"= Y NU. NEWAk  AWN N (B15)
0<k<Ii<n

VB"B®2 .. B" = > A AV N N (B16)
max(0,n—Np)<I<n

B"B”.. . B"W= Y N NEWAk Al (B17)

0<k<min(No,n)
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Proof. Write B = W A4SV + N% for all j in B“ ... B and expand the expression. Using
Lemma 27 and the definition of the nilpotency length (Definition 8), we arrive at the desired

equations. [

Proof of Theorem 22. Let L be the injectivity length of A and let m = 2N, + L. Consider
Chtm = VB B2 . B™W. (B18)
Using Lemma 28 with B = WAV 4+ N, we have

Chrim = N AR ARVNER N (B19)
k=No+L
as m — Ny = Ny + L. Similarly, using Lemma 28 with B' = WAV + N, we get

No
Clrtm =N VN NRW AR A (B20)
k=0
Note that the MPS tensor at position k = Ny + 1 to Ny + L is A% in both expressions. By

assumption, that block is injective. Applying its inverse and comparing the two expressions,

we conclude that

No

D VN LNEIWARS Ao = NA' A (B21)
k=0

No ~

D AN ARVNER N = ATTAT A (B22)
k=0

for some \ € C. But then, using Lemma 28 for VB B ... Bi» with B = WAV + N, we

get
VB"B?...B"=>" > VN . N*WA® AWNE N (B23)
k=0 l=n—Np

If n > 2Ny, then I > Ny. Therefore the left part of the r.h.s. can be replaced using Eq. (B21):

VB"B™?...B" =\ Y A" _A"WN" . N"=\B"B. B" (B24)

l=n—Ny
where the last equation holds by using Lemma 28 for VB B® . .. Bi» with Bi = WAV + N
Equation (139) can be proven similarly using Eq. (B22). O

We now consider MPSs that are translationally invariant after blocking two sites.
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Proposition 29. Let A € CP' @ CP2 @ C% and B € CP2 @ CP' @ C% be two tensors
such that both AB and BA are normal MPS tensors. Let C € CP' @ CP2 @ C% and
D € CP2@CPr@C™ be two tensors such that V,(CD) = V,,(AB). Then V,(BA) = V,(DC)
and if V,W are reductions of CD to AB and V,W are reductions of DC to BA, then for

a sufficiently long chain,

AB...BA=\VCD...DCW (B25)
BA...AB=puVDC...CDW (B26)

Proof. First, notice that V,,(BA) = V,,(DC), as V,,(BA) is V,,(AB) shifted by half a lattice
constant, while V,,(DC) is V,,(C D) shifted by half a lattice constant.
Next, using Lemma 28 with CD = WABV + N;N,, we have

M
VOD...DCW:;AB...BVNINQ...]\GNQCW, (B27)
2k 1= 2k—21 2

where M is the injectivity length of the reduction V,W. Similarly, using Lemma 28 with
DC = WBAV + N1N2, we have

M
VCD...DCW:ZOVCNlNQ...NlNQWBA...BA, (B28)
2k 1= 2 2k—2i

Where M is the injectivity length of vV, W. Therefore, if 2k > 2M + M + 2L, where L is
the injectivity length of AB, then

VCD..CW =AB...AB... Al | = | |B...AB...A (B29)
N—— S S — ~ - A ~ T e
2k+1 2N+1 2k—1—-2N 2N+1 2N+1 2k—1-2N 2N+1

As the middle part is injective, the last equation can hold only if AB ... BA = A\VCD... DCW.

The other equation can be proven similarly. O]

Appendix C: The qubit case

In this section, we characterize how two quasi-injective PEPS defined by (|¢4), O) and
(|65),1d) with |¢4), |é5) € (C2)®* can generate the same state. We restrict ourselves to the
case where |¢4) and |¢g) do not factorize in either direction. Using Corollary 18.1, |¢4)

and |pp) are SLOCC equivalent, and thus we can suppose |¢p4) = |¢pp) (by changing O).
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Notice that the state |£) appearing in the proof of Theorem 18 (see Eq. (125)) is also SLOCC
equivalent with ¢4. We can thus suppose that |p4) = |¢p) = |£). Therefore, given |p4),
we only need to characterize all pairs of two-body invertible operators such that Eq. (125)
holds.

Let us fix [p4) = |pp) = |£). We start the investigation with a state such that in the
horizontal cut it has Schmidt rank two. As the span of the Schmidt vectors contains a
product state and we are only interested in |¢4) up to SLOCC equivalence, w.l.o.g. we can
suppose that a basis of its reduced density on the upper two particles is

(W) = [00) (C1)
|Ws) = al01) + b|10) + ¢|11), (C2)
whereas a basis of its reduced density on the lower two particles is
|®1) = 00) (C3)
|®o) = A|01) + B|10) + C|11) . (C4)

In this setting, we are looking for invertible two body operators O; and O, such that

= (C5)

where the left red rectangle represents O, the right one O,, while the blue Schmidt vectors
are W/, the purple ones are ®,,,. This gives four times sixteen equations on the matrix
elements of O; and O,. Checking these equations can be done in any CAS. The following

cases can be distinguished.
e C'#0, c#0. In this case, the operators are («, 5, are free parameters):

O, =|00)(00] + «|01)(01] + g(oz —1)|00)(01| + £]10) (10| + g(ﬁ — 1)|00)(10|+

A+ 2= B)10) {11+ 2y~ @)01) (1] + 2oL+ — a— £)00)(11
(c6)

Al

E(E — 1)|00)(10|+

% 1

1
ot = 5 = glooyl

1
05 =[00)(00| + —|01
«

~—

(01] + %(é ~1)[00)(01] + %|10><10\ +

Al
)|10><11|+5(§

~n+ 2 - ~ D)lonya +

ole
S

(

==

o6



e (' #0, c=0. In this case b # 0, otherwise the one particle reduced densities of the

state is not full rank. The operators are («, 3, are free parameters):

Oy =[00)(00] + |01)(01] + «|00)(01] + B]10)(10| + g(ﬁ — 1)[00)(10|+

BI11Y(11] +~[10)(11] + B(BT_Dm)(m n Wmmmy (C8)
A
0, =[00Y(00] + |01)(01] — %a|00>(01| n %|10><10| + 5(% —1)[00)(10]+
1 ary A A Aay — Aay/B?
S = 01 + (= + Zlon) (11]+ == o0y 1] (Co)

e ¢c=0,C =0. In this case B # 0,b # 0, otherwise the one particle reduced densities

of the state is not full rank. The operators are («, /3, are free parameters):
01 =]00)(00] + |01){01] + «|00){01| + |10)(10| 4+ /3]00)(10|+
|11)(11] + «|10) (11| + 5]|01) (11| 4 ~|00) (11| (C10)

05 =|00)(00] + [01) (01| — %a|00)(01| +]10)(10] — §B|OO)(10|+

2Aaaff — Aay
Bb

111)(11] — %a|10)(11| - %,@|01><11| + 100) (11| (C11)

Using this result, we have checked that if the state has Schmidt rank at least 3, then O; and
O, can only be product operators.

To find therefore all possible operators O such that the quasi-injective PEPS defined by
(|pa),O) and by (|¢p),1Id) are the same (supposing they have Schmidt rank at least two

along both vertical and horizontal cut), one has to do the following steps:

1. Transform |¢4) with an invertible product operator O; to have |00) in the span of its

Schmidt vectors in both the upper and lower two particles

2. If the Schmidt rank of |¢4) is two along the horizontal cut, then take the two-body

operators given above, Oy ® O3. Otherwise take Oy = O3 = Id.

3. Repeat the previous two steps for the vertical cut, giving an invertible product operator

0,4 and two-body invertible operators Os ® Og.

4. Find all invertible product transformation O such that |¢pg) = O7|pa).

Then all possible operators O are given by O;(0y; ® 03)07'04(0s ® 06)O5 07, where

O; = S0O;S, and S is the swap operator defined before Theorem 17.
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Appendix D: G-injective tensors

In this section, we try to generalize quasi-injective PEPS in a way that it also includes
G-injective PEPS. We try the obvious generalization: if the quasi-injective PEPS (|¢),1d)
has symmetries O, for g € G for some group G, then |¢) and > O, defines a non-quasi-
injective PEPS that could be a candidate to include G-injective PEPS. We present here,

however, an example for such a state, that behaves very different from G-injective PEPS.

Consider the following state:

Erd
= CIEIENEY. o
Sty

where the green rectangle is a four-partite GHZ state, and the red circle is O = Id + Z%4,

We will show that on an n x n torus, there are at least 2" linearly independent states that
are locally indistinguishable from this state. This means that given any local (frustration
free) parent Hamiltonian, its ground space is at least 2"-fold degenerate.

To see this, consider states on the torus that are constructed similar to |¥), except
that some of the four-partite GHZ states |¢*) = 1/4/2(]0000) + |1111)) are changed to
|¢~) = 1/4/2(]0000) — |1111)). Such a state will be depicted schematically as a rectangular
grid, with squares colored black at all occurrence of |¢~). For example, the figure below

depicts such a state with one occurrence of |¢™~):

n

(D2)

We will see that these states are all locally indistinguishable from |¥) and that they span
an at least exp{n/2}-dimensional space. First notice that |¢p~) = Z|¢T), where Z acts on

one of the four particles (any one of them). Due to the special form of O, however, if in a
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2 x 2 block all |¢T) are changed to |¢7), it doesn’t change the state:

In fact, inverting the color of all rectangles in any 2 x 2 rectangle doesn’t change the state.

A consequence of this is that a pair of black rectangles in the same column (row) can “travel”

For example,

horizontally (vertically) no matter how far they are separated. As an illustration, let us show
how to move two black rectangles in the same column separated by one to the neighboring

column:

= = . (D5)

This means that these states are indistinguishable from |¥) on any finite (system size inde-
pendent) region. Inverting the color of all rectangles in any 2 x 2 rectangle in fact defines an
equivalence relation on the colorings of the grid: two colorings are equivalent if and only if
they can be transformed to each other by repeatedly inverting the color of all rectangles in
2 x 2 regions. Equivalent colorings correspond to the same state, whereas inequivalent color-
ings to perpendicular ones: such states all have the form (14 Z®4)®"|¢*)®". Expanding this
expression, we get a sum of tensor products of |¢*) and |¢~). Starting from two equivalent
colorings, the sum contains the same terms reordered. Starting from inequivalent colorings,
all terms differ from each other and thus the states are perpendicular as (¢ |¢p~) = 0. To
see that there are at least 2" equivalence classes, notice that the parity of black rectangles in
each column is an invariant. (And for each parity assignment there is a coloring with that

parities.)
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3.4 Classification of MPS with a local (gauge) symmetry 133

3.4 Classification of MPS with a local (gauge) sym-
metry

In this Section we include the following paper:

e [lya Kull, Andras Molnar, Erez Zohar, and J. Ignacio Cirac. “Classification of
Matrix Product States with a Local (Gauge) Symmetry”. In: Annals of Physics,
Volume 386, November 2017, Pages 199-241 386 (Aug. 1, 2017), pp. 199-241. arXiv:
1708.00362v2

Gauge theories provide us with the language of modern particle physics. Three out
of the four fundamental interactions (electromagnetic, weak and strong, all included in
the standard model of particle physics) are described by gauge theories. Moreover, they
also emerge as effective low-energy descriptions in condensed matter systems. Given a field
with global symmetries, the gauge principle consists of introducing extra degrees of freedom
(the gauge field) such that the global symmetry becomes local. These gauge fields are then
used to describe the gauge bosons (such as the photon). While weakly coupled gauge
theories, such as the Abelian theory of quantum electrodynamics, are well understood
by perturbative tools, non-Abelian theories pose some difficulties yet to be solved due to
their low-energy non-perturbative behavior. One way around is the use of Monte Carlo
methods on a discretized space-time (or in the Hamiltonian formulation, space). While
these methods are very successful, they fail to describe large fermionic densities or real
time evolution. Due to these difficulties Tensor Network methods to describe these lattice
versions of the gauge theories are gaining popularity.

Apart from numerical simulations based on MPS and PEPS, these TN representations
are useful for theoretical investigations of lattice gauge theories. This approach focuses on
the states rather then the Hamiltonians: gauge invariance is required on the state level,
and the corresponding parent Hamiltonian will also automatically have that symmetry.
Several formulations have been proposed to describe gauge invariant TNS, all starting
from a symmetric tensor describing the matter field and later on introducing an other
tensor describing the gauge field such that the combined network is gauge invariant. In
our investigation we try to understand what are the minimal requirements for an MPS to
describe a LGT: we characterize how it can possess local (gauge) symmetries.

In the most general case, we consider an MPS where the odd sites (the A tensors)
correspond to the matter field while the even sites (the B tensors) to the gauge field:

H#L % (35)

Apart from this kind of states, we also consider MPS representing pure gauge filed and
MPS representing pure matter field. We consider local symmetry operations of the form

o) — #M % 56
A B A B A B
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In this paper we investigate what are the properties of the A and B tensors representing
the matter and gauge fields such that the state is symmetric under these local operations:
|¥) = O|¥). We consider both finite and compact symmetry groups. We find examples
where the gauge symmetry does not originate from a global symmetry of the matter field
which are not included in the conventional, gauge principle setting.

The main technical challenge of this project was that the MPS description of O|W) is
non-translationally invariant. As the fundamental theorem is usually stated for transla-
tionally invariant states, one has to understand how it generalizes to this setup. This need
for generalization provides a natural connection to the next Section, where we consider
non-TT TNS with arbitrary lattice geometry.
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1. Introduction

Gauge theories play a paramount role in modern physics. Through the gauge principle, the theories
describing the fundamental interactions in the standard model of particle physics are obtained by
lifting the global symmetries of the interaction-free matter theories to be local symmetries, minimally
coupled [1] to a gauge field. Moreover, they also emerge as effective low-energy descriptions in
several condensed matter scenarios [2]. Historically, the gauging procedure was first conceived as
a transformation of a Lagrangian or Hamiltonian describing a physical system; however, it can be
performed on the level of quantum states as well, irrespective of dynamics associated to a specific
theory.

In spite of their central role in the standard model, non-Abelian gauge theories still involve puzzles
to be solved. Their complete understanding still poses a significant challenge due to non-perturbative
phenomena (e.g. low energy QCD). Among the various approaches proposed to tackle the strongly
coupled regime, a particularly general and successful one is lattice gauge theory [3]. Monte Carlo
sampling of Wilson’s Euclidean lattice version of gauge theories has so far been the most successful
method of numerical simulation, nevertheless, it suffers from its own drawbacks. The sign problem [4]
prevents application to systems with large fermionic densities, and the use of Euclidean time does
not allow to study real time evolution and non-equilibrium phenomena in general scenarios. In
order to describe real-time evolution of such theories, one is forced to abandon the Monte Carlo
approach, and search for other methods. In this context, the Hamiltonian formulation of Kogut and
Susskind [5] has been receiving renewed interest, with two recent approaches coming from the
quantum information and quantum optics community: quantum simulation, using optical, atomic
or solid-state systems [6,7], and tensor network states.

The representation of quantum many-body states as tensor networks is connected to White’s
density-matrix renormalization group [8], and in the case of one dimensional spin lattices is known as
matrix product states (MPS) [9]. Among many useful properties of tensor networks, one which makes
them well suited to the description of states with symmetries, is the ability to encode the symmetry
on the level of a single tensor (or a few) describing the state. In the case of global symmetries, both for
MPS and for certain classes of PEPS in 2D (Projected Entangled Pair States — the generalization of MPS
to higher dimensional lattices), the relation between the symmetry of the state and the properties
of the tensor is well understood [10]. Tensor networks studies of lattice gauge theories have so far
included numerical works (e.g., mass spectra, thermal states, real time dynamics and string breaking,
phase diagrams etc. for the Schwinger model and others) [11-30], furthermore, several theoretical
formulations of classes of gauge invariant tensor network states have been proposed [31-35]. In
all of the latter the construction method follows the ones common to conventional gauge theory
formulations: symmetric tensors are used to describe the matter degree of freedom, and later on a
gauge field degree of freedom is added, or, alternatively - a pure gauge field theory is considered.
While the usefulness of tensor networks in lattice gauge theories has certainly been demonstrated
by the above mentioned works, so far there were few attempts (e.g. [ 13]) to generally classify tensor
network states with local symmetry.

In this paper, starting from the assumption of a local symmetry, we find necessary and sufficient
conditions to be satisfied by the tensors encoding a MPS. Similar work was done in [13] for MPS with
local U(1) symmetry and with open boundary conditions. We focus on translation-invariant MPS,
and deal with arbitrary finite or compact Lie groups. Clearly, one could come up with arbitrarily
complicated constructions of states with a local symmetry (e.g. by using many kinds of symmetric
tensors). Our analysis is therefore limited to three physically meaningful settings corresponding to:
states describing matter, pure gauge field states and states of both matter and gauge field. In our
analysis the matter degrees of freedom are represented by “spins”; this could in principle be extended
to fermionic systems, and in particular to Majorana fermions.

For states describing only matter we find that local symmetries can only be trivial, and show how
to gauge such states by adding another degree of freedom. When investigating pure gauge states
we show that local symmetry in MPS requires a specific structure of the Hilbert space describing
the gauge field degree of freedom. In Wilson’s lattice gauge theories, in order to obtain minimal
coupling in a continuum limit, the gauge field degree of freedom is set as a group element in the same
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representation as the one acting on the matter [3]. In the Hamiltonian formulation, the corresponding
Hilbert space is isomorphic to L?(G), equipped with the left and right regular representations [36], and
is referred to by Kogut and Susskind as “the rigid rotator” (in the SU(2) case) [5]. The structure that we
find for the gauge field Hilbert space is more general and contains the rotator-like space introduced
by Kogut and Susskind as a particular case.

In the matter and gauge field setting we show that, similar to the case of MPS with a global
symmetry, the tensor describing the matter degree of freedom is a (generalized) vector operator, and
its structure is therefore determined by the Wigner-Eckart theorem; the gauge field tensor’s structure
is simpler: it is an intertwining map that translates the physical symmetry operators into a group
action on the virtual (bond) spaces. This is a one dimensional version of the construction principle
used in [34] - our work describes the sense in which this construction method is unique and the
available structural and parametric freedom in choosing the tensors. However, the structure we derive
allows for more general gauge invariant MPS, namely, ones that do not arise as a result of gauging a
global symmetry or coupling matter to a pure gauge field. We construct examples of such states:
while possessing a local symmetry when coupled to each other, the matter and gauge field degrees
of freedom do not retain their individual symmetries when separated. Finally, we discuss mutual
implications between the condition of local symmetry of the pure gauge field and the condition of
global symmetry of the matter when the two can be coupled to each other to produce a MPS with
local symmetry.

The paper is organized as follows. In Section 2 we introduce the basic notation and define the
settings which will be investigated in subsequent sections. Section 3 presents a summary of our
results. In Section 4 we review the known classification of MPV with a global symmetry. In Section 5
we derive the proofs of the stated results.

2. Formalism

In this section we introduce the MPS formalism and the notation used in this paper. We present
the different settings of states and symmetries that will be the focus of investigation in subsequent
sections. We motivate the choices of those settings, and relate them to physical theories. This section
covers all the definitions and the essential background needed in order for our results to be stated in
Section 3.

2.1. Matrix product vectors

We consider matrix product vectors (MPV) rather than states (MPS). The distinction is emphasized
because MPV can refer to unnormalized MPS as well as to matrix product operators, to which our
results can also be applied. Moreover, in the following we shall define symmetries in terms of equal-
ities between vectors and not states, i.e. we shall not allow a phase difference. For a comprehensive
introduction to MPS we refer the reader to [9,37,38]. In the following we shall review the basic
definitions, and quote essential results.

Let H be a d-dimensional Hilbert space. A matrix product vector (MPV) is a vector Iw,ﬂ") e H®N
given by

ity = 3 Tr(AA AN figiy i) | M
{i}

where {Alli = 1,...,d} are D x D matrices and {|i)|i = 1, ..., d} is an orthonormal basis in .
The dimension of the matrices - D - is called the bond dimension of A. We say that the tensor A,
which consists of the matrices A, generates the MPV |1p/f\V ); in fact, it generates a family of vectors:
{W}Q’ YIN € N}. We refer to the entire family of vectors as the MPV generated by A.

A MPV of this form is translationally invariant (TI). It is possible to describe vectors that are not TI
in a similar way, with a different tensor associated with each tensor copy of #. Throughout this paper
we consider only TI-MPV.

In order to avoid cumbersome notation involving many indices, we will use the graphical notation
commonly used in tensor networks. Each tensor is denoted by a rectangle with lines connected to it.
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Each line corresponds to an index of the tensor. For example, the tensor A generating the MPV above
is represented as:

p— A —,
where the top line corresponds to the physical index: i = 1,...,d, and the horizontal lines — to
the (“virtual” or “bond”) matrix indices: « = 1, ..., D. Contraction of tensor indices is indicated by

connecting the respective lines. If M is a square matrix, i.e. a rank 2 tensor, then Tr(M) is denoted by:

|: M ] .
The coefficient corresponding to the |iji, . ..iy) basis element of the MPV |1ﬁ,’;’ ) in Eq. (1) is denoted
by:

i1 i i3 iN

|/A A A—~~~—A—|,

where we specified the values of the physical indices. We identify the MPV of length N generated by
A with the set of its coefficients and denote the MPV as:

|/A A A—---—A—|.

Definition 2.1. Let A be a tensor composed of matrices {A'}. Blocking of b copies of A defines a new
tensor denoted by A, which is composed of the matrices given by the b-fold products of A’, and are
numbered by an index I := (i1, iz, ..., ip):

{(Ap) = ATA2 LAY | iy iy, .o iy = 1,0, da} .
The new index I corresponds to the basis {|I) := |i;) ® |i2)®, ..., ®|iy)} of #®P. Graphically:

I i1 i ip
| | | |
—Axp—=— AP AL - A

The MPV of length N generated by A, is |1ﬁ/f\\’xb) € (’H®b)®N.

Definition 2.2 (Injective Tensor). A tensor A consisting of D x D matrices {A"}f':1 is injective if
span{Ai| i=1,....d} = Mpyp,

where Mpyp is the algebra of D x D matrices.

Definition 2.3. Let A be a tensor consisting of matrices {Ai}?:1. The completely positive (CP) map
associated with A is defined by:

D
EA()=) ATAT
i=1

i.e., the matrices {A'} are the Kraus operators of E4 [39].
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Definition 2.4 (Normal Tensor). a tensor A, consisting of D x D matrices {A'}¢ i, is normal if there exists
L € N such that:
span {A“Ai2 A i, i =1, ..d} = Mpup,

where Mp,p is the algebra of D x D matrices. That is, A is normal if it becomes injective after blocking
a sufficient number of its copies. In addition we require that the spectral radius of the CP map E, is
equal to 1.

Remark 2.1. If a tensor becomes injective after blocking Ly copies, it is also injective when blocking
any number L > Ly of copies. There is an upper bound on the minimal number of copies of a normal
tensor needed to be blocked in order for the blocked tensor to be injective, which depends only on its
bond dimension [40].

Proposition 2.1. A tensor is normal (Definition 2.4) iff the CP map associated with it is primitive
(irreducible and non-periodic) [39].

Definition 2.5 (Canonical Form). A tensor A is in CF if the matrices A’ are block diagonal and have the
following structure:

n i
= Op=1 VA 2)
where {A;} are normal tensors and v are constants.

Definition 2.6 (Canonical Form II). Ais in CFIl if in addition to being in CF, for any k appearing in Eq. (2)
the CP map E,, is trace preserving, and has a positive full rank diagonal fixed point Ay > 0.

Proposition 2.2. Let |/, ) be the MPV generated by a tensor A. If the CPmap E, has no periodic irreducible
blocks, then there exists a tensor A in CF (or CFII) such that:

Wa) =1¥3) YN €N,

If E4 does have periodic blocks, then there exist a tensor A in CF (of CFII) and b € N such that:
lYa,) =1¥Y) VN eN,

where A*? is the tensor obtained by blocking b copies of A (Definition 2.1)[38].

Definition 2.7 (Basis of Normal Tensors) Let A be a tensor in CF. A set of tensors {A } is said to be a
basis of normal tensors (BNT) of A if A are normal tensors, and for every A, appearing in A’s expan51on
(Eq. (2)) there exists a unique A], an invertible matrix V and a phase e'® such that A, = eV~ ]A V.

From now on whenever we consider a tensor A in CF we shall write it in terms of a BNT {Aj}j”;]:

) . L
A= Gaji]@;:lﬂf;qvj,qllq}vjsq : (3)
The MPV of length N generated by such a tensor A takes the form:

WA =D (15.0) 19 -

j=1 q=1
2.2. Representation theory

In this section we introduce projective representations. We review basic facts from representation
theory, stated in the more general setting of projective representation, following [41,42]. Next, we
describe how the general setting of a MPV with a symmetry with respect to a finite dimensional
representation ®(g), can be simplified by writing the MPV in a form compatible with the decom-
position of ®(g) into irreducible representations. Finally, we quote two theorems: Schur’s lemma and
the Wigner-Eckart theorem, that will allow us to classify the tensors generating symmetric MPVs.
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2.2.1. Projective representations

Let # be a finite dimensional Hilbert space. Denote by U(#) the group of unitary operators on #.
Throughout the paper, unless explicitly stated otherwise, G will always refer to a finite group or a
compact Lie group.

Definition 2.8. A function y : G x G — U(1) satisfying:
y(g, h)y(gh.f)=y(g, hf)y(h,f), Vg, h.feG

v(g.e)=y(e,g)=1, VgeG,

where e € G is the trivial element, is called a multiplier of G. For compact Lie groups we require y to
be continuous.

Definition 2.9. A projective unitary representation of a group Gon # isamap @ : G — U(#) such
that forallg, h € G ©(g)®(h) = y(g, h)®(gh), where y is a multiplier of G.

That is, projective unitary representations are unitary representations up to a phase factor.
Throughout this paper all representations will be assumed to be unitary and finite dimensional.
From this point on, unitary representation shall be used to emphasize that it is not projective.
Projective representations can refer to both, as unitary representations are a particular case of projective
representations, namely, they are the ones with the trivial multiplier.

Two projective representations (@, #) and (®’, #') with multipliers y and y’ are equivalent in
the sense of projective representations if there exist an isomorphism ¢ : # — #’ and a function
u: G — U(1)suchthat @'(g)p = u(g)p®(g) for all g € G. Their multipliers then satisfy:

v'(g, h) = y(g, Wu(g)u(h)ugh)™ . (4)

Eq. (4) defines an equivalence relation on the group of multipliers of G. The quotient of the subgroup
of multipliers of the form y(g, h) = w(g)u(h)u(gh)~! in the group of all multipliers is the second
cohomology group H?(G, U(1)) of G over U(1) [42]. When two projective representations ® and ®’
have multipliers related by Eq. (4), for some function & : G — U(1) we say they are in the same
cohomology class.

Definition 2.10. Two projective representations (@, #) and (®’, #') with the same multiplier y are
equivalent if there exists an isomorphism ¢ : # — #’ such that @’(g)¢ = ¢O(g)forallg € G. We
denote ®’'(g) = O(g).

2.2.2. Complete reducibility

Fix a choice of representatives from the equivalence classes (Definition 2.10) of irreducible projec-
tive representations of G with multiplier y ; denote them by Di : G — U(H;). Fixing a basis {li)} in H;
for every j defines the irreducible projective representation matrlces D (g) Zm I y Jm.nlm)(n].
These generalize the SU(2) Wigner matrices to projective representatlons of arbltrary groups.

Let # be a finite dimensional Hilbert space, and let ® : g — ©®(g) be a projective representation
of G with multiplier y. For finite and compact groups any finite dimensional projective representation
is fully reducible and is equivalent to a direct sum of irreducible projective representations @jD’;,(g)
with the same multiplier, i.e., there exists a basis {|j, m)} of H such that:

Og)lj, m) = ZD’ n.mli, 1) (5)

We refer to such a basis as the irreducible representation basis of ®(g) (in general it is not unique,
e.g., when an irreducible representation appears multiple times [43]; we shall assume a choice of such
a basis).

When considering a representation acting on a MPV, it is convenient to write the MPV in the
irreducible representation basis. In the following we describe how this is achieved, and show that
it does not interfere with CF properties of the tensor generating the MPV.
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Remark 2.2. A change of basis of the physical space from {[i)} to the irreducible representation
basis {|j, m)} (Eq. (5)), involves a transformation of the tensor generating the MPV: A — A, where
A consists of the matrices {A"™ = YiG.mli i) A'}. This is ea51ly seen by inserting an identity operator
ijmu, m){(j, m| for every copy of # in the definition of |¢A )y (Eq. (1)).

Proposition 2.3. Let '{A“}?:1 be the Kraus operators defining a CP map E,. For any unitary d x d matrix U
the matrices {Z].UI-J-A’}I?’:1 define the same CP map [39].

Corollary 2.1. Let A be a tensor in CF (CFII) composed of the matrices {A"} corresponding to the basis {|i)}
of . Then the tensor A, composed of the matrices {A"™ = =) Al (j, m| i)} as in Remark 2.2, is also in CF
(CFII).

Proof. A has the same block structure as A (Eq. (2)):

m __ n Asm __ nn . ol
AT = @ vy = Bpoy Vi E :(l» m| i) A .
;

According to Proposition 2.1, the normality and CFII properties of each block Ay are defined by the cp
map associated to it. Proposition 2.3 says this maps is not affected by the transformation A, +— Ay
because {(j, m| i)} are the entries of a unitary matrix. Each block Ay is therefore a normal tensor (and
in CFII). O

2.2.3. Intertwining relations
It was shown in [44,45] that an injective tensor A which generates a MPV with a global symmetry
with respect to a representation @, satisfies:

O(g)

— A —=—X@'"H A H X@g —, (6)

ie,foralli=1,...,d: Zi/@(g)ﬁ/A"/ = X(g)~'A'X(g), where X(g) is a projective representation of G.
While we will make the precise statement and derive this result later, we now point out that in Eq. (6)
the tensor A translates the action of ®(g) on the physical space into a group action on the virtual space.

In the following, we quote two theorems: Schur’s lemma and the Wigner-Eckart theorem, which
can be used to classify tensors satisfying such intertwining relations.

Definition 2.11 (Intertwining Map). Let (n, V) and (;r, W) be projective representations of a group
G with the same multiplier. A linear map T : V — W is called an intertwining map if 7(g)T =
Tn(g), Vg €G.

Lemma 2.1 (Schur’s Lemma). An intertwining map between irreducible projective representations with
the same multiplier is zero if they are inequivalent, and proportional to the identity if they are equal [42].

The tensor product of two irreducible projective representations with multipliers y and y’ is a
projective representation with multiplier yy’ (yy (g, h) — y(g,h)y'(g, h)), and is generally
a reducible one. The unitary map that realizes the decomposition of D,(g) ® Dg/ ,(g) into a direct

sum of irreducible representations EBJ@D’ , is the Clebsch-Gordan map whose matrix elements
are the Clebsch-Gordan coefficients (j, m; [, n| J, M), which are determined by the choice of the
representation matrices D’V (for a discussion of their uniqueness having fixed the representation
matrices see [43]).

The following is a generalization of the SO(3) vector operators, well known in quantum mechan-
ics [41].
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Definition 2.12 (Vector Operator). Let (n,V), (7, W) and («x, H) be projective representations of

G with dim(#) = d. A vector operator with respect to («, 7, ) is a d-tuple of linear operators
A= (A" A%, ...,AY), A : V > W which, forall g € Gand all v € H, satisfies:
(@)D A = () (7-4) n(g)™" (7)

where 3 - A := Y VAL

It was shown in [44] that Eq. (6) can be used to determine the tensor A satisfying it, and that it
consists of Clebsch-Gordan coefficients. We will derive the same result using a generalized version
of the well known Wigner-Eckart theorem, using the fact that Eq. (6) resembles a vector operator
relation for A (Definition 2.12).

Theorem 2.1 (Wigner-Eckart). Let D’ﬂ (g), D’;//(g) and Dg/,/ (g) be irreducible projective representations.

Let A be a vector operator with respect to (i« = D, 7 = D’V,, n = Di//,). If yy” # y/, thenA = 0.
Otherwise (if yy” = y'), then {AM|M = 1, ..., dim(Jo)} are of the form:

A= 3" oY (m:Ln|],M)|m)n|, (8)
Jeg:D)=plo  m.n

where J is the set of irreducible projective representation indices appearing in the decomposition of
D,(g) ® Dg/ #(8), (i, m; 1,n| J, M) are the Clebsch-Gordan coefficients of this decomposition, Di/ ,(g) is
the complex conjugate representation to D;,/(g), {{m)} and {|n)} are the irreducible representation bases:

m(g)|m) = Zm,D’y,(g)m,’m|m’), n(g)|n) = ZH,D;,,(g)n,’nm/) and oy are arbitrary constants.

For a proof of the theorem in the familiar SO(3) setting, we refer the reader to [41]; for a proof in
the setting of projective representations see [46].

Remark 2.3. Apart from the freedom of choosing the constants {«;} in Eq. (8), there is an additional
freedom which comes from the fact that the Clebsch-Gordan coefficients are not uniquely determined
by the irreducible representation matrices [43].

Remark 2.4. The multiplier of the complex conjugate projective representation Dé, (g)isy~ 1. We will
always use Theorem 2.1 with y = 1, then A = O unless y’ = y”.

Remark 2.5. We assume a choice of a unique representative in each equivalence class of irreducible
projective representations of G, so any two are either inequivalent or are represented by the same
matrices.

Remark 2.6. A is zero if D’)?(g) does not appear in the decomposition of D’;/,(g) ® D! ,(g). Thereisa]
summation in Eq. (8) because in general the same irreducible representation coul&/ appear multiple
times in the decomposition of the tensor product of two irreducible representations.

2.3. Physical states and their symmetries

Gauge theories involve the dynamics of two kinds of degrees of freedom: matter and gauge field.
Given those two ingredients, one can consider three types of states: states of only matter degrees of
freedom, states of only gauge field degrees of freedom and states of both matter and gauge field.
These correspond to non-interacting theories, pure gauge theories and interacting gauge theories
respectively (where interactions are understood as those between matter and gauge degrees of
freedom).

When constructing a gauge theory one usually starts from an interaction-free theory of the matter
degree of freedom which is invariant with respect to a group of global transformations, i.e., the same
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group element acting in each point in space (or space-time). Adding an additional degree of freedom
- the gauge field - with its own transformation law with respect to the group, allows to define local
symmetry operators which act on both the matter and the gauge field degrees of freedom. These
operators commute with the transformed (gauged) Hamiltonian, and the subspace of states which is
invariant under all such operators is considered as the space of physical states. The generators of such
local symmetry operators are the so-called Gauss law operators. They correspond to locally conserved
quantities (charges), i.e., associated to each point in space (or space-time).

Conversely, one could start from a pure gauge field theory with a local symmetry and couple a
matter degree of freedom to it, once again resulting in a system with local symmetry. Finally one could
have matter and gauge field coupled in such a way that the combined state has a local symmetry but
neither the mass state nor the gauge field state have a symmetry on their own.

We shall now describe the three types of MPVs considered in this paper, corresponding to the above
mentioned types of states, and for each one of them define the symmetries which will be investigated
in subsequent sections.

2.3.1. Matter MPV

Let H, be a dy dimensional Hilbert space corresponding to a single degree of freedom (“spin”).
Consider N such “spins” positioned on a one dimensional lattice, with periodic boundary conditions.
A tensor A consisting of square matrices {Ai}?i , generates a TI-MPV that describes a state of the chain
of matter “spins”. Let ® be a unitary representation of Gon Ha, ® : g — ©(g).

It is well known that in order to lift a global symmetry to be a local one, an additional degree of
freedom must be introduced [1]. When investigating the possibility of a local symmetry for a matter
MPV, we find this statement reaffirmed (see Theorem 1). We define the setting of the theorem in the
following:

Definition 1 (Local Symmetry for Matter MPV). A MPV W};’ ) has a local symmetry with respect to @(g)
ifforallN € N:

@g1®@22®®@gN|w}4\]>=|lp£]>s Vgl’gz’---’gNGG'

Global symmetry in MPS have been studied extensively [44,47]. In order for this paper to be self
contained, we quote and then derive the main result, which classifies the tenors A that generate MPV
with the following symmetry:

Definition 2 (Global Symmetry for Matter MPV). A MPV Wf,f\V ) has a global symmetry with respect to
O(g)ifforall N € N:

O ® Oy ® -+ ® OglYy) = |Yr), Vg €G.

Remark 2.7. The condition of a local symmetry (Definition 1) is equivalent to invariance under any
single-site group action (all g; = e except one). For TI-MPV it is therefore sufficient to consider only

g1 #e

2.3.2. Gauge field MPV

Next we shall consider a case in which the local transformations act on two neighboring sites of a
TI-MPV, which will be eventually seen as the pure gauge case.

Let #Hp be a dg dimensional Hilbert space corresponding to a single “spin”. Consider N such spins
positioned on a one dimensional lattice, with periodic boundary conditions. A tensor B consisting of
square matrices {B! ?j , generates a TI-MPV that describes a state of the chain of gauge field “spins”.

Definition 3 (Local Symmetry for Gauge Field MPV). Let R, £ be two projective representations of G on
Hp, R : g — R(g), L : g+ £(g)with multipliers y and y~!, so that the tensor product R(g) ® £(g)
is a unitary representation. A MPV |}') has a local symmetry with respect to R(g) ® £(g) if for all
N e N and for any two neighboring lattice sites K and K + 1:

R @ i yy) = lyp), Vg eG.
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2.3.3. Matter and gauge field MPV

Let #4 and Hp be as in Sections 2.3.1 and 2.3.2 respectively. Consider a lattice of length 2N with
matter and gauge field spins alternating among sites. Tensors A and B, consisting of D; x D, matrices
{A‘} *‘1 and D, x D; matrices {B’}d , respectively, generate a TI-MPV (in the sense of translating two
51tes) that describes a state of the chain of matter and gauge field “spins”. The MPV, generated by a
tensor we denote AB, takes the form:

WA = > Tr(ATB1A2B2 . AWBIV) lirjiigfy ... injn) -
{it. (i}

In lattice gauge theories, the matter degrees of freedom are located on the sites of a lattice whereas
the gauge field degrees of freedom — on the links connecting adjacent sites [3]. In the one dimensional
case, our setting differs from this structure only in notation, e.g., we could have chosen to call the even
numbered sites “links”.

Let ®(g) and R(g), £(g) be as in Sections 2.3.1 and 2.3.2 respectively.

Definition 4 (Local Symmetry for Both Matter and Gauge Field MPV). A MPV |¢AVB) has a local symmetry
withrespectto R(g)®O(g)®L(g)ifforall N € Nand for any three neighboring lattice sites numbered
2K, 2K + 1 and 2K + 2 (corresponding to Hg ® Ha @ Hp):

R(g)* ® 0(g)* N @ £(g)* 2 y) = [¥a), YVget.

2.4. Generators and Gauss’ law

In the previous section we defined the symmetries in terms of representations of a group G.
For matrix Lie groups it is often the case that one could describe the same symmetry in terms of
representations of the Lie algebra g of G. While the two descriptions are mathematically equivalent, it
is precisely the elements of the Lie algebra representation that correspond to observables in physical
theories. Such observables are conserved by the dynamics in a theory which respects the symmetry,
and are therefore of great importance.

To each scenario described above (Sections 2.3.1-2.3.3) correspond different such observables, and
physical theories corresponding to the different settings — matter, gauge field or matter and gauge field
- observe different conservation laws. In the following we describe the relation of those settings to
physical lattice gauge theories [36].

When G is a compact and connected Lie group, e.g. U(1) or SU(N), the exponential mapexp : g —> G
is surjective. Thus every group element can be written as an exponential of an element in the Lie alge-
bra g [48]. Let R(g), £(g) and ®(g) be representations on Hg and #,4 respectively (for SU(N) we can
always choose R(g) and £(g) to be unitary representations keeping R(g)® £(g) unchanged [41]), and
let |1p/’4\’3) be as defined in Section 2.3.3. We can express the physical representations as exponentials
of generators:

O(g) =exp (i > Qagoa(g>)
R(g) =exp (i ZRa%(g))
£(g) =exp (iZLasoa(g)> ,

dlm(g) dim(g)

where {gq(g)}; ;" are real parameters and {Rs}, ", {Lq }d'm(g and {Qa}d’m(g are Hermitian operators
on#Hgand Hy respectlvely such that {iR,}, {iL,} and {iQ} are bases of the respective Lie algebras. In the
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Hamiltonian formulation of lattice gauge theories [5,36] {R.} and {L,} satisfy the Lie algebra relations:
[Ra, Rp] = ifancRe
[La, Lp] = ifancRe
[Ra, Lp] =0,

where fg;. are the structure constants of the Lie algebra g. {Q,} satisfy the relations:

[Qa, Qb] = ifachc .

The local symmetry transformations appearing in the matter and gauge field MPV scenario (Defini-
tion 4):

R#(g) ® 0 () ® L) yas) = 1¥as) » (9)
are generated by the operators:
GlK+1T . (R([121<] QK L([121<+2]) .

Differentiating Eq. (9) with respect to any of the parameters ¢, we obtain:

(R4 QNI [26521) [y — Gy t) — o (10

This is the lattice version of Gauss’ law. In physical theories, states |y4) have a global symmetry
generated by {Q,} - the SU(N) charge operators. In the U(1) case there is one generator Q - the electric
charge operator; furthermore, for Abelian groups L = —R. In that case Eq. (10) says that at each lattice
site corresponding to matter, the charge is equal to the difference between the values of L on the
right and on the left of it (the 1D lattice divergence of L). This becomes Gauss’ law when taking a
continuum limit. L is therefore identified as the electric field. Analogously, in the SU(N) case {R,} and
{L,} are identified with right and left electric fields respectively [36].

The same kind of equation can be obtained for the case of a gauge field MPV with a local symmetry
(Definition 3):

(RYT + LIy jyy = 0.

In the case of a global symmetry for a matter MPV, differentiating the symmetry relation (Definition 2),
we obtain a global operator — the total charge:

> oMy) =o.
K

3. Results

We summarize the results presented in this paper, first stating the main results of each of the cases
presented above, and then turning to a more detailed and formal description. The detailed proofs will
be given in the subsequent sections. For each one of the settings introduced in the previous section,
we shall first show that the symmetry condition implies a transformation relation satisfied by the
tensor(s) generating the MPV. Second, we shall show that those transformation relations determine
the structure of the tensor(s). For each setting we shall then discuss implications of the derived tensor
structures.

3.1. Matter MPV with local symmetry

We show that a MPV with one degree of freedom - the mass “spins” - can have a local symmetry
as in Definition 1, only if it is the trivial one. This is consistent with the way gauge invariant states
are usually constructed in lattice gauge theories, as well as with the construction of continuum gauge
theories, where an additional degree of freedom is introduced. The first observation is a general one,
not restricted to MPVs:
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Proposition 1. Let # be a finite dimensional Hilbert space and let ® : g — ©(g) be a representation on
. Let |yN) € H®N be a vector with a local symmetry, i.e.

Og)®O(g)®--- O™ =1¥"), Vei,g,....8v €G.
Then [yN) € Ho®N, where Ho C H is the subspace on which ©(g) acts trivially.

In the following we show that for MPVs a similar statement to Proposition 1 can be made for the
tensor generating the MPV. Let |i4) and @(g) be as in Section 2.3.1. According to Proposition 2.2,
given an arbitrary tensor A generating |1{4), one can obtain a tensor in CF which generates the same
state, (possibly after blocking A). We therefore assume A to be in CF.

Theorem 1. Let A be a tensor in CF generating a MPV with a local symmetry with respect to a
representation ®(g) (Definition 1). Then for allg € G the tensor A satisfies:

|
O(g)

A=A,

ie,foralli=1,...,ds Y, O(g)yA" = AL

According to Remark 2.2, the MPV generated by A can be written in terms of a tensor A, composed
of the matrices {A'™}, corresponding to the irreducible representation basis {|j, m)} on which ©(g)
actsas O(g)|j, m) = ZnDj(g)n,m[j, n). According to Corollary 2.1, A is also in CF. Applying Theorem 1
to A leads to the following:

Corollary 1. The matrices A*™ are non-zero only for j such that DI(g) = I; 1.

3.2. Gauge field MPV

We show that a local symmetry for a gauge field MPV |¢r§’ ) generated by a tensor B (in CFII) (as
defined in Section 2.3.2), implies the following transformation relations for B:

R(g) £(g)

— B —=— B —/X@H— ; — B —=—X@g'H B —, (11)

where X(g) is a projective representation with the same multiplier as that of R(g). This transformation
relation allows to determine the structure of the physical Hilbert space of the gauge field degree of
freedom. We find that the gauge field “spins” are composed of right and left parts:

HB = @kHlk ® Hrk )

where 7, are irreducible representation spaces of G. The physical representations R(g) and £(g) take
the forms: R(g) = O(I ® D¥(g)), £(g) = EB,((DZ‘,] (g) ® 1), and act on the right and left parts of #p
respectively.

The transformation relation Eq. (11) also determines the structure of the tensor B. Decompose X(g)
into its constituent irreducible representations and project Eq. (11) to the corresponding irreducible
subspaces (virtual and physical). The obtained blocks of B intertwine irreducible representations,
and their structure is therefore determined by Schur’s lemma (Lemma 2.1). When the irreducible



L. Kull et al. / Annals of Physics 386 (2017) 199-241 211

representations in Eq. (11) match, the corresponding elementary block of B is proportional to the
tensor composed of the matrices:

B™" = |m)(n|

so that B, when represented in graphical notation, takes the form:

edl

Otherwise, if the irreducible representations do not match, that block of B is zero.

The tensor B is composed out of such elementary building blocks multiplied by constants — free
parameters. Finally, we show that for any B generating a gauge field MPV with a local symmetry, one
can always find a tensor A, describing a matter degree of freedom, such that the matter and gauge
field MPV generated by A and B has a local symmetry.

We shall now describe these results in detail, and state the relevant theorems.

Let |vg) be a MPV generated by a tensor B and let R(g), £(g) be projective representations as
defined in Section 2.3.2. As in the case of a matter MPV above, according to Proposition 2.2 we can
assume B is in CFII and write it in terms of its BNT:

. . .
B' = @?:1@(;=1MJJIB} ) (12)

where {B;} are normal tensors in CFIl forming a BNT of B (Definition 2.7) and pu; 4 are constants.

Theorem 2 (Gauge Field MPV with a Local Symmetry). A tensor B in CFIl which generates a MPV that has
a local symmetry with respect to R(g) ® L£(g) where R(g) and L(g) are projective representations with
inverse multipliers (Definition 3), transforms under the representation matrices as:

R(g) £(g)

— B I—=— B | X(Eg— ; — B — = —X@g'!'!H B —, (13)

where X(g) is a projective representation of G with the same multiplier as R(g) and with the same block
structure as B (Eq. (12)):

X(g) = O, ®._X{(g) . (14)

When considering matter and gauge field MPVs in the next section, we will show that in that
setting, a more general relation than Eq. (13) is satisfied by the tensor B. Namely:

R(g) £(g)

— B (— = — B —X(E&— : — B — = —Y@g'!H—H B —, (15)

where X(g) and Y(g) are different projective representations (in the case when B is composed of non-
square matrices they are of different dimensions). We shall now present results which follow from
the more general relation (Eq. (15)), as they will be relevant also in the next section. Then we will
apply them to the case at hand — Eq. (13) (i.e., when X(g) = Y(g) and B is composed out of square
matrices).

Eq. (15) allows us to determine the structure of the Hilbert space of the gauge field degree of
freedom. The fact that the action of R(g) is translated to a matrix multiplication from the right, and
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that of £(g) - to multiplication from the left implies that their actions on the “spin” representing the
gauge field are independent, consequently the “spin” must be composed of right and left parts:

Proposition 2 (Structure of Hg). Given a tensor B, projective representations R(g), £(g) with inverse
multipliers y and y ! (as defined in Section 2.3.2) and matrices X(g) and Y(g) which satisfy Eq. (15), the
Hilbert space Hg can be restricted to a representation space of G x G and thus decomposes into a direct
sum of tensor products of irreducible representation spaces of G:

M
Hp = P Hy, ® Hy, -
k=1

where 1y and I, are irreducible representation labels.

The structure of #p described in [34] is a particular case of this Hilbert space. There:

M
Hp = D Hre ® My (16)
k=1

where 7} indicates the complex conjugate representation to ri. Eq. (16) is a truncated version of the
K-S Hilbert space, which allows to regain the whole space if M is increased such that all the irreducible
representations are included. Each k sector in Eq. (16): H7 ® #;, is isomorphic to the function space
spanned by

{Difn g > Dika(@)l mn=1,....dim(r,)} C L*(G),

with R(g) and £(g) equivalent to the right and left translations [49].

Remark 3.1. The group transformations R(g) and £(g) are equivalent, according to Proposition 2,
to &k(I ® D;"(g)) and @k(D”‘_l(g) ® 1) respectively, where DJ;,(g) are irreducible projective repre-
sentations. Changing the bagis of the physical Hilbert space (as in Remark 2.2) to {|l,, m) ® |r, n)}
in which the representations take this block diagonal form, involves transforming B into B given
by the matrices: B*™" = "B (ly, m; 1y, n| i). According to Corollary 2.1 B is also in CFIL Eq. (15)
holds for the new tensor under the action of the transformed operators: R(g) = ®r(I ® Dg,"(g)) and
£(g) = @k(D?j" (g) ® ). We shall always assume B, £(g) and R(g) are in these forms.

Remark 3.2. The simplest case of Eq. (15) one could consider is when R(g) = I ® D'(g) and
£(g) = D'(g) ® I, for irreducible projective representations D, (g)and D' _,(g). To these corresponds
thebasis{{m)® |n) | m=1,...,dim(l),n =1, ..., dim(r)}, and the ma)l/trices composing the tensor
B are numbered by two indices:

B™" =) Byjla) (Bl
a’ﬂ

B transforms under R(g) and £(g) in the following manner:

. pm,n r m,n __ pm,n
R(g): B™" > Y Dl(g), B™" =B""X(g)

n/

£(g):B™ > ) D\ i(g) B""=Y(g)'B"".
m/

We have seen in Remark 2.2 how to change the basis of the physical Hilbert space in order to
bring the physical representations to block diagonal form. We would like to do the same for the
virtual projective representation X(g) appearing in Eq. (13). This can be achieved by a different
transformation of the tensor B described in the following:
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Remark 3.3. Given B, R(g), £(g) and X(g) that satisfy Eq. (13), redefine B:
Bk;m,n — Bk;m,n — V—lBk;m,nV

with any invertible matrix V. The new tensor B generates the same MPV and transform as in Eq. (13)
with X(g) replaced by X(g) = V™ 'X(g)V.

Remark 3.4. Note that the transformation described in Remark 3.3 may ruin the CF property of B, as
V does not in general preserve B’s block structure (Eq. (12)). We shall therefore take care to use this
freedom of choosing the basis of X(g) only when we no longer intend to use the CF property.

Remark 3.3 allows us to assume without loss of generality X(g) takes the form ®.X“(g), where
X%g)are irreducible projective representations. Next we project Eq. (13) to the k sector of the physical
Hilbert space (Remark 3.1) and to the (a, b) block in the virtual space, since the representations are
block diagonal they commute with the projection operators for every group element g € G. We
therefore obtain:

[
1® D¥(g) DXL (E) @I

) K ) - )
— Bgpy — =—Bgp 1 XPlg) — 5 —Bep — = —1X%)"' — By —, (17)

where Bk p is the tensor that consists of the (a, b) blocks of the matrices Blmn,

The reductlon procedure described above motivates the following deflmtlon of an elementary B
block. Next we shall show that the irreducible representations appearing in Eq. (17) determine such
blocks up to a constant.

Definition 3.1. An elementary block of the tensor B is one which satisfies Eq. (15), where R(g) = I ®
D’ D.(g) £(g) = Dg/_l(g)@)}l and X(g),Y(g), D" ,(g)and D' _1(g) are irreducible projective representations
(both X(g) and Y(g) have multiplier y).

Proposition 3 (Structure of an Elementary B Block). Let B be an elementary B block (Definition 3.1). If
X(g) = D;(g) andY(g) = D’y _,(g), then B is proportional to the tensor composed of the matrices
B™ = m)(n|,m=1,...,dim(I),n=1,...,dim(r).
Otherwise B = 0.
We have thus classified all tensors B that satisfy Eq. (13). There is however more information to
be extracted from Theorem 2. According to Proposition 3, when projected to sectors corresponding to

inequivalent representations, the tensor B is zero. This result, combined with the assumption that B is
in CF imposes relations between the irreducible representations that comprise R(g), £(g) and X(g):

Proposition 4. Let B, R(g), £(g) and X(g) be as in Theorem 2. Let Xj(g) = @axa(g) be a block of X(g)
appearingin Eq. (14), consisting of irreducible projective representatlonsX“(g) Let R(g) = GBk(]I@Dr"(g))

and £(g) = @D )’/‘,1( g) ® I), where Dr" and Dl",1 are irreducible projective representations. Then the
following hold:

1. For all k either there exist a and b such that Xb(g) Dk Dy (g)and X“(g) 1(g), or the projection
of the corresponding tensor Bj (a BNT element of B) to the sector k of the pl{yswal space is zero.

2. Va Tk such that Xja(g) = Dy‘_l(g).
3. Va 3k such that X(g) = D¥(g).
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The elementary block of B described in Proposition 3 is the same as the one used in [34]. Note that
even in lattices of higher dimensionality each gauge field degree of freedom still connects two lattice
sites. There:

B™" = Bilj, m)(j, n| (18)

where g; are arbitrary constants. The overall structure of the B tensor derived above admits more
general structures than Eq. (18); these structures are recovered if for example, all blocks X;(g)
appearing in X(g) (Eq. (14)) are irreducible representations. In this case (since in Proposition 4 the
index a can assume only one value), for all k Dl"_l(g) = D;,"(g) and #Hp takes the K-S form, as in
Eq. (16). g

In the following two propositions we consider adding a matter degree of freedom to a gauge field
MPV with a local symmetry. We show that it is always possible to find a tensor A and a unitary
representation ®@(g) (non-trivial ones) that couple to it:

Proposition 5. Let B be in CFIl and let |wl§" ) have a local symmetry with respect to R(g) ® £(g) (as in
Theorem 2). It is always possible to find a tensor A and a representation ®@(g) such that the corresponding
matter and gauge field MPV |¢/%) has a local symmetry with respect to R(g)® ©(g)® L(g) (Definition 4).
In addition, the corresponding matter MPV - |1ﬁ£’ ) - has a global symmetry with respect to ®(g).

For a restricted class of B tensors, any A and ®(g) that couple to it (satisfy Definition 4) will have a
global symmetry:

Proposition 6. Let B, R(g)and £(g) be as in Theorem 2 and in addition let span{B*™" | k, m, n} contain
the identity matrix (e.g. Eq. (18)). Let A and ®(g) be such that the MPV generated by AB has a local
symmetry with respect to R(g) ® ©(g) ® £(g) (Definition 4). Then |1ﬁ}“’) has a global symmetry with
respect to ®(g). If in addition A is in CF with the same block structure as B (Eq. (12)), then A transforms as:

o(g)

— A — =X~ A — X@& —.

with the same X(g) from Theorem 2.

The MPVs described above may be combined in a way that allows coupling matter and gauge fields
such that each of them could be invariant on its own, as in the conventional well known scenarios of
gauge theories. However, as we shall demonstrate in the next section, this is not the most general
setting of a local symmetry involving these two building blocks.

3.3. Matter and gauge field MPV

We show that a local symmetry for a combined matter and gauge field MPV |1,0/%) (defined
in Section 2.3.3) generated by tensors A and B (in an appropriate form), implies the following
transformation relations for A and B:

R(g) £(g)

— B [—=— B —X@— ; — B —=—Y@'— B —
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— A —=—X!'H+H A —H Y@ — (19)

where X(g) and Y(g) are projective representations from the same cohomology class. As described in
the previous section, the relation for B allows to infer the structure of the Hilbert space #p associated
with the gauge field degree of freedom. As before, #p splits into right and left parts. The structure
of the tensor B can be derived in the same way as in the previous section. Each elementary block of
the tensor A, obtained by projecting Eq. (19) to irreducible representation spaces, satisfies a vector
operator relation, and is therefore determined by the Wigner-Eckart theorem (Theorem 2.1).

In the general case, the structure described in this section allows for “unconventional” gauge
symmetries where a local symmetry exists for the matter and gauge field MPV but none of the
constituents has a symmetry on its own, i.e., the gauge field MPV does not have a local symmetry
and the matter MPV does not have a global one. We construct an explicit example of such a case (see
Proposition 11).

Finally we use the known results about global symmetries in MPV [44] to find a class of matter
MPVs with a global symmetry that can be gauged by adding a gauge field degree of freedom. We shall
now state the above results in detail.

Let W}{’B) be a MPV generated by tensors A and B and let R(g), ®@(g) and £(g) be as defined in
Section 2.3.3.

Theorem 3 (Matter and Gauge Field MPV with a Local Symmetry). Let both BA and AB be normal tensors
in CFIl and let ®(g) and R(g), £(g) be unitary and projective representations (with inverse multipliers)
of a group G respectively. Let |z//,’;g) be a MPV with a local symmetry with respect to R(g) ® O(g) ® £(g)
(Definition 4). Then there exist projective representations X(g) and Y(g) on CP1 and CP2 respectively, such
that X(g) has the same multiplier as R(g), and Y(g) - the inverse multiplier to that of £(g). The tensors A
and B transform as follows:

R(g) £(g)
| |
— B (—=— B —/X@— ; — B —=—Yg'!'H— B — (20)
|
o(g)
|
— A —=—Xg'H A Y@ — (21)

In the following proposition we show that given arbitrary tensors A and B, generating a MPV |¢,§‘g),
it is possible to describe the same MPV as a linear combination of MPVs that satisfy the normality
condition in Theorem 3:

Proposition 7. Let |¢/§VB> be a MPV generated by arbitrary tensors A and B. Then there exist tensors {A, }
and {B, }, and there exists b € N such that for all x both A, B, and B,A, are normal tensors and VN € N
|¢/"\gxb) = Zxﬂl)\(]w’/’%\lxl& ), where 1, are constants and AB,, is the tensor obtained by blocking b copies
of the tensor AB.
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Next we show that if [y/,5) = ZX“I;W/I*VXBX ) has a local symmetry with respect to R(g) ® O(g) ®

£(g), then every normal component WAVX Bx> must have the same symmetry. We can then apply
Theorem 3 to each of the components.

Proposition 8. Let |y;) = > ul [y} 5,) where both A, B, and B, A, are normal tensors. Let O be a
local operator acting on a fixed number o?adjacent sites. If YN O leaves the MPV invariant:

0® H|rest|w,%> = Wﬁ;) )

then O leaves every component invariant:
N N
0® H|re‘st|1>l’/\)(3)(> = Il//AXBX ) VX .

Having derived Eq. (20), Proposition 2 can be applied to determine the structure of the Hilbert
space Hg. As in the case of a gauge field MPV discussed in the previous section, we are free to assume
X(g)and Y(g) are block diagonal in irreducible representations:

Remark 3.5. In Theorem 3 we are free to choose similarity transformations for X(g) and Y(g)
independently. Given A, B, R(g), @(g), £(g), X(g) and Y(g) that satisfy Eq. (20) and Eq. (21) we can
redefine A and B:

A],m — A;,m — U—lAJ,mV , Bk;m,n — Bk;m,n — V—lBk;m,nU ,

with any invertible matrices U and V of fitting dimensions. The new tensors generate the same
MPV |¢,§VB) and transform as in Theorem 3 with X(g) and Y(g) replaced by X(g) = U~'X(g)U and
Y(g)=VlY(g)V.

Definition 3.2 (Elementary A Block). An elementary block of the tensor A is one which satisfies Eq. (21),
where ®(g), X(g) and Y(g) are all irreducible projective representations.

By bringing all of the representations appearing in Egs. (20) and (21) to block diagonal form (using
Remark 2.2 on the physical representations and Remark 3.5 on the virtual ones), and projecting
Egs. (20) and (21) to irreducible sectors of the physical and virtual Hilbert spaces (as explained in
Section 3.2), we may reduce Eq. (20) and Eq. (21) to the cases of elementary blocks of B and of A
respectively.

We have seen in Section 3.2 that Eq. (20) determines the tensor B given R(g), £(g), X(g)and Y(g)
(Proposition 4). We now show that Eq. (21) determines the tensor A given ®(g), X(g) and Y(g).

Proposition 9. Let A be an elementary block (Definition 3.2), with ©(g) = D°(g), X(g) = D';, (g) and
Y(g)= D’)ﬁ1 (&) Then A is built out of Clebsch-Gordan coefficients and has the form:

A= 3" Y (.M]j.m;Ln)|m)n|,

Jeg:p)=plo  m.n

where J is the set of irreducible representation indices appearing in the decomposition of D’J',(g) ®
Di/ _,(g) into irreducible representations, (1 m:lLn|]J, M) are the Clebsch-Gordan coefficients of the

decomposition, D’,', (g) is the complex conjugate representation to DJ;/ (g) and o are arbitrary constants.

Proposition 9 was shown in [44] in the context of MPS with a global symmetry.
The relation between the irreducible projective representations appearing in R(g) (£(g)) and X(g)
(Y(g)) is characterized by the following:

Proposition 10. Let AB and BA be normal tensors and let B satisfy Eq. (20) with R(g) = &x(I ® D;" N
£(g) = eak(Dl}f_l(g)@H), Y(g) = ®,YUg)and X(g) = ®pX"(g), WhereDg,",Dl}f_l, Y9 and X" areirreducible
projective representations, then



L. Kull et al. / Annals of Physics 386 (2017) 199-241 217

1. For all k either there exist a and b such that X°(g) = D;,"(g) and Y%(g) = D;ff1 (g) or the projection

of the tensor B to the sector k of the physical space is zero (and it can be discarded).
2. Va 3k such that Y9(g) = Dl’L](g).

3. Vb 3k such that X°(g) = D}¥(g).

By constructing tensors A and B that transform as in Theorem 3 with X(g) # Y(g) we show
the existence of matter and gauge field MPVs which have a local symmetry but for which the
corresponding matter MPV does not have a global symmetry, nor does the gauge field MPV have a
local one:

Proposition 11. There exist tensors A and B such that |yag) has a local symmetry with respect to
R(g) ® O(g) ® L£(g), but |wa) does not have a global symmetry with respect to ®(g). In addition

R(g) ® L(&)IYB) # |Y).
We review known results about MPV with global symmetry [44]. Let A be a tensor in CFII:
A =@ @) 1Al (22)

where {A;} are normal tensors in CFIl forming a BNT of A (Definition 2.7) and u; 4 are constants.

Theorem 4. A tensor A in CFIl which generates a MPV with a global symmetry with respect to a
representation ®@(g) of a connected Lie group G, transforms under the representation matrix as:

O(g)

— A —=—Xe'H A H X@g -, (23)

where X(g) has the same block structure as A:

X(g) = &, ®._X(g) . (24)

and where each block X;(g) is a projective representation, in the general case, for different j values X;(g)
belong to different cohomology classes.

In the case when all Xj(g) obtained in Theorem 4 are from the same cohomology class, we can find
a gauge field tensor B and projective representations R(g) and £(g) that gauge the symmetry:

Proposition 12. Let A be a tensor in CFIl generating a MPV with a global symmetry i.e., satisfying
Theorem 4. Let X(g) (in Eq. (23)) be a projective representation (i.e. all X;(g) in Eq. (24) are in the same
cohomology class). Then there exist a tensor B and projective representations R(g) and £(g) with inverse
multipliers such that both local symmetries: Definition 4 for W/%) and Definition 3 for W,’;’ ) are satisfied.

4. MPV with a global symmetry

In the next section we shall present the derivation of the previously described results. Before that,
however, we review MPVs basics not covered in the formalism section, needed for the derivation of
the classification of MPVs with a global symmetry, originally shown in [44]. In order for the paper
to be self contained, we derive the result from the fundamental theorem of MPV (see Theorem 4.1),
following [38] and references therein.
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Proposition 4.1. Definition 2.2 is equivalent to the existence of a one-sided inverse tensor A~! which
satisfies:

L0

that is:

ZALﬁ(A_l )ix,fs = 80 8p.p'
i

Definition 4.1 (Span of Matrix Products). For a tensor A with bond dimension D let S; € Mp,p be the
space spanned by all possible L-fold matrix products:

Sy = span {ATA2 AL | iy i, i = 1,00, d)

Definition 4.2. Let I’} : Mpyp — H®" be defined by:
- ZTr (XALAZ AL |iziy .. )

For a normal tensor, according to Definition 2.4, for L large enough, S, = Mp,p. For tensors in CF
the following holds:

Proposition 4.2 (Span Property of BNT). Let A be in CF with each block being a unique element of its
BNT, i.e. there is no q summation in Eq. (3). Then for L large enough, S; is the entire matrix algebra
M = 69 —1Mb;xD; where M, % is the algebra of D; x D; matrices and D; is the bond dimension of
A; [37].

Proposition 4.3. Let A be a tensor consisting of block diagonal matrices: A' € M := @?ijxgj, and let
S and I} be as in Definitions 4.1 and 4.2 respectively. Then S, = M iff I'f|,, is injective.

Proof. Assume injectivity of I'f|,,, then any element X € S+ N M satisfies I'{(XT) = 0 because
the coefficients of the vector I';(X") are inner products of X with elements in S. This implies X = 0.
If S = M, then for every non zero X € M, X' has a non vanishing inner product with at least one
element A1A" . .. AL, and therefore I'}(X) is non zero. O

Proposition 4.4. For a tensor Ain CF as in Eq. (3), for L large enough the space S (Definition 4.1) has the
form:

S = {GB] 1@q 1/-’L]q ]qlM‘/]q| M; e MDJXD]} (25)

Proof. Considera tensor;\ which consists of the BNT of A without multiplicities (as in Proposition 4.2).

An element S = EB’” 1@q 1M qVJ qlM Vi ¢ in Sy is obtained by taking the same linear combination of
the matrix products AllAR Al as the one which generates S = j:]M] from the matrix products
AAz AL O

Proposition 4.5. Let {A; } ", be a BNT of A, and let each A; appear in A with no multiplicities, i.e. Al =

@] 1v]A’ For L large enough the image of the algebra of block diagonal matrices M = EB ~ 1 Mp;xp;, Where

Dj is the bond dimension of A;, under the map I'y is a direct sum:
Iy (M) = {I{X)| X e M} = @j”;lrlfj(mnjxpj).

In particular Zj";lFALj(Xj) =0impliesX; =0 Vj=1,...,m.[37]
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Proposition 4.5 allows us to prove the following lemma:

Lemma 4.1. Let A be a tensor in CF with BNT {A;}, and let S and T be tensors with the exact same block
structure as A:

. .
A= &L g1 iaVig AVig

: . i
St = B1L1®g-114idV; g SiVig

T = & 1,1V, T Vig

If the following equality holds for any length N:
D Tr(SUAZL AN iy, by, diy) = Y Tr(THAR AN fiy, by, i) (26)
{i} {i}
which in tensor notation reads:

rs A A - —A—Wzrr' A A —A—T

thenS =T.

Proof. Plugging in the block structure of the tensors into Eq. (26) we obtain:

0= ZTr( " Mq[r”—s’l}q ;N)|i1,i2,...,iN)
—ZZ}L]qZTI‘q: — ]A]lz...A]l»N>|i1,i2,...,i1\]>.

j=1 g=1
Plugging in the definition of the map Iy (Definition 4.2)

m i
PSP ALEEH I EIOES
=1 i g=1

According to Proposition 4.5, for N large enough (> Lg) we have for all i; and all j

.
Soul [T =5 =o.
q=1

For all j, since {,uj,q};":1 are non-zero, there exists an N > Ly such that Zg=1l/v]1'\,]q # 0. Therefore for all
Jj we have:

Ti=S. O (27)

We review the fundamental theorem of MPV [38] and apply it to the case of a MPV with a global
symmetry.

Proposition 4.6. [38] Let A and B be tensors in CF (Eq. (3)) with BNT {A *, and {Bk} > , respectively. If
for all N the tensors A and B generate MPVs proportional to each other, then g2.=28 and for every j there
is a unique k(j), a unitary matrix X; and a phase "% such that:

— e%ix1
Al = X Bl X

Remark 4.1. Note that X; are determined up to a phase.
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Proposition 4.6 was proved in [38] and was used to prove the following:

Theorem 4.1 (The Fundamental Theorem of MPV). Let two tensors A and B in CF (CFII) generate the same
MPV for all N. Then they have the same block structure, and there exists an invertible (unitary) matrix X:
X =L e X, (28)

which is block diagonal, with the same block structure as A, and a permutation matrix IT between the
blocks, such that:

— A — = —x1 m! B I X —.

We now apply the fundamental theorem of MPV to the case when a MPV generated by a tensor A
in CFII is invariant under the action of the same unitary operator on every site:

Corollary 4.1. Let A be a tensor in CFIl (Eq. (3)) generating a MPV with a global invariance under a
unitary ©:

Oy Ny = lyh)
then A transforms under the unitary matrix as:

|
e

— A — = —x! ! A I X —.

where X is a unitary matrix with the same block structure as A, and is unitary in each block (Eq. (28)), and
IT is a permutation between the j blocks of A (it does not permute the q blocks).

Proof. The tensor A consisting of the matrices A" := Y, ©; yA" generates @®N|yN). Before finishing
the proof, we shall now prove the following lemma:

Lemma 4.2. Let {A;} be the BNT of A, then the tensors {Aj} composed of the matrices ;\} =Y @i,,-rA]’:' form
aBNT of A, and A is in CFIL.

Proof. Aj are normal tensors and in CFII because a unitary mixture of the Kraus operators gives the
same CP map (Proposition 2.3), and they are a basis because {A;} is. O

We can now apply the fundamental theorem of MPV to A and A. In this case, however, because the
coefficients u; 4 in Eq. (3) are the same for A and A, IT permutes only between j blocks. O

Next we apply the above to a MPV with a global symmetry as in Definition 2:
o)™ lyy) = 1¥a) -

Theorem 4. A tensor A in CFIl which generates a MPV with a global symmetry with respect to a
representation ®@(g) of a connected Lie group G, transforms under the representation matrix as:

o(g)

— A —=—Xg''H A H X@g (., (23)
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where X(g) has the same block structure as A:

X(g) = [, ®,_X(g) . (24)
and where each block X;(g) is a projective representation, in the general case, for different j values X;(g)

belong to different cohomology classes.

Proof. According to Corollary 4.1, for every g € G we have:
> o)A =X(g) I(g) 'ATI(g)X(g). (29)
l'/
Consider the action of the group element gh € G in two ways using Eq. (29):
X(gh)™'[1(gh)™'A'TT(gh)X(gh) = ) _ O(gh)isA’
i/
= O(g) kO A’

'k

=Y O(g)uX(h) " I (hy ' A“TT(R)X(h)
k

= X(h)~'II(h)"'X(g)~ "I (g)~'A'TI(g)X(g)IT(h)X(h) .
Taking the L-fold product of the LHS and RHS for different indices iy, iy, . . ., i we obtain:
X(gh)"'M(gh)" (A"A2 ... A") [1(gh)X(gh)
= X(h)~'I(h)"'X(g)"'11(g)~" (A"AZ ... AY) IT(g)X(g)T()X(h). (30)

We shall now prove the following lemma, and then continue with the proof.
Lemma 4.3. [1(g)is a representation of G and is therefore the trivial one.

Proof. According to Proposition 4.4, by taking appropriate linear combinations of Eq. (30) we can
obtain:

X(gh)"'(gh)™" (Alj]) M (gh)X(gh)
= X(h)"'mI(h)~'X(g)~'1(g)~" (Alj]) M(g)X(g)(h)X(h), (31)

where rAUO] is a matrix consisting of multiples of T in the j, block and zero in all the rest: A[jy] =
eaj”;]ea;:luﬁq(Sj,jo]IDjxpj. This is achieved by setting M; = §;;,I in Eq. (25). Denote by g(j) the image of
the block j under the permutation I7(g), then I7(g) "' A[j1I1(g) = A[g~'(j)]. Plugging this into Eq.(31)
we get:

LHS = X(gh)~" (Al(gh)~'()1) X(gh)
= Al(gh) ()] =

RHS = X(h)"'11(h)"'X(g)~" (Alg~"()1) X(g)IT(h)X(h)
= X(h)"'r(h)y~" (Alg~'()1) FT()X(h)
= A~ (g7 'O)I.

where in each step the Xs commute with the As because they have the same block structure and the
As are proportional to I in each block. We conclude that (gh)~'(j) and h~'(g~(j)) are the same block
number and therefore I7(g) is a group homomorphism. It remains to show that I7(g) depends on g
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smoothly. From Eq. (29) we obtain:

X(g) 1I(g) AT AR L ALTIEX(g) = ) (0(8) 14" ) (018), 4% ) - (G244t
W)
(32)

As above, we can take a linear combination of the As to get a A[j] between the permutations in the
LHS. Knowing how the permutation acts on each A[j] determines /7(g) completely. The Xs on the LHS
commute with all A[j] as before. The RHS will then be a linear combination of {®(g)A}, and will thus
depend on g smoothly. Since we assumed G is a connected Lie group we conclude that [7(g)=1. O

We now rePeat the step leading to Eq. (31) but this time with an arbitrary matrix M in the j block:
= O, ®y_,%j, 4] ;M. Eq. (31) becomes:

X(gh)™" (A}) X(gh) = X(h)"'X(g)~" (A}) X(g)X(h).
This means that for any j block we have:
B 1] Xi(gh) "' MX;(gh) = @o_, ik Xi(h) "' Xi(g) ™ MX;(g)X;(h) .

We see that X;(g)X;(h)(X;)~'(gh) commutes with every matrix M and is therefore proportional to the
identity. X;(g) is therefore a projective representation. [

Remark 4.2. Note that different blocks of X(g) can belong to different equivalence classes of projective
representations. We could construct such an example by taking the direct sum of two normal
tensors A and A, which transform under a given representation ®(g) with X(g) and X(g), projective
representations from different cohomology classes. X(g)@®X(g) is then not a projective representation
because X(gh) ® X(gh) differs from X(g)X(h) & X( )X(h) by a diagonal matrix and not a scalar one.

5. Derivation and proofs of the results
In this section we prove the theorems stated in Section 3.
5.1. Matter MPV with local symmetry

Proposition 1. Let # be a finite dimensional Hilbert space and let ® : g — ©(g) be a representation on
. Let |¥N) € be a vector with a local symmetry, i.e.

OgN)®O(g)®...0@EnY") =1¥"), Vg g, ....en €G.
Then |yN) e #o®N, where o C # is the subspace on which ®(g) acts trivially.

Proof. Write |y") in the irreducible representation basis which satisfies:

Og)lj.m) = ZU nmlis )

where D/(g) are irreducible representation matrices.

- § le,ml,...,jN,lejl’mlv--"jN’mN> .

The local symmetry condition implies:

E i1 ) ) — )
D (g)mpn]CJl,nlnnJN,mN - C]Lm]v-w]Nva ’

m

which means that the vector of coefficients _C)jl’(.),.__’jN,mN is either zero or an invariant subspace of
D''(g), in which case D'1(g) is the trivial representation. This implies that the coefficients ¢j, m,.._jy.my
are zero whenever any one of the j,s corresponds to a non trivial representation. [
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Theorem 1. Let A be a tensor in CF generating a MPV with a local symmetry with respect to a
representation ®@(g) (Definition 1). Then for all g € G the tensor A satisfies:

o(g)

A=A,

ie,foralli=1,...,ds Y, 0(g)yA" = AL
Proof. We apply Lemma 4.1 with §' := 3", 0(g)yA” and T := A. D

Remark 5.1. We have never used any properties of ®(g) as a representation. The same proof is valid
for any operator ©.

According to Remark 2.2, the MPV generated by A can be written in terms of a tensor A, composed
of the matrices {A'™}, corresponding to the irreducible representation basis {|j, m)} on which ©(g)
acts as ®(g)|j, m) = ZHD"(g)n’mU, n). According to Corollary 2.1, A is also in CF. Applying Theorem 1
to A leads to the following:

Corollary 1. The matrices A*™ are non-zero only for j such that DI(g) = I;x;.

Proof. From Theorem 1 we deduce that each vector of matrix elements of A: ;\'{Y p= (A{I]ﬁ A{fﬂ, cees

T , N .
Agfi;m(’) is invariant under D/(g) for all g € G. This implies that either A, , is zero or that D/(g) is the

one dimensional trivial representation. O

5.2. Pure gauge field MPV

In order to prove Theorem 2 we shall proceed as in Section 4: we shall first prove a lemma which
describes the case when R and £ are just unitary operators, and later use that to prove the case when
they are representations.

Lemma 5.1. Let B be a tensor in CFII:
. . .
B = @111@(;:1:‘/%(23} ’
and let R and L be two unitary operators such that for all K
R[K]E[KH]hﬂg’) — |1//t13\l> .

Then B transforms under the unitary matrices as follows:

R L

— B {— =—B XH— ; —B—=—x1 B —, (33)

where X is a unitary matrix with the same block structure as B, as in Eq. (28).
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Proof. Applying Theorem 1 (recall Remark 5.1) to the tensor BB and the unitary R ® £ (BB is in CF if
B is in CF), we obtain:

R L

— B BF—=—8B B —.

(34)

Applying the pair of operators to every site on the chain (for even N) we conclude that the MPV is

invariant under the global application of the operators in reversed order: (£ ® R)®N[yz") = |*Ng).
Using Corollary 4.1 we obtain:

I g B - = |y -1 B B n X = (35)

where X is unitary and I7 is a permutation, as in Corollary 4.1. Next consider the following
tensor:

According to Eq. (34) this tensor is equal to the LHS of the following, and according to Eq. (35) — to
the RHS:

c R
I I I
LHS = — B B B B — — B —=
I I I I I
RHS = —x-1 ! B B B B~ -+ —B g X —.(36)

Using the same argument as in Eq. (31), we show that the permutation must act trivially: use
Proposition 4.4 on the string of consecutive Bs, excluding the extreme right and left ones, to obtain
multiples of I in a single j block and zeros elsewhere. Note that R and £ do not change the block
structure of the tensors they act on. Now compare the RHS with the LHS block-wise, if IT acts non
trivially on a block j, then we get that B;B; is zero, which is a contradiction to B; being normal. Next,
having eliminated the possibility of a permutation, project Eq. (36) to any (j, q) block to obtain:



L. Kull et al. / Annals of Physics 386 (2017) 199-241 225

c R
| | |
| 5 B; B; B |- B L=
| | | | |
_1 ) ) . . ) X
= —X; B, B; B; Bj — -+ — B Xj —,

where B; is a normal tensor by assumption. We can now apply the inverse on the string of Bs in the
middle (BB is normal if B is normal) to obtain:

L R

. . -1 . . .
— B —®— Bj = = —X; B —® — B Xj —.

According to Remark 4.1, the matrices X; are determined up to a constant. We now choose a
representative from the projective unitary class of X;. The above implies that for any such choice there
is a constant x; such that:

R L

— Bj — = (X) — Bj XJ - . — B]‘ — = (X._1> _Ix1 Bj —

’

Therefore the desired X is X = eaj”ilea(rj:lxj)g. O

Theorem 2 (Gauge field MPV with a local symmetry). A tensor B in CFIl which generates a MPV that has
a local symmetry with respect to R(g) ® L£(g) where R(g) and L(g) are projective representations with
inverse multipliers (Definition 3), transforms under the representation matrices as:

R(g) £(g)

— B —=— B | X(g)— ; — B — = —X@g'!'H B —, (13)

where X(g) is a projective representation of G with the same multiplier as R(g) and with the same block
structure as B (Eq. (12)):

X(g) = O, ®,_X{(g) - (14)

Proof. As we have seen in the proof of Lemma 5.1, Eq. (33) holds for each block of B, so for every group
element g € G we have:

R(g) £(g)

— B —=— B HX@®— ; — B —=—X@&"'— 5 —. (37
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We write the action of the group element R(gh) on B in two ways:

R(g)
| |
R(gh) R(h)
| |
y(g. Wx — Bj — Xjgh) — = y(g.Wx — Bj — = — B |— =
|
R(g)
| |
— | B X |— = —| B | Xi(g) — Xh)|—.

Now by contracting with the tensor B;B;...B; from the left, and taking the appropriate linear

combination which results in the identity matrix (B; is normal), we obtain y (g, h)X;(gh) = X;(g)X;(h).
This means that for all j X;j(g) is a projective representation with the same multiplier as R(g) (y).
Therefore X(g) is a projective representation. [J

Proposition 2 (Structure of Hg). Given a tensor B, projective representations R(g), £(g) with inverse
multipliers y and y ! (as defined in Section 2.3.2) and matrices X(g) and Y(g) which satisfy Eq. (15), the
Hilbert space Hg can be restricted to a representation space of G x G and thus decomposes into a direct
sum of tensor products of irreducible representation spaces of G:

M
Hp = P Hy, ® Hy, -
k=1
where 1y, and I, are irreducible representation labels.

Proof. Even though |y) is defined in terms of the basis {|j)} in 3, it is sufficient to consider only
vectors of the form:

|bop) = D (BB} € Hp.
Let H := span{|¢q,g) }«,p. The group transformations £(g) and R(g) preserve H:
R(Z)bap) = Y _(@BX@IBID) = (@IBly)(yIX@IB)I) =Y (vIX(@)IB)|$ay)
i i,y 14
£(Q)lap) =) _(lY(@) BB =D (alY(@) y)(yIBIBID) = D (@IY(@) " 1¥)Idy 5)
i iy 14
where Eq. (15) was used. Performing a Schmidt decomposition of |y4p) (or |¥g), the argument is the

same) with respect to any partition where one gauge field Hilbert space is split off from the rest of the
system:

Was) = Y ((@IBB) (BIAZB2 ... ANBNAT ) |it) ® i1) ® |ia . .- iniw)
(i}, (i} 0. B

= 1wz Vb.adps. a1 -
a,B
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we see that only vectors from 7 appear. Therefore it is sufficient to restrict ourselves to #g = H. Next
we show that # has a representation space structure. Eq. (15) implies that R(g) and £(h) commute
on H:

LR\ bap) = > _(|Y(g) 'BX(N)IB)i) = RINL(E)|dap) -
i
Thus # forms a projective representation space of G x G with the projective representation map
(g, h) — £(g)R(h) with multiplier y~! x y of G x G defined by y~' x y : ((g, h), (g’,h)) —
y~'(g. g )y(h, ) [42]:
LIGYR(ML(G YR(N )5, = £(&)L(g YRINR(N )4, = v~ (g, &)y (h, W)L(gg YR(hR )5, ,
where we used the fact that £(g) and R(h) commute and preserve #; . For finite or compact groups

‘H decomposes into a direct sum of irreducible projective representations of G x G with multiplier

¥~ x y, each one of which is equivalent to a projective representation of the form (g, h)

D;_l(g) ® D}, (h) [42], which proves the proposition. [

Recall the definition of an elementary B block:

Definition 3.1. An elementary block of the tensor B is one which satisfies Eq. (15), where R(g) =1 ®
D.(g) £(g) = Dg/_l(g)@ﬂl and X(g),Y(g), D" ,(g)and D' _1(g) are irreducible projective representations
(both X(g) and Y(g) have multiplier y).

Proposition 3 (Structure of an elementary B block). Let B be an elementary B block (Definition 3.1). If
X(g)=D,(g)andY(g) = D’y _,(g), then B is proportional to the tensor composed of the matrices

B™" =im\(n|, m=1,...,dim(l),n=1,...,dim(r).

Otherwise B = 0.

Proof. Write Basamap B : CP2 — CP1 @ 743:
B = Zsm"®|m )= > Bygle)(Bl® |m)in)

m,n,a,f

By hypothesis B satisfies (Eq. (15)):
1@ (RE@)et)1B = 19 (D) (W@ D) ]| B =Y @ 1]BIX(@) @1 .
Write the above equality explicitly (repeated indices are summed over):
LHS = ) B'ila) (Bl @ D!, (h)lm)D/,(g)In)
=) _Brile)(Bl®D, (h)  |m)Di(g), In)=
RHS =Y " BlY(h) "l (BIX(g) ® |m)[n)
=Y ByY(R), ola)(B1X(g)s.p @ Im)in) .
Projecting both LHS and RHS to |&)(B| ® |)|fi) we obtain
ZD’ (b, Difg), B ZB s (M), aX(2) 5

The LHS is a multiplication from the left (summing the indices m, n) of the matrix B, with entries
B(n.n).(a.p) = By, 4, with the matrix Dg/ (M) ®D],(g), which is an irreducible projective representation
of G x G. The RHS is a multiplication of B from the right (summing the indices «, ) with the matrix
Y(h)®X(g), which is also an irreducible projective representation of G x G (with the same multiplier).
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By Schur’s lemma (Lemma 2.1) B o< I (i.e. B)4 s X 8a,mdp.n) 1fD’yf](h) ®D;(g) = Y(h)® X(g), and zero
otherwise. O

Proposition 4. Let B, R(g), £(g) and X(g) be as in Theorem 2. Let X;(g) = EBana(g) be a block of X(g)
appearing in Eq. (14), consisting of irreducible projective representationsX”(g) Let R(g) = @,<(H®Dr"(g))

and £(g) = @D ﬁfl(g) ® I), where Dr" and D’Q] are irreducible projective representations. Then the
following hold:

1. For all k either there exist a and b such that Xb(g) r"( ) and X“(g) *_.(g), or the projection
of the correspondmg tensor B (a BNT element of B) to the sector k of the pﬁyszcal space is zero.
2. Va Jk such that Xja(g) 71(g).

3. Va 3k such that X/(g) = Dy(g).

Proof. Recall the structure of the tensor B and the projective representation X(g):

kmn

Bkmn—@ 1@q 1Mj.4B;

X(g) = @, ®1_ X(g),

where {B;} are normal tensors. Project Eq. (13) to a block j, g of the virtual space to obtain:

R(g) £(g)

— B —=— B —X@— ; — B — = X' — B —.

Let Xj(g) = e]aaX.a(g) be a block of X(g). We shall prove each item in the statement:

1. Let B" be the projection of the tensor B; to the k sector of the physical Hilbert space. If for a

certam k there exist no a and b such that Xb(g) r"(g) and X “(g) i’/‘_l (g) then according to

Proposition 3, for all a, b the a, b block of B" consisting of the matrices B] o ;" is zero. This means
Bf is zero.

2. If there is a Y%(g) for which there is no appropriate k then according to Proposition 3, B}’
have a zero row which is a contradiction to the normality of B;.

3. Asinltem 2, B]'."m’" now would have a zero column, which contradicts the normality of B;. O

k,m,n all

The proof of Proposition 5 will be presented in the next section after we derive the structure of the
symmetric matter tensor A.

Proposition 6. Let B, R(g) and £(g) be as in Theorem 2 and in addition let span{BX™" | k, m, n} contain
the identity matrix (e.g. Eq. (18)). Let A and ®(g) be such that the MPV generated by AB has a local
symmetry with respect to R(g) ® ©(g) ® £(g) (Definition 4). Then |1,0}“’) has a global symmetry with
respect to ®(g). If in addition A is in CF with the same block structure as B (Eq. (12)), then A transforms as:

|
o(g)

— A —=—Xe"' = A/ X —,

with the same X(g) from Theorem 2.
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Proof. We use the local symmetry condition around every A:

£(g) R(g)| |O)

o(g)

R(g) O(g) £(g)

- L

According to the transformation laws for B, the LHS of the above equals:

I
o(g)
I

I
o(g)
I

= |— X' 4 B MX@ M4 A —X@e'H B

I
— X&) A — X(g)! - —X@E)— A

229

We can now use the assumption I € span{B“™"} to eliminate the Bs from the equation, the Xs then

cancel out and we obtain the desired global symmetry:

O(g) o(g) e(g)

(L LA

N

o

If in addition A is in CF, we can apply Theorem 4 to obtain transformation relations for A. To show the
rest of the claim (if A in addition has the block structure of B) we write the symmetry condition and

again use the transformation rules for B:

o(g)

A HXg'H B H A

|/ B — X(g)
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We eliminate all Bs as before and are left with:

o(g)

rX(g)—A — Xy A — - — A —|

L HA -k

We can now use Lemma 4.1 with S' = Al and T' = X(g)Y_, ©(g)wA X(g)~" to finish the proof (this is
where we use the assumption about the block structure of A, the crucial thing is that X(g) is compatible
with A’s blocks as in Lemma 4.1). O

5.3. Matter and gauge field MPV

Theorem 3 (Matter and gauge field MPV with a local symmetry). Let both BA and AB be normal tensors
in CFIl and let ©(g) and R(g), £(g) be unitary and projective representations (with inverse multipliers)
of a group G respectively. Let |1ﬁ/’\‘g) be a MPV with a local symmetry with respect to R(g) ® O(g) ® L(g)
(Definition 4). Then there exist projective representations X(g) and Y(g) on CP1 and CP2 respectively, such
that X(g) has the same multiplier as R(g), and Y(g) - the inverse multiplier to that of £(g). The tensors A
and B transform as follows:

R(g) £(g)
| |
— B —=— B —X@&— ; — B —=—Yg'!'H— B — (20)
|
o(g)
| |
— A —=—X'— A/ Y& — (21)

Proof. Apply Theorem 2 on the tensor AB and the representations R(g) := I ® R(g) and £(g) =
O(g) ® £(g) to obtain:

R(g)

—~ AN B —=— A — B HXg I, (38)
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and

O(g) £(g)

— A~ B —=—Xg'— A — B —, (39)

where X(g) is a projective representation with the same multiplier as R(g). Apply Theorem 2 once

more, this time on the tensor BA and the representations R(g) := R(g) ® @(g)and £(g) = £(g) QI
to obtain:

R(g)| |©(8)
| | |
— B —H A (—=— B [ A (Y@, (40)
and
|
L£(g)
| |
— B —H A —=—Yg'!'— B — A —, (41)

where Y(g) is a projective representation with inverse multiplier to £(g). By contracting Eq. (38) from

the left with the tensor BA. .. B, and taking the appropriate linear combination to obtain the identity
matrix out of the tensor BA...BA (using the normality of BA), we eliminate the A in Eq. (38)). By
contracting Eq. (41) with BA . . . B from the right — we eliminate the A in Eq. (41) (using the normality
of AB). This proves the transformation rule for B - Eq. (20). Next plug in the transformation rules of B
under R(g) into Eq. (40) to obtain:

O(g)

— B HXgH A H—=— B — A —Y@g—. (42)

Finally, eliminate the B from the equation as in the previous steps to obtain the transformation rule
for A and finish the proof. O

Proposition 7. Let |1///%) be a MPV generated by arbitrary tensors A and B. Then there exist tensors {A, }
and {B, }, and there exists b € N such that for all x both A, B, and B, A, are normal tensors and VN € N
|¢,§VBX}J Z Wy WA B, ), where 1, are constants and AB,, is the tensor obtained by blocking b copies
of the tensor AB

Proof. We argue similarly to [38] where it is described how to obtain, from an arbitrary tensor, a
tensor in CF generating the same MPV. Begin by finding all of AB’s minimal invariant subspaces S,,
such that A'B'P, =P, A'B'P, for all i and j, where P, is the orthogonal projection to S,. Let P be
the partial isometry P, : C®1 — S, such that P{P, = P, and P,P] = I|s,. Define A, := P,A" and
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B), := BP}. Then

iy = Z Tr (A1B ... AVBIV) [ifjy . . . injn)
{i}, i}

= Z Tr (PaAi1Bi1 . .AiNBjNPa) |i1j] . iNjN)
{ih i}

= Z Tr (PaAilBi‘Pa .. -PaAiNBiNPa) li1j1 - - - INJN)
{i}, (i}

=Y ™ (ﬁaA"lBﬁﬁ;ﬁa N .ﬁ;ﬁaAfNBfNﬁg) lij1 . . injn)
{i}, U}

= Wi, -

Note that the bond dimension of the tensor A, B, is dim(S,) which is smaller than the original bond
dimension D,. Now A, B, has no invariant subspaces but B,A, might, therefore, perform the same
for B,A, - for each « find all minimal invariant subspaces T,z of B,A,. Let Q.4 be the orthogonal
projections to the invariant subspaces and Q, 4 the partial isometries. Define Afxﬂ = Al on,g = PaA"QJﬂ,
and B, == QupB}, = QusB'P]. For each o we have

Was) = D WA .0
B
and thus

Vas) = D IWias) = D 1V u.,)
o af

Now each A,gB.p might be reducible. Continue iterating this decomposition, once for AB and once
for BA. Since the bond dimension of the tensors obtained at each step decreases, this procedure is
bound to end after a finite number of steps. In the final step, we obtain the tensors A} = PXA'Q)I

and B’;( = QXBfﬁ;, where yx incorporates all the previous indices, such that both A, B, and B,A, have
no non trivial invariant subspaces. We can then perform the second step (as in [38]) which involves
blocking the tensors in order to eliminate the periodicity of the associated CP maps. The blocking
scheme is the following: A’ := A'B/A* and B™" := B!A™B". We can find the least common multiple
of the length needed to eliminate the periodicity of all CP maps, and perform step 1 again if needed
(after blocking the CP maps again become reducible [39]). We can repeat these steps as many times
as needed. The process terminates at some point because the bond dimension decreases at each step.
Finally, rescale the matrices A,B, by a constant u, to make the spectral radius of E5 g, and Ep a,
equal to 1. The following lemma is required:

Lemma 5.2. E4, p, and Eg,a, have the same spectral radius.

Proof. Let X be an eigenvector of E4, g, with eigenvalue A: Ex p (X) = Ea Ep, (X) = AX. Apply Ep,
to both sides to obtain Eg,a Es, X) = AEp, (X), i.e., Eg, (X) is an eigenvector of Eg, a, with eigenvalue
A. Interchanging A and B we obtain that En, B, and Ep,a, have the same spectrum, and therefore the
same spectral radius. O

Remark 5.2 (Blocking of the Symmetry Operators). In the blocking scheme described in Proposition 7, if
we start out with a MPV with a local symmetry under the operators R(g)® @(g)® L(g), after blocking
we need to redefine the operators to act on the blocked degrees of freedom as follows: R(g) :=

R(g)®O(Z)R(L(Z)R(2)), Og) := O(2)®(L(g)R(Z))®O(g)and £(g) = (L(g)R(Z))®O(g) ®L(g).
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Proposition 8. Let |y};) = Z “x |4 5 ) where both A, B, and B,A, are normal tensors. Let O be a
local operator acting on a fixed number }‘ad]acent sites. If VN 0 leaves the MPV invariant:

O & e [Wap) = W25 »
then O leaves every component invariant:

0@ Ul ¥y 5, ) = ¥4 5, ) Y

Proof. Pick a BNT {A;B;} out of the normal tensors {A, B, } and construct a new tensor C by blocking
the tensors {A, B, } diagonally (possibly changing the order of the blocks):

c' = GBXMXA;BZ( = DjDqljq ]q]AjB]l ia»

where for every x thereisajandaqsuchthat i, A, B, = ujq f q]AJ'B V; - Now Cisin CF and generates
the same MPV as AB. We have

OlYe) = Ol = [Was) = |W¢) -
We can now use Lemma 4.1 (use Eq. (27) from the proof of the lemma) for the tensor C = AB to obtain

(I®)0(®I)
| | | | |
— Aj Bj Aj Bj I — Bj |
| | | | |

where the operator in the box contains O (we need to extend it by at most one ®I from the right and

from the left in order to occupy a full AB. . . AB block). Finally, we have
N _ N _ (N \ _ 1N
03,0 = Ol sy ) = Whg) = WAs,) O
Recall the definition of an elementary A block:

Definition 3.2 (Elementary A Block). An elementary block of the tensor A is one which satisfies Eq. (21),
where ®(g), X(g) and Y(g) are all irreducible projective representations.

Proposition 9. Let A be an elementary block (Definition 3.2), with @(g) = D(g), X(g) = D’;/ (g) and
Y(g)= D’y_1 (g)- Then A is built out of Clebsch-Gordan coefficients and has the form:

AM= %" oy (. MIj,m;ln)im)nl,

Jeypp)=po  mn

where J is the set of irreducible representation indices appearing in the decomposition of D’;,(g) ®
Dé/ _,(g) into irreducible representations, (J m:lLn|], M) are the Clebsch-Gordan coefficients of the

decomposition, D’;, (g) is the complex conjugate representation to D’;, (g) and o are arbitrary constants.

Proof. Write out Eq. (21):
> oA =X(g)'AY(g).

Taking the complex conjugate of both sides

Y O A = X(g)TAY(g)

l'/
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we see that A satisfies Eq. (7) for v = el and the group element g~ !, with k = ©(g), 7 = X(g)
and = Y(g). Therefore A is a vector operator with respect to the above representations. In the case
when ©(g) = D(g), X(g) = D’y (g)and Y(g) = Diﬁl(g) are irreducible representations, according to

Theorem 2.1 A is of the form:

A= N oy (miln|], M)|m)n|,

J:Di(g)=Dlo(g) ™"

taking the complex conjugate, we find the desired form of A. O

Example 5.1. A direct calculation using the Clebsch-Gordan series [43]:

D@ D@ = Y Gom; Ln| LN) (LN | j, m's L n') D@y
L,N,N’

shows that the tensor composed of the matrices

AM =31, M| ], m; 1 n)m)(n|,

for a fixed value of J, satisfies

|
D(g)

— A =Pt A D) [

Consequently, the tensor composed out of all matrices {A*M},c; v (all J appearing in the decomposi-

tion Di(g) ® D'(g) = @®;<;D/(g)) satisfies:

eajeﬁDl(g)

— A — =—De'— A — b —.

In addition to being a symmetric tensor, this tensor is always injective: let D := dim(j) = dim(l).
Due to the fact that the C-G coefficients are the entries of a unitary matrix, the matrices A"M satisfy

Tr (AJ*MTA’/’M/> = &/ 8m.m- Since there are D x D of them, they form an ONB of the space of D x D
matrices.

We can now prove the following proposition, the proof of which we postponed in the previous
section.

Proposition 5. Let B be in CFIl and let |1lr§’ ) have a local symmetry with respect to R(g) ® L(g) (as in
Theorem 2). It is always possible to find a tensor A and a representation ®(g) such that the corresponding
matter and gauge field MPV |4 has a local symmetry with respect to R(g)® ©(g)® £(g) (Definition 4).
In addition, the corresponding matter MPV - |1ﬁ/{‘V ) - has a global symmetry with respect to ©(g).

Proof. For each D’;L‘ (g) appearing in X(g) = f{:]D’;‘(g), let J(k) be an irreducible representation index

appearing in the decomposition of D’;L‘(g) ® D’)",‘(g). Let A¥) be the tensor presented in Example 5.1,
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satisfying
plk(g)

— Ak — = — Dik(g)! H ak — Dk(g) .

Let the matter Hilbert space be H, := @1 H;). Let the tensor A in each sector J(k) of the physical space

be zero except for in the k, k virtual block, such that:

(XA MX(g)],, = 81, k)s(I, kDS, (@AM 1

MM’
Proposition 10. Let AB and BA be normal tensors and let B satisfy Eq. (20) with R(g) = ®r(I® D;"(g)),
£(g) = 69,<(Dly"_1(g)®]l), Y(g) = ®.YUg)and X(g) = ®uX’(g), whereDg,",Dly"_l, Y®and X" areirreducible
projective representations, then

1. For all k either there exist a and b such that X®(g) = Dg,k(g) and Y%(g) = Dl}f_l (g) or the projection
of the tensor B to the sector k of the physical space is zero (and it can be discarded).
2. Va 3k such that Y9(g) = Dl"_l(g).

3. Vb 3k such that X*(g) = D¥(g).

Proof.

1. Assume the contrary is true, then according to Proposition 3, B*™" are all zero and this value of
k does not contribute to the MPV.

2. Ifthere is a Y%(g) for which there is not an appropriate k then according to Proposition 3, B¢™"
all have a zero row which is a contradiction to the normality of AB.

3. AsinlItem 2, B“™" now would have a zero column and would contradict normality of BA. O

Proposition 11. There exist tensors A and B such that |y4) has a local symmetry with respect to
R(g) ® O(g) ® L(g), but |Y,) does not have a global symmetry with respect to ©(g). In addition

R(g) ® L(g)I¥B) # [VB)-

The proof is given by the following example:

Example 5.2. Let G = Dy, the dihedral group of order 10. It is the group generated by two elements:
r and s satisfying r> = s> = (sr)> = e. Dy has two inequivalent two dimensional irreducible
representations p; and p, generated by:



236 L. Kull et al. / Annals of Physics 386 (2017) 199-241

where 0 = 277 /5. The tensor product p; ® p, decomposes into p; D p3:

_ 0e™ 0 o0
P1I®P2:T >R Ry = 0 0 ¥ o
0 0 0 e
0001
0010
SES®S=15100
1000

It is clear from inspection of the above 4 x 4 matrices that the unitary transformation realizing
the direct sum decomposition is a permutation of the basis elements, the non zero Clebsch-Gordan
coefficients are:

(b1, 1] o1, 15 02, 1) =1
(p1,21P1,2;02,2) =1
(2, 11 P1, 15 02, 2) =1
(02,21 01,2, 02, 1) = 1.
Following Example 5.1, and using these coefficients, define the tensor A:

. {10y , (00
A‘(o 0) A—(o 1)'

A satisfies:

01(8)

— A= A e (43)

According to Proposition 3 the following tensor B:

satisfies:

p1(g) 02(8)

— B [ —=— B —m@— 5 — B |[—=—m@'— B [—. (44

Egs. (43)and (44) are easily verified for the generators of the group, r and s, and therefore hold for
any group element. From these equations it follows that |y}};) has a local symmetry (Definition 4 with
R(g) = p1(g), O(g) = p1(g) and £(g) = p2(g)); however, p; is not a global symmetry for |¢/};’), as is
easily verified for a MPV of length 1. Similarly, a direct computation shows R(g) ® £(g)| wg) 7~ |z//§).
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Proposition 12. Let A be a tensor in CFIl generating a MPV with a global symmetry i.e., satisfying
Theorem 4. Let X(g) (in Eq. (23)) be a projective representation (i.e. all Xj(g) in Eq. (24) are in the same
cohomology class). Then there exist a tensor B and projective representations R(g) and £(g) with inverse
multipliers such that both local symmetries: Definition 4 for |yA;) and Definition 3 for |y}') are satisfied.

Proof. As X(g) appears in Eq. (23) together with its inverse, it is defined only up to a phase. As
we assumed all Xj(g) are from the same cohomology class, we can lift each one of them to be

projective representations with the same multiplier . We can assume without loss of gs{nerality
(same argument as in Remark 3.3) that each X;j(g) is block diagonal: X(g) = EBjEBqEBa].D,}(g). Set

R(g) = X(g), £(g) = X(g) and let B be completely block diagonal:
B9 ™ = |, q, a;; m){j, q, aj; n| ,

i.e., for each irreducible block of X(g) there is a corresponding sector in #g:
Hp = BjDqDgHa @ Hq; »

where g; is the complex conjugate representation to a;. [
Example 5.3 (An SU(2) Gauge Invariant MPV). For G = SU(2) we demonstrate the construction
of a general locally invariant MPV emphasizing the constituents of physical theories and relating

our setting and notation to [34,36]. Write the irreducible representations D/(g) in terms of their
generators:

D(g) = exp ('Z rﬁfpa(g)> , Vg € SU(2),

where {‘/’a(g)}3:1 are real parameters and {ré}zzl are Hermitian (2j + 1) x (2j + 1) matrices satisfying
the su(2) Lie algebra relations:

[Tf,, le,] = ieabcfg )

where &4 is the totally antisymmetric tensor. Let D" and D' be two irreducible representations of
SU(2) and let Jg be the set of irreducible representation indices appearing in the decomposition of the
tensor product: D'(g) ® D'(g) = @jeaoD’(g). Let J C Jo. Define the representation ®(g) as generated
by {Qu = ByeyTali_y:

O(g) = 3D (g) = @y exp ("Z rzsoa<g)> = exp (iZQacpa(g)) :

As in Example 5.1, the tensor A, defined by the matrices:

AM = "o (M| T, m;l,n) m)(n| .J € 3,M =1, ..., dim(]) (45)

m,n

satisfies:
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o(g)

— A =Dt A ) D)

This relation, written in terms of the generators, reads:

> [exp (iZ réwa(g))} AM = exp (—i d>ou %(g)) AM exp (i > té%@)) :
M’ a M, M’ a a

Differentiating this equation with respect to any one of the group parameters ¢, we obtain the “virtual
Gauss law” satisfied by A:

Q : AM Z [ré]M’M,A”M, =T AMy AM]
M/

Next, add a gauge field degree of freedom to the matter MPV, described by a tensor: B™" = |m){(n|,
and define the transformations:

R(g)=1®D'(g) ; £L(g)=Dl(g)®T.
The action of £(g) on the gauge field Hilbert space is given by:

£(g)lm, n) = (D'(g) @ I)|m, n) ZD(g w1y =Y D g™ Yl 1) ;

whereas R(g) acts as:

R(g)|m, n) ZD(g)nntm n').

R(g)and £(g) can be defined in terms of right and left generators {Ra}g ,and {L,}3_.,as described

in Section 2.4:

R(g) =exp (i > Rasoa(g>>
£(g) =exp (iZLawa(g)) :

In our case R, is simply given by I ® 7 but in general R, and L, can have a block diagonal structure.
Define the generators of the local gauge transformation around lattice site 2K + 1:

Gl2K+11 . (Rlzzq + Qa[21<+11 +L[2K+2J)
a ° a a °
From our construction it follows that for all g € G and for all lattice sites K:

RP(g) @ 0P (@) @ £ (g)yah) = |vap) -
Once again, differentiating with respect to the group parameters ¢, we obtain:

a=1’

(RIZK) 4 QUK+ 4 [2K+21) 1y Ny GRK+y ) (46)

This is the lattice version of Gauss’ law. In physical theories D' = D' and thus states |/,) have a global
symmetry generated by {Q,} - the SU(2) charge operators. R, and L, are identified with right and left
electric fields respectively [36].

One could generalize the above construction for

R(g) =@ (18D ) : £(g)=e(DiE 1)
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by constructing A and B as above for each k sector and combining them together block diagonally
(in both physical and virtual dimensions). Duplicating the virtual representations while keeping the
physical ones fixed can be achieved by B™" — (B™" @ B™"), AM (A’l’M @ Ajz’M). This can be
used to enlarge the number of variational parameters. The tensors A; and A, must both have the
same structure (Eq. (45)) but can have different parameters ;. The generalization to of the above to
G = SU(N) is straightforward.

6. Summary

In this work, we studied and classified translationally invariant MPVs with a local (gauge) symme-
try under arbitrary groups. The states we classified may involve two types of building blocks, A and B
tensors, which represent matter and gauge fields respectively.

We showed that matter-only MPVs may have a local symmetry, when one transforms a single
site, only if they are trivial (composed of products of invariant states at each site). We also classified
pure gauge states, which involve only B tensors and have local invariance when one transforms
two neighboring sites, including the well-known structure of physical states involving only gauge
fields. These two building blocks can be combined in a way that allows coupling matter fields
(with global symmetry) to gauge fields (with local symmetry) in a locally symmetric manner,
as in conventional gauge theory scenarios. Furthermore, we expanded the class of gauge invari-
ant states to include ones that involve matter and gauge fields which do not possess the known
symmetry properties when decoupled. We classified the structure and properties of such MPVs
as well.

Further work shall include a generalization to further dimensions, i.e. using PEPS. In our work we
were able to connect some of the results to the symmetry properties and structure of previous gauge
invariant PEPS constructions [31,32,34] when the space dimension is reduced to one, and therefore
higher dimensional generalizations in the spirit of the current work should be possible. In particular,
the tensor describing the gauge field, as it resides on the links of a lattice, is a one dimensional object
for any spatial dimension, and has shown, in some particular cases, properties known from previous
PEPS studies. Another important generalization one should consider is a fermionic representation
of the matter, combining the spirit of this work with previous works on fermionic PEPS with gauge
symmetry [33,35] or with global symmetry [50,51]. From the physical point of view, a physical study
aiming at understanding the new classes of gauge invariant states introduced in this paper, in which
the matter and gauge field do not possess separate symmetries, may also potentially unfold new
physical phenomena and phases.
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3.5 Normal tensors generating the same state
In this Section, we include the following paper:

e Andras Molnar, José Garre-Rubio, David Pérez- Garcia, Norbert Schuch, and J. Ig-
nacio Cirac. “Normal projected entangled pair states generating the same state”. In:
New J. Phys. 20, 113017 (Nov. 2018), p. 113017. arXiv: 1804.04964

In the previous projects the ability of deciding when two TNS generate the same state
played a crucial role. Due to their importance, theorems deciding this question are of-
ten referred to as fundamental theorems. In Section 3.3, the use of two such different
theorems lead to the classification of 2D SPT phases: first, we had to decide whew two
semi-injective tensor generate the same state; second, for classifying MPO representations
we had to decide when a general MPS tensor generates the same state as an injective
tensor. In Section 3.4 the investigation of local symmetries required a version of the fun-
damental theorem with non-TT tensors. There are several other examples for using such
fundamental theorems including the classification of Matrix Product Unitaries with and
without symmetries [72, 73] as well as the classification of renormalization fixed points of
Matrix Product Density Operators [52].

In this project, we prove the fundamental theorem for non-translationally invariant
PEPS for arbitrary lattice geometry provided that the generating tensors are normal.
This question thus encompasses the investigation of local symmetries by allowing for non-
translationally invariant description of the states. It also generalizes the results of Ref. [67]
as it holds in arbitrary dimensions or non-square lattice geometry such as hyperbolic lattices
relevant in the constructions of AdS/CFT correspondence [771, 75].

We find that despite the non-translational description, if two sets of normal tensors
generate the same state, the tensors are related to each other with local, invertible operators
acting on the virtual indices. These gauges can depend on the bond; for example, two
three-partite non-translationally invariant injective MPS generates the same state:

Ay Az Az B Bo Bs ’

if and only if there are invertible operators Xis, Xo3 and X3; such that the generating
tensors A; and B; are related to each other as

el e T el

X31 A1 X127 X12 A2 Xo3™~ Xo3 A3 X317~

In fact, this statement is the basic lemma of the paper, all other normal tensor networks can
be blocked into three-partite injective MPS determining the gauge transformation assigned
to a given bond.

This project was later used to classify entanglement properties of MPS (Section 3.7).
This is possible as the theorem allows for comparing two non-TI MPS and thus general
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non-TI SLOCC transformations can be analyzed. While the main theorem is more general
than the previous such theorems, the conditions under which one can use the theorem are
still restrictive: both sets of tensors have to be normal. It is natural to ask how this can be
generalized. In the next Section, we show that one should not expect to be able to decide
whether two arbitrary PEPS tensors generate the same stat.
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Tensor networks are generated by a set of small rank tensors and define many-body quantum
states in a succinct form. The corresponding map is not one-to-one: different sets of tensors may
generate the very same state. A fundamental question in the study of tensor networks naturally
arises: what is then the relation between those sets? The answer to this question in one dimensional
setups has found several applications, like the characterization of local and global symmetries, the
classification of phases of matter and unitary evolutions, or the determination of the fixed points
of renormalization procedures. Here we answer this question for projected entangled-pair states
(PEPS) in any dimension and lattice geometry, as long as the tensors generating the states are
normal, which constitute an important and generic class.



I. INTRODUCTION

Tensor Networks (TNs) provide us with very efficient ways of describing quantum states in discrete
systems. They are particularly useful to describe ground [1] and thermal equilibrium states [1, 2] of local
Hamiltonians, or to describe exotic phases of matter [3, 4]. The most prominent examples are matrix
product states [5, 6] (MPS), which portray one-dimensional systems, and their higher dimensional gener-
alization, projected entangled-pair states [7] (PEPS). Their simplicity and special properties makes them
very practical in numerical computations [8-11], as well as in the characterization and classification of a
variety of scenarios and phenomena. This includes, for instance, the characterization of symmetry pro-
tected phases in spin [12-14] and fermionic [15] chains, or topological order [4, 16, 17] in two dimensions,
lattice gauge theories [18, 19], unitary evolutions [20, 21], one-way quantum computing [7, 22, 23], or
quantum tomography [24].

Tensor network states can be defined on arbitrary lattices. They are generated by a set of tensors,
{A,}, which are assigned to each vertex and are contracted according to the geometry of the lattice. For
regular lattices, the generated states are translationally invariant (TI) if all the tensors are the same. A
key feature of general TNs is that two different sets of tensors may generate the same tensor network
state. This occurs, for instance, when they are related by a (so-called) gauge transformation; that is,
when the tensors of one set are related to the other by matrix multiplication of the indices that are
contracted, so that those matrices cancel with each other once they are contracted. Let us illustrate
this with MPS. There, the tensors A, have rank three: one of the indices corresponds to the physical
index, and the other two to the virtual ones that are contracted in order to generate the state. For
a given value of the physical index, i, the tensors are just matrices, A%. Obviously, the tensors B,
with B = XnA%X;il, generate the same state as the tensors A,,, where X,, are arbitrary non-singular
matrices. One of the fundamental questions in the description of TNs is precisely if this is the only thing
that can happen. That is, if two sets of tensors generate the same state, must they be related by a gauge
transformation? This question is crucial in many of the applications of tensor networks. For instance,
when the answer is affirmative, it gives rise to a canonical form of describing MPS [5, 25, 26]. Or, more
importantly, it characterizes the tensors generating states with certain global or local (gauge) symmetries
[27, 28]. The reason is very simple: if a state is symmetric it means that an operation leaves it invariant;
however, in general, it will change the tensors, so that the resulting ones should be related to the original
ones by a gauge transformation. This implies that symmetries in the quantum states can be captured
by symmetries in the tensors. This question is also decisive in many other situations dealing with string
order [29], topological order [17], renormalization [30], or time evolution [21]. Theorems answering such
fundamental questions about the structure of TNs are typically referred to as Fundamental Theorems.

Proving a Fundamental Theorem for the most general TN is impossible: even for two tensors generating
translationally invariant 2D PEPS in an N x N lattice, there cannot exist an algorithm to decide whether
they will generate the same state for all N or not [31]. It is therefore necessary to impose restrictions to
the TN (both on the geometry of the lattice as well as on the properties of the defining tensors). So far,
most of the Fundamental Theorems concern MPS. They have been proven for translationally invariant
states [30, 32] as long as the two tensors generate the same state for any size of the lattice. They have
also been proven for not necessarily translationally invariant states for a fixed (but large enough) system
size for a restricted class of tensors [33]. This class includes injective tensors, that can be inverted by
just acting on the physical index, i.e. there exists another tensor, A~!, such that

DAL (AT g = baarbs.,
i

as well as normal tensors, that become injective after blocking a few sites. For 2D PEPS such theorems
only exist for restricted (but generic) classes of tensors: for normal tensors [33] and semi-injective tensors
[34]. These theorems require only a fixed (but large enough) system size. The proof techniques, however,
exploit the lattice structure in a fundamental way and thus do not generalize to other geometries.

In this paper we prove the Fundamental Theorem for normal (and thus also injective) PEPS in arbitrary
lattices (geometries and dimensions). We obtain that if two sets of such tensors generate the same state,
then they must be related by a gauge transformation. This generalizes the previous results as follows.
First, we relax the condition of an existence of a sequence of TNs (required in e.g. Ref. 30) so that our
results hold for a fixed (but large enough) size. The required system size is smaller than in Ref. 33.
Second, the TNs considered here do not need to be translationally invariant, which is important when
applying the results to local gauge symmetries. Third, the results hold for any geometry (including, for
instance, three dimensions or hyperbolic, as it is used in the constructions of AdS/CFT correspondence



[35, 36]). Additionally, we show that if a TI PEPS defined in a regular lattice is normal although the
tensors are different in different sites, then there exists a TI PEPS description with the same bond
dimension and where the tensors at every site are the same. Furthermore, the proof presented here uses
a new technique: even though it relies on a reduction to the MPS case, this reduction is done in a local
way instead of “slicing” a PEPS into an MPS along one dimension.

II. INJECTIVE MPS

In this Section we define non-translational invariant injective MPS. We show that two such MPS
generate the same state if and only if the generating tensors are related with a gauge transformation (if
the MPS contains at least three sites). This extends the previously known results as here we consider
(i) a fixed system size and (ii) non-translational invariant MPS with closed boundary conditions.

A non translational invariant MPS on n particles is a state

W) = Tr{AP AR A iy ),

where each i runs through a basis of the (finite dimensional) Hilbert space associated to the kth particle
and each A}F is a Dy X Dy matrix (Dp41 = D). From now on, we will use graphical notation: each
tensor is depicted by a dot with lines attached to it. The lines correspond to the different indices of the
tensor; joining the lines correspond to contraction of indices. For example, a scalar is represented by a
single dot with no lines joinig to it, a vector is represented by a dot with a single line attached to it, a
matrix by a dot with two lines attached to it:

S= 5, |U>: v oy A= A )

the scalar product of two vectors, the action of a matrix on a vector and a matrix element can be written
as

*——O ——0 o————o—0
<’(U|’U> = w v o A|U> - A v, <w|A|U> = w A v -

In this notation, the MPS |¥) is written as

) = TLLL JT
A, A, A An

An injective MPS is an MPS where every tensor — if considered as a map from the virtual level to the
physical one — is injective, i.e.

:0 = X=0.

X
This is equivalent to the tensor A; admitting a one-sided inverse A; L

A7t

1T -1C

Aj

Notice that this immediately shows that the contraction of two injective MPS tensors is again injective;
the inverse of the obtained tensor is proportional to the contraction of the inverses of the individual
tensors:

I 1 -J0C-» 3L



where D is the dimension of the vector space assigned to the index connecting the tensors A; and As,.

In the rest of this Section, we prove the two main lemmas leading to the Fundamental Theorem. We
also illustrate how to use them by deriving the Fundamental Theorem for non translational invariant
MPS. In the following, we consider two injective tensor networks generating the same state; the defining
tensors of the two TNs are labeled by A; and B;. The first lemma assigns a special gauge transformation
to each edge of one of the tensor networks; the second lemma shows that once these gauges are absorbed
into the tensors Bj;, the resulting tensors are equal to A;.

Lemma 1. Suppose A, B are two injective, non translational invariant MPS on three sites that generate
the same state. Then for every edge and for every matriz X there is a matriz Y such that

X Y

Ay Az Az B1 Bs B

Moreover, X andY have the same dimension and there is an invertible matric Z such thatY = 271X Z.
This Z is uniquely defined up to multiplication with a constant.

This Lemma will be used to assign a local gauge transformation to all edges on one of two tensor net-
works generating the same state. These local gauges will then be incorporated into the defining tensors;
doing so will lead to two tensor networks where inserting any matrix X on any bond simultaneously in
the two networks gives two new states that are still equal.

The proof of Lemma 1 is based on the observation that any local operation on the virtual level can be
realized by a physical one on either of the neighboring particles; and vice versa, two physical operations
on neighboring particles that transform the state the same way correspond to a virtual operation on
the bond connecting the two particles. Given two tensor networks generating the same state, this
correspondence establishes an isomorphism between the algebra of virtual operations. The basis change
realizing this isomorphism is the local gauge relating the two tensors.

Before proceeding to the proof, notice that due to injectivity of the tensors, if

X1 X2
= 9
Aq Az As Ay Az As

Proof of Lemma 1. Consider now a deformation of the TN by inserting a matrix X on one of the bonds.
This deformation can be realized by physical operations acting on either of the two neighboring particles:

01 02
X
= = ,
Ay As Az Ay As As Ay Az As

Ay Ao
O = ex and Oy= x e . (1)

ATt
Notice that the mappings X + O; and X + OI are algebra homomorphisms[37]. These mappings do
not depend on As.

Consider now the converse: two physical operations on neighboring particles that transform the MPS
to the same state:

then X7 = Xo.

with

B Bs Bs By Bs Bs




Inverting B, and Bs, we arrive to

Byt
o i : I
' = D231 1 02 @ = ) (3)
B, w
By @
B B>

for some matrix W, where Doj is the dimension of the vector space on the edge (2, 3). Similarly, inverting

B; and Bs, we arrive to
21 - o L
= b
1% By
B

for some matrix V. Therefore

0, O2
w 1%
= = = ,
B Bs Bs B Bo Bs By Bs Bs B Bo Bs

and thus by injectivity, V = W. Therefore

o | = J—H and o | = —Q—L , (4)
B, w w B,
B, B>

and the maps Oy — W and O + W are uniquely defined and are algebra homomorphisms.
Consider now two three-particle, non translational invariant injective MPS generating the same state:

Ay A, As B, Bs Bs

Deform the MPS on the LHS by inserting a matrix X on one of the bonds. By the above arguments,
this deformation is equivalent to any of the two physical operations:

01 02
X
Ay As Az Ay As As Ay Az As

As the MPS defined by the A and B tensors is the same state, these physical operators also satisfy

bt LAt

and thus, by Eq. (4), for every X there is a matrix ¥ such that

X Y
Ay Az Az B1 B> Bs

Due to injectivity of the B tensors, the mapping X + Y is uniquely defined. Due to injectivity of the
A tensors, it is an injective map. As the argument is symmetric with respect of the exchange of the A
and B tensors, it also has to be surjective and therefore the map X — Y is a bijection. Moreover, it
is clear from the construction that it is an algebra homomorphism, as both X +— O; and O; — Y are
algebra homomorphisms. Therefore the mapping X +— Y is an algebra isomorphism. As X (and Y)
can be any matrix on the bond, this means that the bond dimensions on the LHS and the RHS are the
same and that Y = ZX Z ! for some invertible Z and this Z is uniquely defined (up to a multiplicative
constant). O




Lemma 2. Let A1, As and By, By be injective MPS tensors. Suppose that for all X and Y

X X
= and = :
Aq Aoy B1 Ba
Y Y

Then Ay = AB;y and Ay = A~ By for some constant \.

Proof. From the first equation, as X can be any matrix,
Az Al N Bz Bl .
Similarly, from the second equation,

B Y S G

Al AQ Bl BZ

Therefore, applying A, ! to both equations, we get that
A B z oW B

for some matrices Z and W. Applying the inverse of By, we conclude that both Z and W are proportional
to identity and hence A; = AB;. Similarly Ay = uBs for some other constant p and p = 1/A. O

In the following, we show how to use these lemmas for injective MPS to prove the Fundamental
Theorem. This is a special case of the next section, and only presented to explain the ideas.

Theorem 1. Let the tensors A; and B; define two injective, non translational invariant MPS on at least
three particles. Suppose they generate the same state:

|\I/> - Ay Ay a A, - B B - B, .

Then there are invertible matrices Z; (i =1,...n+1, Z;41 = Z1) such that

%_+LH.

Z7V A Ziga

Moreover, the gauges Z; are unique up to a multiplicative constant.

Proof. First let us choose any edge, for example the edge (1,2). Let us block the tensors As, ... A, (and

Bs,...By,) into one tensor:
a B As Ay A,
b B Ba B,

As injectivity is preserved under blocking, both a and b are injective tensors. With this notation, the
MPS can be written as a non translational invariant MPS on three sites:

o) = rl—l—lT = rl—l—lT .
Ay A a By Bs b




Therefore Lemma 1 can be applied leading to a gauge transform Zs on the edge (1,2) that, for all X

with Y = Z271XZ27 satisfies
b'e Y
Ay A, a | | B Ba b

The lemma can be applied to all edges leading to gauge Z; on the edge (i — 1,4). After incorporating
these gauges into the tensor B;:
B

we arrive at two MPS with the property that on every bond for every matrix X

X X

Aq Ao Ap Bl Bz Bn

Ay Az An |=| B Bo B, .
@ L g
Y Y

Let us now block the MPS into a two partite MPS:

“TLlTTLlT’
A a B b

Lok
bk

After this blocking, the requirements of Lemma 2 are satisfied, therefore A; = A\ By. Similarly for all
i, A; = \jB; and []; \; = 1. Notice that these )\; can be sequentially absorbed into the gauges Z; in
Eq. (5). O

— (5)
Z; Bi Z7}4

In particular,

with

Notice that if the two MPS are translational invariant, i.e. the tensors at each vertex are the same,
then the gauges relating them are also translational invariant (up to a constant), as

4.—1—.71 :40—1—.7:>Zio(zi+17
Z7 N Az Z7Y A Zigs

which can be seen by inverting the tensor A. We conclude therefore that

Corollary 1. Let the tensors A and B define two injective, translational invariant MPS on n > 3
particles. Suppose they generate the same state:

|q,>:Dl_AL... JAT:ri_BL JBT

Then there is an invertible matrix Z and a constant A € C, \™ =1, such that

%:”#'

Z VA Z

Moreover, the gauge Z is unique up to a multiplicative constant.



III. INJECTIVE PEPS

In general, PEPS can be defined on any graph (no double edges are allowed, but there are extra edges
attached to every vertex that is associated to a physical particle). The state corresponding to the PEPS
is obtained by placing tensors on each vertex and contracting all indices corresponding to the edges of
the graph. An example of a tensor network is depicted below:

This definition includes TNs such as MPS, 2D PEPS and higher-dimensional PEPS. It also includes PEPS
defined on arbitrary lattices, such as hyperbolic lattices used in the AdS/CFT correspondence[35, 36].

We say that the tensor network is injective if all tensors interpreted as maps from the virtual space to
the physical one are injective. This is equivalent to the tensor having a one-sided inverse, as in the MPS
case. Similar to the MPS case, the contraction of two injective tensors results in an injective tensor.

One can group particles of the PEPS together treating them as one bigger particle. This regrouping
can naturally be reflected in PEPS. In particular, we will block tensor networks to a three particle MPS
as follows. Choose one edge of the PEPS and group together all vertices except the endpoints of the
edge. This regrouped tensor together with the two endpoints of the edge forms a three-partite MPS as
illustrated below; notice that the resulting MPS is injective:

Al Al

2

Al A

o~

A4

Consider now two injective PEPS defined on the same graph that generate the same state:

After blocking to MPS as described above, we arrive at two injective MPS generating the same state;
hence Lemma 1 can be applied. This establishes a gauge transformation on the edge (1,5) of the original
PEPS. Similar regrouping can be done around every edge; applying then Lemma 1 results in a gauge
transformation assigned to every edge. Define now the tensors B; by absorbing these gauges into the
tensors B;. For the resulting PEPS, we have that for every edge and matrix X

To conclude that A; = /\iBi7 we will need to use a more general version of Lemma 2:

Lemma 3. Let Ay, Ay and By, By be injective tensors. Suppose for all X on all edges



Then Ay = ABy and Ay = A1 By for some constant \.

Proof. W.l.o.g. suppose that there are three lines connecting the tensors. Similar to the proof of Lemma 2,
if Eq. (9) holds for all X, then

Applying now the inverse of Ay, we conclude that

Inverting B; we conclude that the gauges Z, U, W satisfy
YudezMez® =Y vV euP o= w'eldew?,
where we have written
Z= Z ASKEW AR

- ZU(l) u®
W= ZW(1)®W(2).

Therefore all three gauges are proportional to the identity and thus A; = AB;. Similarly we get Ay =
1/ABs. O

Let us now block the PEPS in Eq. (8) into two injective tensors: select one tensor and block all the
others into another injective tensor. These PEPS now satisfy the requirements of Lemma 3 and thus for
all i, A; = \;B; for some constant \;, giving the Fundamental Theorem for general injective PEPS (the
constants A; can be incorporated into the gauge transformations):

Theorem 2. Two injective PEPS — defined on a graph that does not contain double edges and self-loops
— generate the same state if and only if the generating tensors are related with a local gauge. These
gauges are unique up to a multiplicative constant.

As the defining graph can not contain double edges and self-loops, the theorem is applicable for MPS
of size N only if N > 3, and for 2D PEPS of size N x M only if both N > 3 and M > 3. As an
illustration of the theorem, for the two PEPS in Eq. (7) there are matrices Z1a, Zas, Z34, Za5, Z51 and
Zss5 such that

N
S




IV. NORMAL PEPS

We call a PEPS normal, if blocking tensors in certain regions results in injective tensors. To derive the
Fundamental Theorem for this kind of PEPS, we use the same arguments as above after blocking tensors
to injective ones. This technique requires that the system is big enough to allow for blocking. This proof
technique presented here is not optimal in the required system size; we describe a proof technique giving
tighter bounds in Appendix A. For simplicity, we present the proof for a TI normal PEPS on a square
lattice, but it can easily be generalized to the non TI case on any geometry.

Before proceeding to the proof, we need the following lemma:

Lemma 4. The union of two injective regions is injective.

Proof. Let A and B be two injective regions. W.l.o.g. the TN can be blocked as follows (missing edges

don’t change the proof):
ANB
B B\A

(AU B)®

Notice that AUB = (A\B) U (AN B)U (B\A). Let X now be a tensor such that

L

As the region A = (A\B) U (AN B) is injective,

Plugging back the tensor over the region AN B,

ANB
B\A
X

Finally, the region B = (AN B) U (B\A) is injective, hence inverting the tensor over that region gives

N o,

X
which means that the region A U B is injective. O

For example, if in a TT 2D PEPS every 2 x 3 and 3 x 2 region is injective, then the following regions:

o 4 o o ¢ o
— p— — p—
— R p— and —q S —
— (4 — p—
T T 7




are unions of smaller injective regions, and they are thus injective. Similarly, if the size of the PEPS is
at least 5 x 6, then the region T" depicted below is injective:

C D

O J

In the following we prove the Fundamental Theorem for a normal TT 2D PEPS. In particular, we prove
it in detail for the case where every region of size 2 x 3 and 3 x 2 is injective as in the examples above.
Then, we generalize the proof for any normal PEPS that is big enough to allow the necessary blockings.

Theorem 3. Let A and B be two normal 2D PEPS tensors such that every 2 x 3 and 3 x 2 region is
injective. Suppose they generate the same state on some region n X m with n,m > 7. Then A and B are
related to each other with a gauge transformation:

with A =1 and X,Y invertible matrices. X and Y are unique up to a multiplicative constant.

Proof. Let us block the TN into three injective parts around an edge. This can be done with e.g. the
following choice of regions:

N = ,
. J
Ay Az A3z

where A; corresponds to the red region, A to the blue one and Az to the rest. The region As is injective
as long as the size of the PEPS is at least 5 x 7. Therefore a 7 x 7 PEPS can be blocked to injective three
partite MPS around every edge (including the vertical edges that require a PEPS size at least 7 x 5).
Therefore Lemma 1 can be applied giving a gauge transformation on every edge. Due to translation
invariance, these gauges are described by the same matrix X (Y) on all horizontal (vertical) edges.
Define now B by incorporating the local gauges into the tensors B, such as in the injective case:

Y71

The two PEPS tensors A and B generate the same state. Moreover, inserting a matrix Z on any bond
of the first PEPS gives the same state as inserting the same matrix Z on the corresponding bond of the
second PEPS. Remember that Lemma 4 implies that both

o o o o o &
— — — —
— R p— and —q S >
— (4 — —
T 7 T T T
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are injective regions and notice that the two regions differ in a single site. Moreover, if the PEPS is at
least 5 x 5, their complement regions R¢ and S¢ are also injective. Let us denote the tensor on region
R as Ar (Bg) and on region S as Ag (Bg). Then, by Lemma 3, Ar x Br and Ag « Bg. This can be

represented as
41—17 = 4L x i _ l l )
AR A As Bs Br B

Applying the inverse of Az o< Bg on the two ends of the equation, we get that the tensors A and B are
proportional. O

The above proof can be repeated for any PEPS as long as it is possible to block into injective regions
as required by Lemma 1 and Lemma 3. This leads to the Fundamental Theorem of normal PEPS:

Theorem 4. Suppose two normal PEPS generating the same state satisfy the following:
e they can be blocked into three partite injective MPS around every edge,

e and for every site, there are injective regions with their complements also being injective that differ
only in the given site.

Then the defining tensors are related with a local gauge. Moreover, the gauges are unique up to a
multiplicative constant.

Notice that this statement holds for a fixed system size (which is big enough to allow blocking into
injective MPS), and translational invariance is not required. In case of a translational invariant system,
the gauges are also translational invariant (if the proportionality constants are not absorbed into the
gauges). In the following we present some special cases. For non TI MPS, the statement reads as

Corollary 2. Let {A;}1, and {B;}?, two normal MPS on n > 3L sites with the property that blocking
any L consecutive sites results in an injective tensor. Suppose they generate the same state:

A Az An B1 Bz By

Then there are invertible matrices Z; (fori=1...n, n+1=1) such that for alli=1...n

4l

Z7V Ay Ziga

Moreover, the gauges Z; are unique up to a multiplicative constant.

In Appendix A we strengthen the statement to include system sizes n > 2L + 1. For TT MPS, the
statement reads as

Corollary 3. Let A and B be two normal TI MPS on n > 3L sites with the property that blocking L
consecutive sites results in an injective tensor. Suppose they generate the same state:

Then there is an invertible matriz Z and a constant X with A™ = 1 such that

A

z7t'A z

Moreover the gauge Z is unique up to a multiplicative constant.

In Appendix A we strengthen the statement to include system sizes n > 2L+ 1. For 2D TI PEPS, the
statement reads as

12



Corollary 4. Let A and B be two normal 2D PEPS tensors such that every L x K region is injective.
Suppose they generate the same state on some region n X m with n > 3L and m > 3K. Then A and B
are related to each other with a gauge:

with A™™ =1 and X,Y invertible matrices. Moreover these matrices X,Y are unique up to a multi-
plicative constant.

In Appendix A we strengthen the statement to include system sizes n > 2L + 1 and m > 2K + 1.
Similar statements can be made for the non-TI case as well as for other situations, including PEPS in 3
and higher dimensions, other lattices (e.g. triangular, honeycomb, Kagome), and other geometries (e.g.
hyperbolic, as it is used in the AdS/CFT constructions [35, 36]).

Furthermore, the results hold for general tensor networks as well (including tensors that do not have
physical index), provided that the TN satisfies the conditions in Theorem 4. However, there is an
important class of TN that do not satisfy them, namely the MERA [11], and thus our results do not
apply to them.

V. APPLICATIONS

In this Section we show how the above results can be applied in different scenarios. In particular, we
consider local (gauge) and global symmetries as well as translation symmetry.

Consider a normal TN on n particles describing a state |¥). Suppose |¥) admits a global symmetry:
U®™¥ = . Then, if the TN satisfies the conditions in Theorem 4, the symmetry operators acting on the
individual tensors is the same as acting with gauge transformations on the virtual level. For example, in
TI MPS, this is reflected as:

1.

A Z7'A Z

)

with A™ = 1. Similar statements are true in the non TI case (in which case the gauges might be different
on every edge) and for any geometry. If the state admits a whole symmetry group, the gauges form a
projective representation of that group on every bond.

Consider now a local (gauge) symmetry in a normal TN. If the symmetry is strictly one-local, it leaves
each tensor invariant. As an illustration, for MPS, if

o

as looking at the rest of the tensors, we conclude that all gauges are the identity. For two-local symmetries,

if
Up, Ugr
A A A | [ a A a |
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S ST B

zZ 7t A

Here, if the state is symmetric under a whole group of unitaries, then the gauge Z forms a linear
representation of that group. Similar statements can be obtained for three-local symmetries as well as
for any geometry provided that the TN satisfies the conditions in Theorem 4.

Consider now translation symmetry. We prove that a TT state (defined on a regular lattice) that has
a normal PEPS description also has a TI PEPS description with the same bond dimension. This holds,
for instance, for injective and normal 2D PEPS and MPS. Below we provide the proof for injective MPS,
but the proof can easily be extended to the other cases as well.

Corollary 5. Let the tensors A; define an injective MPS such that the resulting state is translational
invariant. Then all bond dimensions are the same and the state has a TI MPS description with an
injective tensor B that has the same bond dimension.

Proof. Translational invariance means

i bk

thus, by Theorem 1, there are invertible matrices Z; such that for all 4 =

%#

Z7Y A Zia

Therefore all tensors can be expressed with the help of the first tensor (A;) together with some invertible
matrices acting on the virtual dimensions of the tensor:

417 —0—1—0— (10)
L7' Ay Ry
with

Li=212...Zi_1,
R = Zo75...7;.

As ]:u’,Z-L;_l1 = 7! for all i, substituting A; as in Eq. (10), the state can be written as

A A z7t
= s
A1 A] Al

where we have used that A,11 = A; and thus R,+1 = Ly41 = 1, which means that R, = Z>... 2, =
Z'. This means that the state admits a TT MPS description with the tensor

1.

Azt

The corresponding statement for injective 2D PEPS is

Corollary 6. Let the tensors A jy define an injective 2D PEPS such that the resulting state is transla-
tional invariant. Then all vertical (resp. all horizontal) bond dimensions are the same and the state has
a TI 2D PEPS description with an injective tensor B that has the same bond dimension.

14



VI. CONCLUSION

In this paper we have shown the 'Fundamental Theorem’ for injective and normal PEPS: two such
tensor networks generate the same state if and only if the defining tensors are related with a local
gauge. Moreover, the gauges relating the two set of tensors are uniquely defined up to a multiplicative
constant. This result holds for a fixed (but large enough) system size. It is valid for any geometry, TT and
non-TT setting, including 1D (MPS), 2D PEPS, higher dimensional PEPS, and other lattice geometries
such as the honeycomb lattice, the Kagome lattice and the hyperbolic lattice used in the AdS/CFT
correspondence. However, it does not include some important classes of TN like MERA, since they do
not meet the conditions of Theorem 4.
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Appendix A: Normal MPS: alternative proof

In Section IV we have shown that two normal TNs generate the same state if and only if the generating
tensors are related with a gauge transformation. In the proof, we have blocked tensors to injective tensors.
This proof is not optimal in the system size. For example, consider an MPS on five sites

|\Il> = )
Aq Az As Ay As

where the blocking of any two consecutive tensors:

.

A; A

is injective. The proof in Section IV does not work for this case as this MPS cannot be blocked to a
three-partite injective MPS (as it is too short). Here we prove a more size-efficient variant of Lemma 1
for this situation.

Lemma 4 implies that any region of at least size two is also injective. Now, similar to the injective
case, for every edge and every matrix X and Y, if

b'e Y
= )
A, Ay A Ay As A, Ay As Ag As
then X =Y.
Consider now any virtual operation X on a given edge:
, X
) =
Ay Ay Az Ay As

This operation can also be realized by three different two-local physical operators:

, O, o= O, am—— O3 ==
v = A W W A W | |
’ Ay Az As Ay As ‘ ’ Ay Ag As Ay As ‘ ’ Ay As As Ay As

(A1)
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with

Az

*—

1A3 Azl

lAs Agl 1A4

6x and Oy = X and Os= X @

-1 -1 | —1 |
Azs Ags Agy

Notice that both X + O; and X ~ OI are algebra homomorphisms, but the map X + O, not
necessarily. Conversely:

O1

Lemma 5. Suppose that the state |U') can be written as

*—

hS

@

X

Ay Az Az Ag As

moreover,

0O, o— | | O3 a—— | |
= and = )

A, Ay X X Az Ay
Al AQ A3 A4

and the maps Oy — X and OF + X are uniquely defined and are algebra-homomorphisms.

Proof. Invert the injective tensor on the region 45. We get

O, c— l

Aq Az As Ay Az Az

Similarly, inverting the tensor on the region 51, we get

O, C— l

A2 A3 A4 A2 A3 A4

Therefore, plugging A4 on the right side in Eq. (A2) and A; on the left side in Eq. (A3), we get

O o—— l l _ l O, c— l _ l l O3 c—

A1 A2 A3 A4 A1 A2 A3 A4 Al A2 AB A4
Comparing the two ends of the equation, similar to Eq. (3), we get that

O, c— _ | | and O3 cn— _ | | .

A, Ay X Y As As
A Az Az As

Finally X = Y by comparing the states they generate. These relations define X uniquely and by
composition, the maps O; — X and Oz — X7 are algebra homomorphisms. O
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Notice that similar to the injective case, this leads to

Corollary 7. Let A and B be two normal TI MPS on n > 2L + 1 sites with the property that blocking
L consecutive sites results in an injective tensor. Suppose they generate the same state:

Then there is an invertible matriz Z and a constant A with A\™ = 1 such that

JBH:A.+LH.

zZ VA Z

Moreover the gauge Z is unique up to a multiplicative constant.
The arguments in Lemma 5 can be applied for 2D PEPS as well. In the TI setting, this leads to

Corollary 8. Let A and B be two normal 2D PEPS tensors such that every L x K region is injective.
Suppose they generate the same state on some region n X m withn > 2L+ 1 and m > 2K + 1. Then A
and B are related to each other with a gauge:

with A™™ =1 and X,Y invertible matrices. Moreover these matrices X,Y are unique up to a multi-
plicative constant.

Sketch of proof. We only need to prove a statement similar to Lemma 5. For that, notice that a virtual
operation on a given bond can be interpreted as a physical operation on any of the following four regions
(in the case of K = L = 2):

We need to prove that conversely, any four physical operators on the above regions that transforms the
PEPS into the same state means that the transformation can equally be done with a virtual operation
on the highlighted edge. The system size required to compare any two consecutive regions is only 5 x 5
(and in general, (2L + 1) x (2K + 1)). Therefore, similar to Lemma 5,

N s ~ s

(. )
iaifBosoisse g
J — 7T OO 3T — ( 7]7
J

\

with open boundaries. Compare now the first and the last expression in the above equation. One can
add two-two tensors in the upper left and lower right corner and invert the resulting regions, leading to

(. N

- &

.

This results in the desired virtual operation on the highlighted edge. The rest of the proof is the same
as the proof of Theorem 3. O
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3.6 Computational complexity of PEPS zero testing
In this Chapter we include the following paper:

e G. Scarpa et al. “Computational complexity of PEPS zero testing”. In: ArXiv e-
prints (Feb. 22, 2018). arXiv: 1802.08214

In the previous Section we proved a fundamental theorem for normal tensors: pro-
vided locally checkable conditions under which such set of tensors generate the same state.
However, in some cases fundamental theorems are used under different conditions. For
example, in Section 3.3 the fundamental theorem used to classify MPO representations of
groups requires only one of the two MPS tensors to be normal. In fact, the typical use of
fundamental theorems require this kind of asymmetric conditions. For example, both the
characterization of renormalization fixed points of MPDOs [72] and the classification of
MPUs with and without symmetries [72, 73] use this condition. It is natural to ask there-
fore how the conditions in Section 3.5 can be relaxed. In this Section we show that such
a weakening of the conditions is not possible for PEPS: given two TI PEPS tensors such
that only one of them is normal, there cannot be a locally checkable condition deciding
whether they generate the same state.

In this project, we construct examples for PEPS for which it is hard to check whether
they generate the zero state. For finite system size with open boundary condition verifying
that the PEPS generates the zero state is NP-hard, whereas the same question for periodic
boundary conditions and all system sizes is an undecidable problem. More precisely, it
is impossible to find an algorithm that halts for all input PEPS tensors whose task is to
decide whether the given input generates zero for every system size. The main idea behind
the proof is to encode the tiling problem (and thus the halting problem of Turing machines)
into the question whether a given PEPS is zero.

This statement has far-reaching consequences for the fundamental theorems. For exam-
ple, given two general tensors, there can not be an algorithm that always decides whether
they generate the same state. Therefore one has to restrict the input of the algorithm to
certain classes of tensors such as normal tensors. Note that restricting only one of the two
inputs is not enough. Since the zero state is generated by a normal tensor (the zero tensor),
comparing an arbitrary tensor with zero is a special case of comparing an arbitrary tensor
with a normal one. This means that a classification of PEPS operator representation of
groups (the direct generalization of MPO representations) is a much harder task then its
one-dimensional counterpart.

The importance of this project is therefore that it provides an understanding of what
kind of fundamental theorems can be expected to hold in two dimensions. As the compared
tensors have to be restricted to certain classes, one has to understand which classes of
tensors behave well. We expect that G-injective and MPO-injective tensors describing
topological models are classes for which there is a fundamental theorem.
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Projected entangled pair states aim at describing lattice systems in two spatial dimensions that
obey an area law. They are specified by associating a tensor with each site, and they are generated
by patching these tensors. We consider the problem of determining whether the state resulting from
this patching is null, and prove it to be NP-hard; the PEPS used to prove this claim have a boundary
and are homogeneous in their bulk. A variation of this problem is next shown to be undecidable.
These results have various implications: they question the possibility of a 'fundamental theorem’
for PEPS; there are PEPS for which the presence of a symmetry is undecidable; there exist parent
hamiltonians of PEPS for which the existence of a gap above the ground state is undecidable. En
passant, we identify a family of classical Hamiltonians, with nearest neighbour interactions, and
translationally invariant in their bulk, for which the commuting 2-local Hamiltonian problem is

NP-complete.

Projected entangled pair states (PEPS) have emerged
as a central notion in our understanding of quantum
many-body systems on a lattice [1]. On the numerical
front, these states support non-perturbative approaches
to glean information about the ground state of challeng-
ing Hamiltonians such as the ¢ — J or the Heisenberg
models [2, 3]. On the theoretical front, PEPS provide
a framework to systematically investigate various phases
of matter, such as symmetry protected phases, or intrin-
sic topological phases [4]. The power of PEPS resides
in their ability to represent area laws for entanglement,
and in their compact description, where all the informa-
tion about the quantum state is encoded in a set of local
tensors associated each with a site of the lattice.

However, a formidable difficulty arises when one at-
tempts to actually use these states. Generically, evaluat-
ing mean values of physical observables turns out to be a
#P-hard problem, and a black box that prepares PEPS
would allow to solve PP problems [6]. In this landscape,
it is legitimate to look at the complexity of a simpler
question: what is the complexity of deciding whether a
given tensor network state is naught? For general ten-
sor network states, this problem has been proven to be
NP-hard [7].

In this paper, we will show that NP-hardness persits
if we restrict to PEPS. As we will see, specialising the
no-go result of Ref. [7] allows to reveal limitations of
the PEPS framework which, to the best of our knowl-
edge, were unknown so far. First, we will see that the
result can be somewhat pushed further: we will exhibit
a class of PEPS for which the problem of zero testing
is actually undecidable. Next, we will turn to corol-
laries of these impossibility results that are relevant to
the general program of using PEPS to describe strongly
correlated quantum systems. No PEPS analogue of the

fundamental theorem for matrix product states exists; it
is NP-hard/undecidable to say whether the state associ-
ated with a given tensor possesses a certain symmetry
or not; determining whether the parent Hamiltonian of a
PEPS is gapped is undecidable. As a by-product, we ob-
serve that the 2-local commuting hamiltonian problem
(2-CLH), with nearest-neighbour interactions, and bulk
translational invariance, contains an NP-complete sub-
family of instances. The key ingredient of the present
study is a simple encoding of tiling problems into a PEPS.

We start with the basic definitions. Consider a set of
n identical ’spin’ particles on a line, each with a local
dimension d. An MPS is a state of the form

d d

s1=1 Spn=1

where each Aj(s) is a matrix. Namely, all Ay (s) have
a fixed size D x D for kK = 2...n — 1, while the ma-
trices Aj(s) have dimensions 1 x D, and the matrices
A, (s) have dimensions D x 1 (open boundary conditions
assumed). It has been proven that the ground states of
one-dimensional gapped quantum systems are well repre-
sented by MPS whose bond dimension D does not depend
on n [9-11]. One can observe that the number of param-
eters necessary to specify an MPS, ndD? complex num-
bers, only grows linearly with n, whereas the dimension
of the full Hilbert space where it lives grows exponen-
tially with n. The higher D, the more entanglement can
be represented. MPS allow for a diagrammatic descrip-
tion specified by two rules: (i) a tensor is represented by
a vertex with a number of legs sticking out equal to the
number of indices of the tensor, (ii) summation over re-
peated indices amounts to glueing legs. With these two
rules, Eq.(1) is equivalent to Fig. 1.

A PEPS is a two-dimensional generalisation of Fig. 1.



Figure 1. Diagrammatic representation of an MPS.

Fig.2 is an example of a 4 x 5 PEPS (open boundary con-
ditions assumed). More formally, a PEPS is constructed
through association of a (4 + 1)-index tensor A",fll’)’( s)
with each lattice site (k,1). The analogue of the ansatz

(1) on an m x n square lattice is:

d

Z C[A11(811),...,

S11 ...Smnzl

Amn(smnmsll - Smn), (2)

where C denotes the contraction (i.e. summation) over
the repeated 'up’,’”down’,’left’,’right’ virtual indices.

Figure 2. Diagrammatic representation of a 4 x 5 PEPS. The
diagonal legs represent physical degrees of freedom, whereas
horizontal and vertical legs represent virtual degrees of free-
dom.

Given a square lattice with an edge and no hole, and
a PEPS tensor associated with each of its sites, does the
operation of glueing the tensor legs along the edges of
the lattice result in a non-zero state? We address this
question through a relation with tiling problems. Given
a finite set of colours T, a tile set T is any set of four-letter
words W = (wy, wq, w;, w,) € I'*. Considering a square
lattice A, a boundary condition is the specification of a
colour with each link of the boundary, and a tiling is
any assignment of a colour with each link of the lattice.
Given a boundary condition, a tiling is wvalid if the 4-
tuple of colours around each plaquette belongs to the
tile set, and if the boundary condition is respected. The
bounded tiling (BT) problem has an input defined by
a set of colours, a boundary condition, a tile set, and
consists in deciding whether a valid tiling exists.

Theorem 1. Bounded tiling is NP-complete [12].

The proof of this important theorem is reviewed in
Appendix A; it relies on the encoding of the evolution of
a universal Turing machine into a BT problem.

BT admits a 'local’ formulation in terms of a classical
nearest-neighbour Hamiltonian. We consider a square

lattice A where four colour degrees of freedom (u,d, [, )
live at the centre of each plaquette. The energy operator

Z hyw + Y hy?. (3)

(p,p") pEIA

The bulk contribution to Hgt encodes the constraints
that (i) each bulk plaquette should be in a state that
corresponds to an element of 7', (ii) two adjacent plaque-
ttes should have the same colour on their common edge.
For example, if two plaquettes p,p’ meet on a vertical
edge,

Rl o, =198 — ") |w, W' (w, W

Z (5’[1)[,

w,w’'eT

Regarding the boundary contribution, if p denotes e.g. a
plaquette located on the top edge of the lattice, we want
the state of p to be in correspondence with an element
of T' such that the top colour has some value «,. This
requirement can be enforced with

> (wu ) [w)(wl.

weT

h 1®4

It is obvious that HBT > 0 and that the ground state
energy of Hpt is zero if and only if the associated BT
problem admits a solution. This observation allows to re-
late the BT problem with the k-local Hamiltonian prob-
lem. In the latter, the input is a Hamiltonian H and
two real parameters «, 3. The Hamiltonian acts on n
qudits and is a sum of k-body terms; « and [ satisfy
a — f > 1/poly(n). The task is to decide whether the
ground state energy of H is at most « or at least .
What makes this problem interesting is its computational
power. For instance, quantum 2-local Hamiltonian is
QMA-complete [14]. Versions of the problem where all
the terms appearing in the Hamiltonian commute (CLH)
are computationally interesting too. For instance, there
is a variant of a problem, involving qubit plaquette inter-
actions which is in NP [16]. For more results on the CLH
problem, see [15]. The Hamiltonian (3) associated with
BT allows to make an observation along these lines. We
get the following result.

Theorem 2. The 2-CLH problem, with o = 25 = 2/3,
and with H defined as (3) is NP-complete.

Note that such hardness results also follow e.g. from
Barahona’s results that finding the ground state energy
of a bilayer spin glass is NP-hard [17]. However, our
construction shows NP-completeness for a Hamiltonian
that is translationally invariant in its bulk.

We now turn back to the main issue of this paper, and
consider a PEPS |®gT) defined as follows. In the bulk,

=Y d(w,w)é(w,s). (4)

w’'eT

A(W)



On a top edge plaquette with colour set to some value -,

A(’Y,wd,wz W)

T,top (S) = Z 5({73wd7wl7wr}awl)5(wlaS)'

w’'eT

The tensors are given by similar expressions for the three
other edges and for the four corners. Since tensors on
neighbouring sites are patched by identifying left/right
or up/down virtual indices, we see that |®gT) is the sum
of all classical configurations of colours that automati-
cally satisfy the constraint that the colours of adjacent
plaquettes should match, and comply the boundary con-
dition. Therefore, |Pgt) # 0 if and only if BT admits a
solution; actually |®gT), when non-zero is a ground state
of Hgt. This observation, combined with Theorem 1,
proves the following:

Theorem 3. PEPS zero testing is NP-hard.

An alternative way to understand the proof of the
Theorem is to note that projections onto zero-energy
spaces of commuting Hamiltonians, including NP-hard
ones, and thus the equal weight superposition of all zero-
energy configurations, are PEPS [5]; in fact, this is ex-
actly what the PEPS construction above achieves for the
Hamiltonian (3).

It is well known that there is no algorithm, however in-
efficient, that receives any finite tile set T" as input, and
correctly decides whether there exists a periodic tiling of
the plane with T [18]: the problem is algorithmically un-
decidable (see Appendix B). As in the above case where
there is a boundary, we can associate a PEPS with the
problem of tiling the plane periodically or, equivalently,
an £, x {, torus. This state is obtained by patching the
tensor (4) €, x £, times, with periodic identification. This
PEPS is non-zero if and only if a tiling of the plane with
periods (¢, £,) exists. We conclude the following.

Theorem 4. There is no algorithm that receives a PEPS
tensor on input, and correctly decides whether the asso-
ciated state is naught on all £, x £, tori.

N.B. The relation between algorithmic and axiomatic
undecidabilty implies that there exists infinitely many
PEPS tensors for which determining whether the corre-
sponding PEPS is naught on all ¢, x ¢, tori cannot be
decided, starting from any recursive and consistent set of
mathematical axioms.

In the rest of the paper, we discuss three implications
of our findings. A first implication is concerned with
symmetries. Let |®1) denote the state resulting from
patching the tensor (4) around a torus, and consider
|®) = |Dg) + |P1), where |Pg) denotes a state invari-
ant under some symmetry that |®1) lacks. |®) admits a
PEPS description where the local tensor is the direct sum
of the local tensors for |®g) and |®1). We see that we
can claim that |®) has the symmetry iff we can determine
whether |®1) = 0. Therefore, there cannot be a neces-
sary and sufficient algorithmically decidable condition for

a PEPS to have a symmetry; this situation sharply con-
trasts with the one-dimensional case [22].

In one spatial dimension, a key ingredient that has
enabled our current understanding of phases of mat-
ter describable by matrix product states is the exis-
tence of a so-called fundamental theorem [20] that re-
lates global and local descriptions. In substance, this
theorem states if two sets of tensors {A; : k = 1...n}
and {A) : k = 1...n} give rise to the same n-particle
state, the identity is reflected at the tensor level. If, say,
we consider a transitionally invariant spin chain, there
exists a universal operation f (canonical form framing)
and a local specific operation (similarity transformation)
T such that

T(f(Ar)) = f(A).

Theorem (4) is an obstruction to a PEPS analogue of
this construction. For example, on the plane, such a the-
orem would allow to decide on the equivalence between
the zero state, certainly represented by the null tensor,
and the PEPS represented by the tensor (4). Therefore,
one of f or T either does not exist or is uncomputable.
It is natural to wonder what happens when the states
are guaranteed to be non-zero. Could it be the case
that a fundamental theorem then becomes possible? The
above discussion on symmetries provides a negative an-
swer. Pick |®g) # 0: a fundamental theorem would allow
to decide whether |®g) = |Pg) + |PT).

Our third implication is concerned with spectral prop-
erties. The undecidability of the spectral gap for short-
range Hamiltonians has been established in [8]. We now
show that even if we restrict to Hamiltonians that are
parent Hamiltonians of a PEPS, undecidability still holds,
at least in the case of a finite but unbounded local physi-
cal dimension. For that purpose, let us recall a standard
procedure to associate a nearest neighbour parent hamil-
tonian with a PEPS described by a tensor A [21]. With
any region R of the lattice, we associate a linear map

X(AR) : (€P) 5 (@)1 10) = 37 €A, Ollir).
iR
A parent Hamiltonian is any nearest neighbour Hamil-

tonian H = ) such that h,, > 0, and such
that

(p.p") hpps

Ker hy = Im x(At,pUp’). (5)

Such a construction for the tensor (4) yields a parent

Hamiltonian Hp, = - hj, , such that h; > h) o,

for any pair of neighbouring plaquettes p,p’. This rela-
tion follows from the fact that both h/ pp and h , have
0 and 1 as unique eigenvalues, and from the 1nclus1on
Im x(At,pUp’) C ker h;p . To derive an undecidability
result, we will consider an infinite square lattice where
each particle lives in a local Hilbert space of the form

H=HiD (Hz@’HF).



For this system, we will be interested in the state
W) =[¥a) +|¥z) @ D7),

where |Ug) is a PEPS living in H", and where |¥z) is
a PEPS living in HS™. |W¥) is clearly a PEPS: its local
tensor is given by

A=Ac® (Az ® A7). (6)

One easily proves the identity

for any region R. To make our point, it will be enough
that H; be one-dimensional, and its (unique) basis state
will be denoted by [0). We will also choose ¥z to be
such that its parent Hamiltonian is gapless and has ¥y
as unique ground state, e.g. the Ising PEPS discussed in
[5] at the critical point. Mimicking the construction of
[8], we look at a Hamiltonian described by the two-body
interaction

hpp = 0){0]p @ 17 + 177 @ 10) (0],

Z T Z /
+hpy @1,y + 15, @ hypy (7)

hpp is evidently a semi-definite positive operator. In or-
der to prove that H = Z<p’p,> hpp is a parent Hamilto-
nian for (6), we prove that ker hy,,» C Im x(A,p U p').
Consider then some state |¢) € ker hy,. The first
two penalty terms imply that |¢) = [00)pp + |027)pp,
where |¢ZT>pp/ € (Ha ® HF)®2. Clearly, |00>pp/ S
Im x(Ag,pUp’) and |00),, € ker hp,. Therefore
|¢) € ker hy, if and only if |¢zr) € ker hy, ;. This
latter condition can only be met if hfp, ® 1§p,|¢>ZT> =0,
and if 17, ®@ bIT, |pz7) = 0. That is,

¢z € {Im x(Az, pUp) @M, Y {HF, @Im x(Ar, pup’)}

=Im x(Az,pUp") @ Im x(Ar,pUp’).

Thus, ¢ € Im x(A4,p U p'). The inclusion ker h,, 2
Im x(A,pUp’) is proven likewise. Using the property
that h;p/ > h;p/ allows to recycle the argument exposed
in Theorem 7 of Section 5.1 of [8], and prove:

Theorem 5. There is no algorithm that receives on in-
put the tensor of a PEPS, A, together with the descrip-
tion of a mearest neighbour parent Hamiltonian for A,
and correctly decides whether the latter is gapped in the
thermodynamic limat.

Note that if a nearest-neighbour parent Hamiltonian
of a PEPS is gapped, then all of them are. Hence, in
the above theorem, one can always take as a parent
Hamiltonian the one where h,, is the projector onto

(Im x(A,pUp’))*.

In summary, we have analysed the issue of PEPS zero
testing. Depending on details that specify the problem,
we have found it to be NP-hard or undecidable. These
results have allowed us to reveal obstructions regarding
the existence of a fundamental theorem for PEPS, or the
local characterisation of a symmetric PEPS. We have also
revisited the undecidability of the spectral gap for short-
range Hamiltonians, and shown it to hold even for Hamil-
tonians that are parent of a PEPS. Perhaps the main con-
clusion to be drawn from these findings is that, despite its
appealing simplicity, the PEPS framework, without addi-
tional assumptions, is too broad to work with. Actually,
to the best of our knowledge, all the situations where
these obstructions are overcome involve some additional
assumption; typically a form of injectivity [23]. We be-
lieve our results invite to a systematic investigation of
conditions that turn the PEPS formalism tractable and
are physically sound.
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Appendix A: Turing machines and bounded tilings

In this Appendix we define the Bounded Tiling (BT)
problem and show its NP-completeness. We start with
the necessary definitions [3].

A Turing Machine (TM) is defined by the following
data:

e A 2-way infinite tape, seen as an array of cells,
e A head, which can read and write from the tape,

e A finite set ¥ of symbols of the tape cells (alpha-
bet),

e A finite set K of states of the head,

e A register that keeps track of the current state of
the head,

e A program, i.e., a finite table of instructions repre-
sented by quintuples (¢, s,q¢’,s', M) € K x 3 x K X
¥ x {Left, Stay, Right}.

The set ¥ includes a special blank symbol #, and the
set K includes the initial state gyo and the final accepting
state qr.

The machine is initialised by writing an input (a non-
blank sequence of symbols from X)) on the tape, posi-
tioning the head to the leftmost symbol of the input,
and preparing it in the state qo. A computation, then, is
a sequence of actions each governed by some quintuple
of the program as follows: If the register contains the
state ¢ and the head reads on the tape the symbol s, a
quintuple of the form (g, s, ...) is selected. On instruction
(g,s,q4',8', M) the register is updated to ¢’, the symbol

s’ is written on the tape and the head is moved in the
direction given by M. The Turing machine halts when
no suitable instruction exists to continue, and it accepts
the input when it halts with the state gr written in the
register. (One can always modify a machine so that halt-
ing and accepting coincide, i.e., it halts if and only if it
accepts.)

A TM is deterministic if for each pair (¢,s) € K x &
there is at most one instruction of the form (g, s,...) in
the program, and it is non-deterministic otherwise. A
non-deterministic machine accepts an input if there exists
some computation leading to the state ¢p.

An instantaneous description (ID) of a TM is a speci-
fication of the current symbols written on the tape, and
the position and state of the head. An example is the
following:

..,#,#,81,82,83,(],84,85,#7#7...,

which is a way to represent a machine with the head in
state ¢ pointing at the fourth cell, and reading s;. As
another example, after instruction (g, s4,¢’, s}, L) the 1D
is

"7#7#7817823(]/35375213557#7#7'"

One can represent a t-step computation with a sequence
of IDs Ty, Ty, ...,T} so that each step T;,T;41 is consis-
tent with some instruction from the program. Then,
a machine accepts an input w if and only if there is
a sequence of IDs where Ty = ..., #,qo, w, #,... and
T, = ..., #,qr,w,#,... We then say that there exists
an accepting computation for w with this TM.

Turing showed in his seminal paper [1] that there are
uniwersal Turing Machines (UTMs): machines that can
simulate with polynomial overhead any other machine by
accepting its description as part of the input. In other
words, for every machine T' (described by a bitstring ¢)
on input z, the universal TM U satisfies

Ut.2) = T(a),

and if computing T'(x) takes ¢ steps, computing U (t, z)
takes poly(¢) steps. One interesting aspect of these uni-
versal TMs is that their programs can be quite short.
For instance, there exists a UTM with |K| = 5 and
|X| = 7, which means that the program contains at most
3|K|?|%|? = 3675 instructions [2].

A language is any subset of the set of all possible se-
quences of 3 symbols: ¥*. A simple example of a lan-
guage is the set of all even natural numbers in binary
representation. A TM accepts a language L, if for any
w € ¥*, there exists an accepting computation iff w € L.

Languages can be arranged in complexity classes, ac-
cording to the resources needed by a TM to accept them.
Two fundamental classes are P and NP. A language L
is in P (resp. NP) if there exists a deterministic (resp.



non-deterministic) TM accepting L with computations
that take a number of steps polynomial in the length of
w (polynomial-time computations). P is obviously con-
tained in NP.

We now turn to the correspondence between Turing
Machines and Bounded Tiling. The first step is to notice
that, since we only consider finite time computations, we
can assume that our TMs operate on a tape whose length
is at most the size of the input plus the computation
time. Second, without loss of generality we can restrict
to computations such that the initial ID has the head
facing the leftmost cell of the tape, and, when accepting,
the final ID is

qFa#v#v"'

A set of tiles can be associated with the program, and
a row of tiles with each ID of a computation as follows.
The first ID of the computation is associated with the row
of tiles exhibited on Figure 3. The set of allowed tiles is
the one reported below in Figure 4. For the (|K|,|Z|) =
(5,7) UTM mentioned above, the set of colours has size
|K| x |Z|+ | K|+ 2|+ 1 = 48. We notice how the set of
tiles of Fig. 4 enforces any two adjacent rows representing
IDs to be consistent. It is by now obvious that given
an input w, there exists an accepting computation iff
there exists a valid tiling associated with the boundary
condition represented on Fig. 5.

qowi wa wN # #

Figure 3. The first row of tiles, corresponding to the initial
ID.

Let h,, and £, respectively denote the height and the
length of the tiling for a given input size |w|. We as-
sume that these two quantities grow polynomially with
|w|. Consider now the problem of deciding if there exists
a valid bounded tiling of size h,, x £,,, where the bound-
aries are fixed as in Figure 5. Then it is easy to verify
that a tiling exists if and only if there exists a hy,-step
computation of the UTM accepting w. This implies that
there is an efficient BT encoding for any NP problem.
Therefore the ability to solve BT leads to an solution of
any NP problem, i.e. BT is NP-hard.

Conversely, one can show that BT is in NP. Indeed, the
notion of certificates for languages in NP (see [3, Section
2.1]), easily provides a deterministic Turing Machine ver-
ifying BT in polynomial time given a certificate. (An ex-
ample for BT is a solution itself.) From this, a standard
construction gives a non-deterministic TM that accepts
the input iff a certificate (and therefore a solution) exists.

In conclusion, BT is NP-complete.

$i
If j=k—1and M = L, place ¢’ | on position j

Sj

7
$id

If j=k+1and M = R, place | ¢ on position j

Sj

If j = k and M = 0, place ‘! on position j

S

If j =kand M = L, place | ¢ on position j

If j = k and M = R, place ¢’ | on position j

Sj

Else, place on position j

Sj

Figure 4. The set of allowed tiles, to which we need to add
the empty tile and the tiles with just the top or bottom color
corresponding to a symbol from ¥ or ¥ x K.

FH# # #

Gowy wa wN # #

Figure 5. The boundary conditions for the reduction. On the
bottom, there is the initial ID, and on the top we enforce the
accepting ID.

Appendix B: Undecidability

We briefly review the two notions of undecidability. A
detailed explanation can be found in [4].

Definition 1. A problem is algorithmically undecidable
if there is no algorithm running on a Turing machine
that terminates and provides the correct answer for every
mstance.

We stress that a problem can only be undecidable if it
has infinitely many instances. Indeed, if the problem has
a finite number v of instances, consider all the functions
f:{l...v} 32 — f(z) € {0,1}. To each such function
f, associate an algorithm where one prints YES if f(z) =
0, and NO else. Amongst the 2¥ such functions, there is



one that provides the correct answer for every instance:
the problem is decidable.

Definition 2. A problem is axiomatically undecidable if
given a set of axioms together with a set of rules to con-
struct formal proofs, a statement can be meither proven
nor disproven from the axioms.

One can prove there is a relation between these two
notions [5]. If a decision problem is algorithmically un-
decidable, then for any consistent and recursive formal
system in which the problem can be stated, there are in-
finitely many instances that can neither be proven nor
disproven from the axioms. In this paper, we are mainly

concerned with algorithmic undecidability.
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3.7 Entanglement of MPS

In this Chapter we include the following paper:

e David Sauerwein, Andras Molnar, J. Ignacio Cirac, and Barbara Kraus. “Matrix
Product States: Entanglement, symmetries, and state transformations”. In: arXiv
e-prints, arXiv:1901.07448 (Jan. 2019), arXiv:1901.07448. arXiv: 1901.07448

Entanglement serves as an essential resource for many striking applications in quantum
information theory such as in quantum computation [76], in quantum error correction [77],
or in quantum secret sharing [78, 79]. We have seen in the previous Chapters that it also
plays an essential role in the understanding of many-body systems. Despite its fundamental
importance, multipartite entanglement is not yet well understood.

Entanglement is a resource theory where the free operations are are those that can be
realized by local operations and classical communication (LOCC). These operations can be
realized by many parties manipulating a shared quantum state and they do not increase

the entanglement of the state. If the state |®) can be transformed to |¥) with LOCC

operations, |®) Loce, |W), then |®) is at least as entangled as |®). Therefore the LOCC

operations induce a physically relevant partial ordering on the set of quantum states, and
the goal of entanglement theory is to unravel this partial ordering. Achieving this goal
is very hard to carry out in general, especially because LOCC operations do not admit a
well-behaved characterization. One way around this is to investigate, instead, a larger set
of transformations that are easier to characterize.

One such class is the set of stochastic LOCC (SLOCC) transformations. In SLOCC
transformations, we allow for the protocol to succeed with probability smaller than one.
The state |®) can be transformed to another state |¥) via SLOCC transformations if one

can write |[¥) = O;®---® O, |®) for some local (maybe singular) operators Oy, ...,0,. In

this case, we write |®) sroce, |W). The two states are SLOCC equivalent, | ) srece, W),

if this relation holds with invertible operators Oy, ..., O,. As LOCC operations are a sub-
class of SLOCC, a classification of SLOCC equivalence classes (and one-way transforma-
tions) is a cruder classification than the LOCC classification. The study of SLOCC classes
however yield to strong results that makes LOCC classification also possible in certain
cases.

The the characterization of SLOCC classes, however, remains a hard task and is only
known for special cases such as few parties with low local dimensions or in the multipartite
scenario, for generic states. In applications however one often encounters non-generic
states. In this project, we investigate the entanglement properties of a relevant class of
non-generic states: the set of normal MPS. We characterize when two normal MPS can be
transformed into each other with SLOCC transformations. As the SLOCC operations do
not respect translation invariance, we need to use the techniques developed in in Section 3.5
to analyze this setup.
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We analyze entanglement in the family of translationally-invariant matrix product states (MPS).
We give a criterion to determine when two states can be transformed into each other by SLOCC
transformations, a central question in entanglement theory. We use that criterion to determine
SLOCC classes, and explicitly carry out this classification for the simplest, non-trivial MPS. We
also characterize all symmetries of MPS, both global and local (inhomogeneous). We illustrate our
results with examples of states that are relevant in different physical contexts.

1. Introduction: Entanglement is a resource for numer-
ous striking applications of quantum information theory
[1, 2]. Furthermore, it is key to comprehend many pecu-
liar properties of quantum many-body systems [3, 4] and
has become increasingly important in areas like quantum
field theory or quantum gravity [5, 6]. Despite its rele-
vance, entanglement is far from being fully understood;
at least in the multipartite setting. State transforma-
tions play a crucial role as they define a partial order
in the set of states. For instance, if a state ¥ can be
transformed into a state ® deterministically by local op-
erations and classical communication (LOCC), then ¥ is
at least as entangled as @ [2]. If two states cannot even
probabilistically be interconverted via local operations,
i.e., by so-called stochastic LOCC (SLOCC) transforma-
tions, their entanglement is not comparable, as one or
the other may be more useful for different informational
tasks [7]. Thus, the study of state transformations is
crucial for the theory of entanglement.

For bipartite systems, state transformations are fully
characterized and have led to a very clear picture [8, 9],
which is widely used in different areas of research. For
more parties such a characterization is much more chal-
lenging. In general, there are infinitely many classes of
states that can be interconverted via SLOCC, and only
in few cases they can be characterized, like for symmet-
ric states or for certain tripartite and four-partite states
[10-15]. Moreover, for more than four parties of the same
local dimensions almost no state can be transformed into
an inequivalent state via deterministic LOCC, and the
partial order induced by LOCC becomes trivial [16, 17].
This shows that generic states are not very interesting
from the perspective of local transformations. Addition-
ally, most of the states in the Hilbert space cannot be
reached in polynomial time even if constant-size nonlocal
gates are allowed [18]. Hence, the study of state trans-

formations can be reduced to families of non-generic, but
physically relevant states.

In this Letter we present a systematic investigation of
state transformations for Matrix Product States (MPS)
that describe translationally invariant systems (with pe-
riodic boundary conditions) [19, 20]. Ground states of
gapped 1D local Hamiltonians or states generated se-
quentially by a source can be efficiently approximated by
MPS [21, 22]. Hence, these states play a very important
role in both, quantum information theory and in many-
body physics. Despite the fact that they describe a broad
variety of phenomena, they have a simple description: tri-
partite states — the fiducial states of MPS — completely
characterize the MPS. We give a criterion to estipulate
when an SLOCC transformation between two such MPS
exists, and further give criteria to determine the SLOCC
classes dictated by such a relation. These classes build a
finer structure on top of the SLOCC classification of the
fiducial states, with the additional structure depending
on the system size.

The methods introduced here also allow us to iden-
tify all local symmetries of MPS (not only corresponding
to unitary representations [23, 24])[25]. This is interest-
ing on its own right in the theory of tensor networks, as
it induces a classification of zero temperature phases of
matter [26-28]. As we show, the problems we address
can be mapped to finding out certain cyclic structures of
operators acting on tripartite states. Thus, our results
allow to answer questions like: Can an AKLT state be
transformed into a cluster state? What are all the sym-
metries of these states? What are the SLOCC classes of
MPS? As we show, the answers to these questions can be
strongly size-dependent.

2. Matriz Product States: We consider here a chain
of N d-level systems in a translationally invariant MPS.
One such state, U(A), is defined in terms of a tripartite



fiducial state,

d—1 D-1
A? o, B) (1)
7=0 a,8=0
(W(A)) = > Tr(A" . ANy, gn) (2)

J1s-0JN

Here, D denotes the bond dimension and A’ a matrix
with components AJ The corresponding tensor is
called injective if those matrices span the set of D x D
matrices. The matrix A =37, 5 a’5|]><oz,ﬁ| then has
a left inverse A~! [20]. This does not occur generically
since it requires that d > D?. We consider here normal
tensors instead, which are generic and are those that be-
come injective after blocking L < 2D?(6 + log, (D)) sites
[29]. Furthermore, we consider N > 2L + 1, so that we
can apply the fundamental theorem of MPS [30]. We call
N, ~n,p the set of normal, translationally invariant MPS
with bond dimension D and N > 2L + 1 sites. Note
also that we only consider states with full local ranks
as we could otherwise map the problem to smaller local
dimensions.

We use several examples of some particularly relevant
states of bond dimension 2 to illustrate our results. They
are generated by fiducial states |Xp) = (1 ® b ® 1)|X),
where X is one of the following states:

(i) the W state [W) = [100) + |010) + |001);

(ii) the GHZ state |GHZ) = |000) + |111);

(iii) the cluster state |GHZpy), where H =
Zij(_l)l]‘i><j|;

(iv) the state |A4) = v/2|010) — [100) + |111) — 1/2|201),

which generates the AKLT state;
(v) the state [VB) = >_,. |kijij) with d = 4 and k;; =
2i¢ + j generating the valence bond state.
The W and GHZ states play a central role in entangle-
ment theory [12, 31], the cluster state in measurement-
based quantum computation [32], and the AKLT [33]
and the valence bound state are paradigmatic examples
that appear in condensed matter physics. The latter
is, furthermore, injective and the fixed point of a
renormalization procedure [34].

3. Symmetries: Global symmetries, of the form S®V,
of MPS were considered in [23, 24], and have led to the
classification of phases of MPS in spin chains [26-28].
Here we extend those results in two ways by considering:
(i) non-unitary symmetries and (ii) local symmetries for
which the operators acting on different spins can be dif-
ferent [25]. That is, given W(A) € Ny p we look for all
operators g = ®;V:1 gj such that |W(A)) = g|¥(A)).

In order to solve this problem, we define

Ga={h=gozey" | hld)=]A)} 3)

where T denotes the transponse in the standard basis.
We say that hi, ho € G4 with h; = g; ® x; ®y;[, can be
concatenated and write hy — hg if y1z5 o< 1. For kK € N
we call a sequence {h;}¥_, C G 4 with

hi — hy — ... = hp — hy (4)

a k—cyle. Then we have:

Theorem 1. The local (global) symmetries of W(A) €
Nn.p are in one-to-one correspondence with the N-cycles
(1-cycles) in G 4.

The symmetry of the state corresponding to the cycle
hy > hy - ... > hy = h1 s 1 ® --- ® gn. The
trivial symmetry with ¢ = 1 always exists. The proof
is based on the fundamental theorem of MPS [30] and is
given in the Supplemental Material (SM) [35]. Hence, one
simply has to determine G 4 and find all of its N-cycles to
characterize the local symmetries of U(A). It suffices to
find all minimal cycles of G4 from which all others can
be obtained by concatenation. For example, a 2-cycle
can always be concatenated with itself to an N-cycle if
N is even. The global symmetries are defined in terms
of 1-cycles, and thus require g ® 27! ® 27| A) = |A). For
g unitary we therefore recover previous results [23, 24].
The novelty relies on the fact that one may also have
local symmetries, with different g;. In the following we
illustrate this fact and the dependence of the symmetries
on the system size.

For injective MPS with D = d? it is straightforward to
show that [35]

GA:{S$7y®x®yT | I,yGGL(D,(C)}, (5)
where s, , = .,él(grsTf1 @y 1) AL These operators can
be concatenated to infinitely many cycles of arbitrary
length. The corresponding symmetries are parametrized
via regular matrices x1,...,zxN as

S(xl,...,fEN):Sw]—V17$ ®...085,-1 . (6)

1 TN _1H TN

For A = 1 we obtain the large local symmetry group of
the injective valence bond state. Normal (but not injec-
tive) states have a much smaller set of symmetries. For
the AKLT state

Ga, ={s. @2 '@z’ | z € GL(2,C)}, (7)

where s, is a function given in the SM [35]. Clearly,
elements of G4, can only be concatenated with them-
selves. Consequently, the local symmetry group of the
AKLT state possesses only global symmetries of the form
s®N_ Moreover, this group is isomorphic to the projec-
tive linear group PGL(2,C) and includes the well-known
symmetries with s, € SO(3) [33]. For the AKLT-type
states we have G4, , = (1®g@1)G4(1®g ' ®@1) and
the local symmetries of U(A4 4) read

S(@) =83 ® 8149 @ ... ®Sy-N-11ggn-1,  (8)
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FIG. 1: Graphical representation of how operators in
G 4 (balls) can be concatenated (edges). (a) hy cannot
be concatenated, hy only with hs meaning yox3 o< 1; (b)
hy and hy form a two-cycle; (¢) two minimal cycles
sharing an operator.

where z is such that g~V zg" = x. Hence, Ga,,, is gener-
ically smaller than G4,. Moreover, it consists of non-
global symmetries which are N-dependent. The symme-
tries of the cluster state are also non-global and coin-
cide with the 2V so-called stabilizer symmetries [35, 36].
For W-generated states the set G4, , contains infinitely
many elements. However, the only nontrivial minimal
cycles are 2-cycles. Hence, the corresponding MPS has
only the trivial symmetry for odd N and infinitely many
non-translationally invariant symmetries for even V.

4. State transformations: Here, we answer the ques-
tion of when a state, ¥(A), can be converted into another
one, ¥(B), by SLOCC. As both states correspond to nor-

mal tensors, they both belong to Ny p. We write A X B
if the transformation is possible. Note that

N
AL B it R)glUn(A) =
j=1

N (B)  (9)

for some g;. We distinguish also here between global
(where all g; are equal) and local transformations. As
for symmetries, we define the set

Gap={h=gozay’ [b4)=|B)},  (10)
where z, y are regular, but not necessarily g. That is, we
also consider the case where the physical dimensions, d4
and dp do not coincide. It is straightforward to show that
if |B) = ho|A) with hg = go®$0®yg then G4, p D hoGa4.
For d4 = dp, which is the case iff gy is regular, we have
Ga,B = hoGa. Defining concatenations of elements in
G 4,p as well as k-cycles as before, we have:

Theorem 2. A2 B with local (global) transformations
iff there exists an N-cycle (1-cycle) in G4 B.

The proof is given in the SM [35]. Theorem 2 solves
the state transformation problem. We can immediately
make some simple statements about different possibili-
ties that may occur. For instance, if G4 p only contains

a l-cycle, then A X B for all N with just global transfor-
mations. However, if the only minimal cycle is a 2-cycle,

then the transformation can only happen for even N. As
we illustrate in the following, some transformations might
require more sophisticated operations and one obtains a
rich variety of situations.

An injective W(A) € Ny p can be transformed to any
U(B) € Nn,p via the global operation

[W(B))- (11)

However, using that Ga g 2 (BA™' @ 1 ® 1)G4, with
G 4 given in (5), we find that G4, g also contains infinitely
many N-cycles that lead to non translationally invariant
operators that transform |¥(A)) into |¥(B)). As a spe-
cial case, we obtain the well-known result that the injec-
tive valence bond state can be transformed to any MPS
in M. Since injective MPS are generic in Ny p for
d = D?, a randomly selected MPS of these dimensions
can be transformed into any other state of the same di-
mensions. In contrast to that, transformations from nor-
mal (but not injective) states are much more restricted.
For example, we show below that for d = D = 2 any
two randomly selected states W(A), U(B) € Ny can-
not be transformed into each other for any N. For the
AKLT state and the cluster state, G4, 4., contains only
2-cycles. Hence, the AKLT state can be transformed into
the cluster state iff NV is even (see SM [35]). The reverse
transformation is impossible since the physical dimension
cannot be increased. Particularly sophisticated transfor-
mations are necessary to transform the AKLT state into
certain AKLT-type states, W(A4 4), for which

(BA™H)#N|w(4)) =

Gayan, =152 @gr 'tz |z € GL(C,2)}.
Using Theorem 2 it is easy to show that Ay X A g iff
g o 1. Hence, the feasibility of this transformation is
highly size dependent. Moreover, for any M € N there
exists a regular g such that A AA—/[>A A,g 1s not possible for
any M < N, but it is for M = N.

5. Equivalence classes under SLOCC transformations:

SLOCC classes give a coarse but very useful classifi-
cation of entanglement in many-body systems. We show
now how these classes can be obtained for N N,D-

We write A N B if U(A) is SLOCC equivalent to ¥(B),
ie.,

N
AR B it (R)gi|w(A)) =

=1

|W(B)) (12)

for some regular g;. Thus, we can reduce the study of
SLOCC classes to that of the tripartite fiducial states.
In order to simplify this task, let us make some ob-
First, AN Bif A Y Band B Y A, Be
cause of Theorem 2 the equivalence A X B thus requires
Gap # 0 and therefore that |A) and |B) themselves
belong to the same tripartite SLOCC class. Hence, the

servations.



equivalence relation X induces a classification that is finer
than the SLOCC classification of tripartite states. Sec-
ond, for any regular g, g®~|W(A)) is obviously in the
same class as |¥(A)) and for any regular  we trivially

have |A) X (1 ® x~! @ aT)|A), since both states corre-

spond to the same MPS. That is, A XB trivially holds if
the relation |B) = (g@ 2z~ ! ®@2zT)|A) holds (i.e., there ex-
ists a 1-cycle). We get rid of this trivial case by restricting
the SLOCC classes to the quotient set induced by that
relation. Hence, it only remains to consider states of the
form |4;) = (1 ® b® 1)|A). This observation leads to
the following procedure to characterize SLOCC classes of
normal MPS (see Fig. 2): (i) for each tripartite SLOCC
class, choose a representative, A; (ii) consider all states
|Ap) = (1 ®b® 1)|A) corresponding to a normal tensor;
(iii) determine the classes among those states according

to the relation ~. We now show how this procedure can
be carried out.

According to Theorem 2, A, X A, requires the ex-
istence of an N-cycle in G4, 4, (or, equivalently, in
Ga, a,)- The fact that Ga, 4, = (1 ®@c® 1)Ga(1 ®
b~! ® 1) motivates the following definition (analogous to
(4)). We say that hy,hy € Ga, with h; = ¢; @ ; ® yz-T,
can be (b — c¢)-concatenated, if y1bxo ¢ and then write
hyi 225 hy. A sequence {h;}k_| C Gaiscalleda (b— c)-
k-cycle if

b—c b—c

b—c b—c

hy ha D, ha. (13)

We obtain the following corollary to Theorem 2.

Corollary 1. A, N A, holds nontrivially iff there exists
a (b — ¢)-N-cycle in G4 with N > 1, but no (b — ¢)-1-
cycle.

Note that this corollary requires that the N-cycle con-
tains at least two different elements of G 4. This fact can
be used to simplify the procedure. For instance, if one
wants to determine the A, connected by 2-cycles, one
can take arbitrary o, 8 and impose ygbr, = ¢ x yobxs,
from which one can eliminate ¢. Then, the condition can
be mapped into the eigenvalue equation M b= )\l_;, where
M =y lys ® (xglxa)T. Thus, by choosing all possi-
ble pairs in G 4 one can identify all classes corresponding
to 2-cycles. Corollary 1 solves also straightforwardly the
equivalence problem of MPS under local unitary opera-
tions (see [34] for global unitary operations).

The procedures above can be carried out whenever the
tripartite SLOCC classes are known, as is the case for
d =2,D > 2 [15]. Here, we determine the classes for
the simplest non-trivial MPS, i.e., those with d = D =
2 (see Table I). The fiducial states are either SLOCC
equivalent to the GHZ or the W state [12]. Hence, the
corresponding SLOCC classes separate into GHZ- and
W-generated ones. All W-generated MPS are SLOCC
equivalent. As explained before, it, hence, remains to

FIG. 2: Tllustration of SLOCC classes of MPS in
accordance with the procedure given in the main text.

type X # symm. # SLOCC classes
GHZ|# —1,0 2 oo (see main text)
-1 2N 1 (cluster set)
0 1 1 (symmetryless set)
\WY% n.a. |N-dependent 1

TABLE I: The SLOCC classification of normal
d =D =2 MPS. See the SM [35] for more details.

consider states of the form |GHZ,) = 1®bQ 1|GHZ).
The resulting classes can be coarse grained into three sets
according to the value of x(b) = b‘mb“ , where b;; denote
the entries of b: (i) the generic set (X # —1,0); (ii) the
cluster set (x = —1); (iii) the symmetryless set (x = 0).
The generic set is of full measure in the set of all MPS
with d = D = 2 and is comprised of states whose local
symmetries are of the form {1, s®"}. For two such states
we have

c—l

GHZ X GHZ, = x(b) = x(c) or x(¢)~" and N even
x(c) and N odd.

Thus, there are infinitely many, N-dependent classes.
The cluster set coincides with the set of states which
are SLOCC equivalent to the cluster state. They possess
2N local symmetries. The states in the symmetryless set
are also all SLOCC equivalent and have only the trivial
local symmetry. Combined with the class of the non-
normal MPS generated by the GHZ state these classes
constitute the SLOCC classification of entangled MPS
with d =D = 2.

6. Summary and outlook: We solved the problem of
when an MPS generated by a normal tensor can be trans-
formed into another via SLOCC and showed how local
symmetries of normal MPS can be characterized. In
contrast to other results we considered all, in particular
non translationally invariant and non unitary, operations.
This revealed interesting features of many, particularly
relevant states. Furthermore, we provided a procedure
to characterize SLOCC classes of normal MPS and ex-
plicitly determined them for d = D = 2. We believe that
these results can be extended to non-normal MPS and
(certain) Projected Entangled Pair States. Furthermore,



one can also determine the SLOCC classes of MPS with
higher dimensions and their corresponding symmetries.
The theory presented here also serves as a basis to study
deterministic LOCC transformations. Finally, our char-
acterization of all local symmetries may be relevant in
the study of phases of matter for 1D systems.
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Supplemental Material

In Section I we first review some properties of MPS that are useful for the remainder of this Supplemental Material
(SM). In Section IT we proof Theorem 1 and Theorem 2 of the main text. In Section III we determine the local
symmetry groups and in Section IV B the transformations of the example states mentioned in the main text. In
Section V we derive the SLOCC classification of d = D = 2 MPS. We use the same definitions and notations as in
the main text. Moreover, we denote by o1, 02,03 the Pauli matrices and use the notation C* = C\ {0}.

I. INJECTIVE AND NORMAL MATRIX PRODUCT STATES

MPS are defined in terms of rank three tensors. We use the following notation throughout the SM. Let us consider
a rank-three tensor A € C? @ CP ® CP with

d—1 D—1
A= Agsli)|e) (B (1)
=0 a,5=0

Given the tensor A, we write:

ZA sle) (B 2)

|A) = ZALgli ) [B8), (3)
iaf

A=Y Algliy(aB]. (4)
iaf

Clearly, the last two tensors and the set of matrices {A'} are equivalent representations of A. The state |A) is often
referred to as the fiducial state of the tensor. It can also be expressed as

14) = (1o A1) (|oT) @ |eT)) = A% (o) @ [1)), (5)

where |®T) = 25;01 |, @) is the maximally entangled state.
In this SM, we consider non-translationally invariant (non-TI) MPS on N subsystems that are defined with the
help of N different tensors Aj,... Ay € C* ® CP ® CP as

d—1
W)= Y Tr(Af.AY) i, i), (6)
i1,..,0N=0
An MPS that is generated by a single tensor A = A; = ... = Ay is TI and denoted by ¥(A).
A particularly important class of MPS is the one which corresponds to normal tensors. A set of tensors Aq,..., Ay

as defined in Eq. (1) is called normal if there is an L such that any L consecutive tensors satisfy that the map

d—1
X = Z TI‘ (A? A;CILI—L 1’ ) ‘ila sty 7'L> (7)

is injective. Here and in the following, all indices are periodical, i.e., i + N = i. L is referred to as the injectivity
length of the MPS. The normality of a tensor can equivalently be characterized as the property that any L consecutive
tensors satisfy
span { A}l .. A1+L 1} =CPxP, (8)
il,...,iL
The set of normal MPS on N subsystems with bond dimension D is denoted by Ny p. A tensor is called injective
if it is normal with L = 1. In a slight abuse of standard notation, we call an MPS normal (injective) if the corre-
sponding tensor is normal (injective) respectively. An other equivalent condition for being injective is that the map
A corresponding to the defining tensor A has a left inverse A~"' such that

ATTA=Y "o, B) (e, Bl (9)
apf



Note that injectivity requires d > D?. Since we are only interested in MPS whose single-subsystem reduced states
have full rank the only injective MPS we consider satisfy d = D?.
A fundamental property of MPS is that two different sets of tensors can generate the same state. For instance, if

the tensors By, ..., By are related to the tensors Ay,..., Ay as A] = x,leika for all k, 7, with znx41 = x1, then
d—1 d—1
S T (AP AY) fin, iy = > T (B BRY) lin,. . in)- (10)
i1yenrin=0 i1,ein=0

For normal tensors, in fact, this is the only way how two different sets of tensors can generate the same states as
stated by the fundamental theorem which was proven in Ref. [1]:

Theorem 1.1 ([1]). The tensors Ai,...,An and By,..., Bn generate the same normal MPS W iff there exist regular

matrices 1, ..., xN such that A = x;lBika for all k and j, with xn11 = x1; that is, iff
|Ar) = 1@ 2, @ xfq|Bi) V k. (11)
The matrices x1,...,xN are unique up to a multiplicative constant.

Theorem 1.1 is the basis of the proofs of Theorem 1 and Theorem 2 of the main text.

II. PROOF OF THEOREM 1 AND THEOREM 2

In this section we provide the proof of Theorem 1 and Theorem 2 of the main text. To this end, the following
Lemma will be important.

Lemma IL.1. Suppose ¥ € Ny p defined by a tensor A with injectivity length L can also be written as a MPS with
non-T1I tensors By, ... By, all with bond dimension D. Then this description is also normal with injectivity length L.

Proof. The two different ways to express the MPS are the following:
[U) =3 Tr(A™ . AN)|iy.in) =Y Te(Bit . BRY)in . i), (12)

Let us apply any linear functional to the last N — k subsystems, where k satisfies L < k < N — L. That is, we consider
the vector space

V= {mel._m CTr(A™ AR ARR AN )|iy L g | fe cd<Nk>}. (13)

Due to the normality of the A tensor, the products of the last N —k > L matrices describing the MPS span the whole
space of D x D matrices, that is,

{Z f1k+1'*~’iN . Aik+1 AIN

Therefore, the vector space V can also be written as

fe (Cd(Nk)} = CP*P. (14)

V= {ZTr(A“ C AT X))y i) ‘ X e (CDXD}. (15)

Due to the normality of the tensor A, the map

X ) Tr(A" A X)) (16)

is injective. As it is also linear, the vector space V is D? dimensional. V can also be expressed with the help of the
B tensors. Similarly to the derivation above, we find

V= {ZTr(Bil B X)iy iy

X6W<(CDXD}, (17)



where W is a subspace of the space of all D-by-D matrices that is spanned by the products of the last NV — k matrices
describing the MPS. As V is D? dimensional, it immediately follows that W = CP*P and that the map

XY Te(B} .. B} X)liy ... in) (18)

K3
is injective. This argument can be repeated to any L consecutive subsystems, thus the tensors Bi,... By form a

normal description of the MPS W. O

Using Lemma I1.1 we can proof Theorem 1 of the main text, which provides a characterization of the local symmetries
of a normal MPS ¥(A), i.e., of all S =51 ®...® sy such that

S|W(A)) = |¥(A)). (19)
We restate the theorem here for the sake of readability.

Theorem 1. The local (global) symmetries of ¥(A) € Nn,p are in one-to-one correspondence with the N-cycles
(1-cyles) in G 4.

Proof. We first show that the S = s; ®...® sx that solve Eq. (19) correspond to N-cycles in G4. Note that the state
S|W¥(A)) is an MPS with bond dimension D, generated by the fiducial states |Ax) = s, ® 1® 1|A) for k=1,...,N.
Lemma II.1 implies that the representation S|¥(A)) of the normal MPS |¥(A)) is normal too and thus Theorem I.1
can be used to find all S that satisfy Eq. (19). Because of Theorem 1.1, Eq. (19) is fulfilled iff there are (up to a

multiplicative factor) unique regular matrices 1, ..., zy such that
(sk @z @ aiyq)|A) = |A) VE, (20)
where xy11 = 1. That is, S = 1 ® ... ® sy is a symmetry of U(A) iff there are operators hy,...,hy € G4, with

hi = s QR ® yg [2], that can be connected to an N-cycle, i.e., for which ygzp+1 o 1 holds. This shows that the
local symmetry group of ¥(A) is in one-to-one correspondence with the N-cycles in G 4.

If S = s®V is a global symmetry, s; o s holds and thus the uniqueness (up to a multiplicative factor) of the x
matrices in Eq. (20) implies that they are all proportional to each other. Hence, a symmetry is global iff it originates
from a 1l-cycle. O

Theorem 2 provides a criterion for when the transformation A X Bis possible, i.e., when thereisag=g1 ®...®gn,
such that

g9|¥(A)) = [¥(B)). (21)
We again restate the theorem before we prove it.

Theorem 2. A 2% B with local (global) transformations iff there exists an N-cycle (1-cycle) in Ga, .

Proof. The “if”-part is trivial. To prove the “only if”-part suppose that Eq. (21) holds. Then g|¥(A)) is an MPS
representation of ¥(B) with the same bond dimensions. Lemma II.1 then implies that g|¥(A)) is normal too; even
if g is singular. Hence, g|¥(A)) and ¥(B) have to be related as stated by the fundamental theorem, Theorem I.1.
Analogously to the proof of Theorem 1 one can use this to show that g has to correspond to an N-cyclein G4 . O

III. SYMMETRIES OF EXAMPLES IN THE MAIN TEXT

In this section we derive the symmetries of the states presented in the main text. We denote the local symmetry
group of U(A) by

Suay) ={S =51 ... sy | S|U(A)) = [T(A))}. (22)



A. Symmetries of injective MPS

For injective MPS we use decomposition (5) for the fiducial state and the fact that A1 exists if the MPS is injective.
Moreover, we use that the maximally entangled state defined after Eq. (5) satisfies the following equation for any z,

A@z)|d") = (7 @ 1)|dT). (23)
Using these properties it is straightforward to verify that
Ga={ssy@r@y" |2,y € GL(D,C)}, (24)

where s, = .A(gr:Tf1 ®y 1)A~L. Clearly, the symmetry Spy DT ® y” can be connected to any symmetry Sy-1,®
y~ ' ® 2T, where z € GL(D,C) is arbitrary. Using this in combination with Theorem 1 yields

S\II(A) = {ng,l,zl X...xQ SI;rl (25)

1IN }zl,...,mNGGL(Dv(C) '

B. Symmetries of the AKLT state

The AKLT state is generated by the matrices [3]
o {00\ 4 [(-10\ 4 (0 -1
A_ﬁ(lo),A_<0 1>,A_\/§<O 0)' (26)

2
serzey’ €Ga, & rAyy= Z(sfl)iin‘ Vi, (27)
5=0

We use that

where (s7!);; denotes the entries of s7'. We can then take the trace on the right-hand side of Eq. (27) and use that
the matrices A7, are traceless to obtain the following equation,

Te(Alyyr) = 3 (571 Te(4)) = 0 Vi, (28)
J
Note further that (1,49, A%, A%) forms an orthogonal basis of all 2-by-2 matrices. Thus, Eq. (28) implies that
y= %x_l for some A # 0. Inserting this into the right-hand side of (27) yields

rAYyr ! = )\Z(s_l)ijqu (29)
J

We can absorb \ in the definition of s and thus set A = 1, without loss of generality. Since (49, AY, 4%) is a basis
of all traceless 2-by-2 matrices one can then find, for any regular z, a regular s = s, such that Eq. (29) holds.
Summarizing, this shows that G4 = {s, ® 7' ® 27} ,cqr(2,c). Using Theorem 1 then further shows that

Sw(aa) = {SgN}zEGL(Z(C) : (30)
Note that the following observation holds.
Observation IT1.1. The symmetry group Sy(a,) is isomporphic to the projective linear group PGL(2,C).
Proof. We have to show that the following is satisfied for any regular z,y
Sp =Sy & T X Y. (31)

From Eq. (29) (recall that we have set, w.l.o.g., A = 1) it is easy to see that x  y implies s, = s,,. To show that also
the reverse holds suppose that s, = s, holds for some regular z,y. Then Eq. (29) (again with A = 1) implies that
rAYyx~t = yA,y~! for all i, which is equivalent to

y e Ay = Ay 2 Vi (32)

This shows that y~ 'z commutes with all A%. Since (1,49, A%, A%) forms a basis of all 2-by-2 matrices this shows
that y~ 'z oc 1. O



C. Symmetries of AKLT-type states

The AKLT-type states are generated by the fiducial state |[A4,4) = (1® g ® 1)|A4), where g € GL(2,C) is such
that the resulting state is normal. As noted in the main text we have

Gay,=1ogel)-Ga-(A® glel)={h,=s, g 'g'® .’L‘T}mGGL(Q’(C). (33)
Two operators hy, h, € Ga, , can be concatenated iff y o g~ txg. Hence, the operators h,,, ..., h;, form an N-cycle
iff
Tpy1 X g txpg Vk (34)
where 241 = x;. This is fulfilled for an 2 = z; iff z = g~V xg". Using Theorem 1 this yields

Su(An,) =52 @ 89109 @ ... @ Sg—n-1zgv—1 | ¥ € GL(2,C),x = g NagV}. (35)

D. Cluster state and W-generated states

We refer the reader to Section V, where we characterize the SLOCC classes and the local symmetries of all normal
MPS with d = D = 2.

IV. TRANSFORMATIONS OF EXAMPLES IN THE MAIN TEXT

In this section we derive the transformations of the states presented in the main text.

A. From Injective MPS to other MPS

We again use decomposition (5) and the fact that A~ exists for injective MPS. For an injective MPS W(A) € Ny p
and an arbitrary W(B) € Ny p it is then straightforward to see that (BA 1 @ 1® 1) € G4 p forms a 1-cycle and thus

the transformation A 25 B can be achieved via a global operation as
(BA™Y)#N[(A)) = |¥(B)). (36)

Combining Theorem 1 with the fact that G4 p = (BA™' ® 1® 1) - G4, where G4 is given in Eq. (24), it is easy to

see that there are also infinitely many non-T1I operations that achieve the transformation A X B.

B. From the AKLT state to the cluster state

Let us now determine when the AKLT state can be transformed into the cluster state. The cluster state is generated
by the fiducial state |A¢i) = (1® H @ 1)|GHZ), where H = Zijzo(—l)”ﬁ)(ﬂ and |[GHZ) = %(|OOO> + [111)) is
the three-qubit GHZ state. Note that we can write

Ganney =M@ H@N)-Ga,crz. (37)

Let us first determine G4, grz. To this end, note that Ga, gnz C C**3®@GL(2,C) ® GL(2,C), where we have used
that A4 and the GHZ state are both tripartite entangled and, therefore, the operators on the bond dimensions have
to be invertible. Note further that any x € C2*3 can be expressed as = zM, where z € GL(2,C) and M is a 2-by-3
matrix in reduced row-echelon form [4], i.e., is an element of the set

S (R ChR | WO (O CE SO )

Hence, we can write h € Ga, guz as h = w(M ® 1® 1), where w € GL(2,C)®3 and M € Ea3. A necessary condition
for h € Ga, cuz obviously is that h|Ay4) is a state in the SLOCC class of the GHZ state. Recall that a general



6

three-qubit state [p) = |0)|¢o) + |1)|¢1), with |¢;) € C*> @ C?, is an element of the GHZ class iff its three-tangle is
non-vanishing [5], i.e., iff

m3(1) =

(051052 d0) (B5l05 2| o1)
dou {812l <¢f|a§2|¢1>)‘ 70 (39)

Here, |¢*) denotes the complex conjugate of the state |¢) in the computational basis. Moreover, for any t € GL(2,C)®?3
we have that 7(t]y)) # 0 iff 7(¢p) # 0.
Hence, h =w(M @ 1® 1) € Ga, crz has to fulfill

T(M @ 1@ 1|A4)) #0. (40)

Inequality (40) is satisfied iff M = M;(«, 8) with o # —%2 or M = M. In particular, it is not fulfilled for M = M3,
such that we no longer have to consider this case. For matrices M that fulfill inequality (40) it is straightforward to
find a w € GL(2,C)®3 such that h = w(M ® 1® 1) € G4, .cuz. In this way, we arrive at the following operators of
Ga,.cHZ,

2

hi(a, B) = a(a, B)Mi(a, ) @ b(a, B) ® c(a, B), for a # —=, (41)
he =My ® oy ® 1, (42)

where

sy = (18 VBT
T B+ VB -2a)

L s/
b(a,b’) = 432 -8« T 2a—B2

1 ﬂ+\/ﬁ2—2a ’

B+\/52—2a 1
m JFEm g

20— 32 T 4B2-8a

2
L
=
I
%\

We obtain the whole set G4, ¢rz by multiplying these operators from the left with the local symmetry group of the
GHZ state, which reads [6]

GHZ SGHZ =01 n®01 @ty (4,2,9)€{0,1} xCx?2 “3)

with P, = diag(z,1/z). Combining this with Eq. (37) we obtain,

(2)

GasAc = GAA aY GAA,CU (44)
with
2
¢ o=A0H®1) Genz - {hl(a,ﬁ) | o # —i}, G2 =10 H®1)-Gony - ha. (45)

Due to Theorem 2 it now only remains to determine the cycles that can be obtained by concatenating elements of
Ga, Ap,- It is straightforward to see that elements of G fA Ao for ko€ {1,2}, cannot be concatenated with each

other. However, an element of G AA A, can be concatenated with an element of G AA AC, to form a 2 cycle. The
only way to obtain an N-cycle is therefore to alternatmgly concatenate elements from G A A, and G¢ AA A, Which

is possible iff N is even. This proves that A4 N Acy iff N is even.
Let us note that the method presented here can also be used to determine all MPS with d = D = 2 to which the
AKLT state can be transformed.



C. From the AKLT state to AKLT-type states

Let us determine when the transformation A4 —» A A,g from the AKLT state to an AKLT-type state is possible.
Note first that

Gapap, =129 1) -Ga, = {hs =5, ®gr ' @2l |r € GL(2,C}, (46)
where s, was defined in Section III C. The operators hy,, ..., hy, form an N-cycle iff
Tpt1 X kg VEk, (47)

where x 41 = x1. This is fulfilled for any z; iff gN o 1. Using Theorem 1 we see that the following holds.

AAAgAA’g ~ gNO(]l (48)

V. SYMMETRIES AND SLOCC CLASSIFICATION FOR MPS WITH d=D =2

It is straightforward to show that MPS generated by (bi-)separable three-qubit states are product states (i.e. they
have bond dimension D = 1). Hence, we only have to consider MPS generated by genuinely tripartite entangled
three-qubit states, which are either an element of the GHZ class or the W class [7]. As explained in the main text, it
is sufficient to determine when normal MPS generated by fiducial states of the form

IGHZ,) =1®b® 1|GHZ), i.e., with matrices Ay, = b|0)(0], A&pz, = bl1)(1], or (49)
(W) = 1@ b® 1|W), ie., with matrices A}y, = b(|0)(1] + |1)(0]), A}y, = b[0)(0], (50)

are related via transformations that are not global. The whole classification is obtained by adding the states that are
related to those states via global operations.
In order to characterize the local symmetry group of all normal MPS (see Eq. (22)) we can use the following

property. For A X B there exists, by definition, an invertible local operator g such that |¥(B)) = g|¥(A)) and it is
straightforward to see that

Su(m) = 9Sv (a9 " (51)

Hence, it is sufficient to find the symmetries of one representative of an SLOCC class, ¥(A). Concretely, this means
that it is sufficient to characterize the symmetries of MPS of the form (49 - 50).
In order to find the symmetries and SLOCC classes of these MPS we proceed in three steps:

1. Determine for which b the state ¥(X;) is normal.
2. Characterize the symmetries of the normal MPS using Theorem 1.

3. Characterize the SLOCC classes of the states ¥(X,) using Corollary 1 of the main text. To simplify this
procedure, we can use that MPS with different injectivity lengths cannot be SLOCC equivalent (this follows
from Lemma I1.1). Moreover, MPS whose symmetry groups are not conjugate to each other, i.e., do not fulfill
Eq. (51) for some g, can also never be SLOCC equivalent.

The resulting symmetry characterization and SLOCC classification is concisely summarized in Table I, which is an
extended version of Table I in the main text. Let us note here that W(GHZy) = |[GHZy) = %(\0)‘8’]\7 + |1)®N) is
the N-qubit GHZ state. This state is not normal and thus the methods of the main text do not directly apply to
it. However, the symmetries of GHZy are known [6]. Moreover, we show below that all non-normal multipartite
entangled MPS are SLOCC equivalent to GH Zy. Although the SLOCC and symmetry classification of general non-
normal MPS is not within the scope of the main text, we could thus determine it for the special case of d = D = 2.
Combined with the results on normal MPS we therefore obtain here a characterization of the symmetries and SLOCC
classes of all multipartite entangled MPS with d = D = 2.

In the following we provide a detailed presentation and derivation of these results. We first consider the GHZ-
(Section V A) and then the W-generated states (Section V B).



type |# symmetries|inj. length | # SLOCC classes AR B

GHZ 2 2 oo (generic set) |GHZ, N GHZ. < x(b) = {X(C) or x(¢) ", N even
x(c), N odd.

2N 2 1 (cluster set) always

1 3 1 (symmetryless set) always

00 not normal| 1 (GHZy class) always

W | 1 for odd N 2 1 always

oo for even N

Table I. The SLOCC classification of MPS with d = D = 2. First, according to the SLOCC class of the generating three-qubit
state. For GHZ-generated states one can further coarse grain the classes according to their local symmetries into different
sets. We also provide the minimal number of qubits that have to be blocked to make the normal states injective. The only
multipartite entangled non-normal states are all SLOCC equivalent to the non-normal state generated by the three-qubit GHZ
state, i.e., they are elements of the GHZxy class. We state how many different SLOCC classes there are within one set and
depict when two MPS within this set are SLOCC equivalent. The function x is defined in Eq. (54) (see also main text). Note
that the class with two local symmetries is of full measure in the set of all MPS with d = D = 2.

A. GHZ-generated MPS
1. Characterization of the normal MPS

We first determine when W(GHZ,) is normal, where b = (b;;) € GL(2,C). That is, we have to check for which
b € GL(2,C) there is an L such that

span {AgHz,b e 'AiGLHZ,b} =2 (52)

i17...7ZL

Here, we determine the minimal L with this property, i.e., the injectivity length of W(W}). It is straightforward to
see that we have to distinguish four different cases:

(1) b;; # 0 for all 4, j: L = 2 and thus the MPS is normal for N > 5. Note that the states related to MPS of this
case via (trivial) global operations are generated by fiducial states of the form g ® 2716 ® 27|GHZ) (as shown
in the main text), where g,z are arbitrary regular matrices. Since b is a generic regular matrix (for this case)
these fiducial states comprise a generic set of three-qubit states. Hence, the MPS corresponding (up to global

operations) to this case are generated by a full measure set of three-qubit states and are thus of full measure in
the set of all MPS with d = D = 2.

(ii) exactly one entry of b is zero:

(iia) by = 0 for exactly one k € {0,1}: L = 3 and thus the MPS is normal for N > 7,
(iib) bg1 = 0 or byg = 0: The MPS is not normal for any N and SLOCC equivalent to |GHZy).

(iii) exactly two entries of b are zero: The MPS is either SLOCC equivalent to |GH Zy) or vanishes and is therefore
not normal.

In particular, this shows that normal GHZ-generated MPS have an injectivity length of at most 3 (in case (iia))
and generically (i.e., in case (iiia)) of 2. This is considerably below the best known upper bound (to the knowledge
of the authors) of L < 2D?(6 + log,(D)) for the injectivity length of a normal MPS with physical dimension d and
bond dimension D [8]. For D = 2 this bound states L < 56.

2. Characterization of the local symmetries

In the following we determine the local symmetries of the normal GHZ-generated MPS determined before (i.e., of
states belonging to the cases (i) and (iia) in the last section). Note that the symmetries of the three-qubit GHZ state
are given in Eq. (43). The stabilizer of the GHZ-type state |GHZ,) = 1@ b ® 1|GHZ) hence reads

Ganz, = {s&9 = M@be Vsl 1eb 2 1)} ,
GHZ, s A@be Vsgy (1b™ @ 1) om0



(k,v,w)

Two elements s ,s(l’m’y) € Gghz, can be concatenated iff

Pyotbol Pb~! =r1, (53)

for some r # 0, where P, = diag(z,1/z). This condition is extremely restrictive and it is easy to find the minimal
cycles in Ggpz, entailed by it. We can simply read off the resulting symmetries (as explained in the main text). This
yields the following stabilizer for the cases (i) and (iia) found in Section V A 1.

(i) In solving Eq. (53) the function

boo - b11
= = 54
bo1 - b1o (54)

plays a prominent role. More precisely, x can be used to further distinguish the MPS in this case according the
following subcases:

(ia) x(b) # —1,0: Then Eq. (53) only has solutions if ¥ = [ and they depend on b. For k =1 = 0 we get
w=x==1. For k=1=1 we get w?> = g‘;zg‘ﬁ and z = 2(1]—‘1)111, r = 1. There is only one nontrivial cycle in

Gcrz,, which has length 1. Hence, besides the trivial symmetry, the state U(GH Zp) has one nontrivial
symmetry and its stabilizer reads
QN
Sw(aHZ,) = {ﬂ@)N, (Ulpl;u) } ; (55)
00
for N > 5.

(ib) x(b) = —1: Equation (53) has the following solutions: r = w =2 =1 for k =1 =0; r = i,w = i,z = 20

bo1

fork:O,lzl;r:i,w:?Tg,leforkzl,l:();rzl,w:iff;’,x:%fork:lzl. Hence, there

are many ways to connect elements in Ggprz,. They give rise to 2V different N-cycles that each lead to
a local symmetry of |¥(GHZ,)). Note that the linear cluster state (with periodic boundary conditions)

reads |Cluster) = |¥(GHZy)), where H = Zijzo(—l)ijm(ﬂ. For the cluster state we find that the local

symmetries are exactly given by its stabilizer symmetries [9], i.e.,

Sctuster = Sw(GHZy) = {Kil e KJZ\]fv}z1 ine{0,1} (56)

,,,,,

Here, K; = oglfl)ogl)agwl) acts as o1 on qubit ¢ and as o3 on qubits ¢ — 1,7 (with periodic boundary
conditions) and as the identity on all other qubits. In fact, we see in Section V A 3 below that all states
with x(b) = —1 are SLOCC equivalent, such that we call this set of states the cluster set. The symmetries
of all states in this set can thus also be easily obtained from the symmetries (56) of the cluster state via
Eq. (51).

(iia) These states fulfill x(b) = 0. There only exists a solution of Eq. (53) for k =1 =0 and w,z = £1. This results
in a trivial stabilizer, i.e.,

Swcnz,) = {1}, (57)

for N > 7 (as the injectivity length of these states is L = 3).

8. Characterization of the SLOCC classes

From the results of the previous section we conclude that normal GHZ-generated states can be separated into three
different sets according to their symmetries, where states from different sets are in different SLOCC classes:

1. x(b) # —1,0 (case (ia) of Section V A 2): These states have only 1 nontrivial symmetry, which is global. We
call this set the generic set as it contains almost all MPS.

2. x(b) = —1 (case (ib) of Section V A2): These states have 2" symmetries. This set contains the cluster state
and thus we refer to it as the cluster set.
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3. x(b) =0 (case (iia) of Section V A 2): These states have only the trivial symmetry and thus we refer to this set
as the symmetryless set.

In the following we determine the SLOCC classes within these sets. Using the symmetries (43) of the GHZ state and
Corollary 1 of the main text this is straightforward and reveals the following SLOCC classification within the sets 1.
to 3.

1. First, we determine when W(GHZ;) and W(GH Z,.) (with x(b), x(c) € {—1,0}) are related via a (trivial) global
operation. This is the case iff Ggpz contains a (b — ¢)-1-cycle. It is straightforward to show that this condition
is satisfied iff x(b) = x(c). Next, we have to determine the MPS that are related via (b — ¢)-N-cycles with
N > 1. To this end, we use the procedure explained in the paragraph after Corollary 1 in the main text. For
two operators

hi=g @1y = S(C%HZM) € Gguz, (58)
hy = g2 @ 23 @ yF = swb" € Gonz (59)

we define the matrix,

M =yi'ys @ (23 0)" = (0} Po) 01 Py © [(01Puy) ot P, ] (60)
As explained in the main text, hy, ho form a (b — c¢)-2-cycle iff there exists a A # 0 such that
Mb = b. (61)
For any b that solves Eq. (61) we can find the corresponding c as
¢ = yobxy = 0l Py, boi P, , (62)

as explained in the main text. In this way, we can show that Y(GHZ,), V(GHZ,) are related via a (b — ¢)-2-
cycle iff x(b) = ﬁ Analogously, we can show that ¥(GHZ,), V(GHZ,) are not related via a (b — ¢)-N-cycle

1
x(c)

of any size if neither x(b) = x(c) nor x(b) = hold. Summarizing, we have just shown the following,

x(c) or x(c)~! and N even

x(c) and N odd. (63)

GHZ, N GHZ, < x(b) = {
In particular, there are infinitely many, N-dependent SLOCC classes within this generic set.

Let us also briefly outline an alternative way to derive Eq. (63). For all fixed pairs of matrices b, ¢ (with
x(b), x(c) & {—1,0}) one could explicitly determine all hy,ha € G4 as in Egs. (58 - 59) that are (b — ¢)-
connected. Note that

hy 2% hy e yabrg < ¢ & oFP,, b0l P, xec. (64)

For fixed b, ¢ there are only very few or no hy, he that solve Eq. (64). For the b, ¢ for which there are elements
of G4 that can be (b — c¢)-connected it is then straightforward to find all (b — ¢)-N-cycles for N = 1,2 and
show that there are no larger cycles. This then leads to Eq. (63).

2. All MPS in this symmetry class are related to each other via (trivial) 1-cycles and are thus SLOCC equivalent
for any .

3. All MPS in this symmetry class are related to each other via (trivial) 1-cycles and are thus SLOCC equivalent
for any V.

B. MPS generated by W-type states
1. Characterization of the normal MPS

Analogously to the GHZ case, we first have to determine when (W) is normal. That is, we have to check for
which b € GL(2,C) there is an L such that

span {A%/,b Cee A%’b} = C?**2, (65)

11,01
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Here, we determine the minimal L with this property, i.e., the injectivity length of U(W}). A straightforward calcu-
lation shows that the following cases have to be distinguished:

(i) bij # 0 for all 4,j: L =2 and thus ¥(W}) is normal for N > 5.
(ii) exactly one entry of b is zero:
(iia) boo = 0: W(Wj) o [0)®N and, thus, these states are not normal.
(iib) else: L = 2 and thus ¥(W,) is normal for N > 5.
(iil) exactly two entries of b are zero:

(iiia) bo1,b10 = 0: L =2 and thus U(W,) is normal for any N > 5.

(iiib) else: W(W}) is a product state and therefore not normal.

2. Characterization of the local symmetries

The local symmetries of the W state are given by [10]

1z —y—2 Ty Tz
Sw =4 = 66
z z x (@,y,2)€C*

For the cases (i), (iib) and (iiia) of normal states determined in the last section, Gy, contains the trivial cycle (from
1 to 1) and a continuous set of nontrivial 2-cycles. Hence, ¥(W},) has only the trivial symmetry if N is odd and
infinitely many symmetries if N is even. Interestingly, these symmetries have the same form for all W-generated
normal MPS, namely

1 if V is odd,

Swwy) = {(z(:p) ®z(%))®% (67)

} if N is even,
zeCx

where

_ 1yboitbio
Z(x) _ (m ($ I); b—(:) > (68)

C. Characterization of the SLOCC classes

The order of the symmetries of normal W-generated states cannot be used to distinguish SLOCC classes. The
reason for this is that all such states are SLOCC equivalent. To see this, we consider a normal MPS ¥(W,) from
case (iiia) in Section VB1, i.e., with by; = b1g = 0 and bgg, b11 # 0, and an arbitrary normal MPS W(W,). Then G 4

contains a (b — ¢)-1-cycle for these choices of b, c. Hence, ¥(WW}) X U(W.) holds for any N and the normal states in
(iiia) can be transformed to any other normal W-generated MPS via a (trival) global transformation. Consequently,
all normal W-generated MPS are in the same SLOCC class.
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Chapter 4

Conclusion and Outlook

Our understanding of condensed matter systems is based on quantum mechanics. The
exponential scaling of the Hilbert space with the number of particles, however, makes
modeling many-body systems a daunting task. There are many ways to get around this
curse of dimension, including Monte Carlo methods, variational ansatzes, quantum sim-
ulation and the investigation of exactly solvable models. Tensor Network States (TNS)
provide us with such tools to gain insights into the behavior of condensed matter systems.
First, it can be used as a variational ansatz, since it defines a set of states that can approx-
imate ground states of relevant Hamiltonians using a small number of parameters. The
extremely successful DMRG algorithm, for example, can be reformulated as a variational
algorithm over MPS, and algorithms inspired by higher-dimensional TNS also have have
gained popularity in recent years. Second, TNS provide us with tools to create and inves-
tigate exactly solvable models. The importance of these models is that both the ground
and the low-energy excited states have extremely simple representations, thus helping to
understand how certain complex phenomena emerge in these systems.

This Thesis was centered around the mathematical investigation of Tensor Networks.
These investigations shed light onto the reasons why and how Tensor Networks are so
successful in describing many-body systems. In the first part of the Thesis, we introduced
TNS such as MPS, PEPS, MERA and TTN. We have given a review about the current
state of the art of the theory of MPS and PEPS. We have shown first that all states can be
written as TNS, but this description is not necessarily efficient. We have seen that if one
only wants to approximate a state, then more efficient descriptions are possible. Apart from
the possibility of representing states efficiently, the success of MPS is rooted in the fact that
calculating expectation values of local observables with these states is extremely simple.
This is not the case anymore with PEPS, which is partially the reason why algorithms
based on them are less successful. The understanding of how these expectation values
are calculated in MPS then naturally leads to a decomposition of TT MPS to a sum of
smaller bond dimensional TI MPS. There is no known corresponding decomposition of
PEPS. Another difference is that in MPS, renormalization fixed points are completely
understood, whereas for PEPS, such a characterization is still missing, though through
the bulk-boundary correspondence the characterization of RG fixed points of MPDO can
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be thought of as one. A possible use of the framework of TN is the characterization of
different phases (at least those that also have an RG fix point in them). We have shown
how this is done in one dimensions in the case of SPT and also shown how topologically
ordered phases can emerge in two dimensions.

In the second part of the thesis, I have included my publications. First, we have inves-
tigated how far PEPS can approximate certain states — a question necessary to understand
if one is looking for a good variational ansatz. In Section 3.1 we have proven that PEPS
can approximate thermal states of local Hamiltonians efficiently (the number of parame-
ters needed for the approximation scales only polynomially with the system size), which
is an improvement over the previously existing bounds. In Section 3.2 we have then pro-
vided a quantum algorithm for preparing Gibbs states and injective PEPS. For classical
Hamiltonians, this results in an algorithm where we were able to prove an exponentially
better run-time bound than the existing bounds for the corresponding classical Monte
Carlo algorithm. In Section 3.3 we introduced a class of PEPS that encompasses the states
for which the previous algorithm works. It also contains several other physically relevant
states such as those used for the SPT classification in two dimensions. We have proven
a fundamental theorem for this class of tensors, namely, under which circumstances such
two tensors can generate the same states. This theorem leads to a better understanding of
the SPT classification. In Section 3.4 we have used our understanding of MPS to charac-
terize states that arise during the investigation of lattice gauge theories. We have shown
how local symmetries can arise in these tensor networks. In Section 3.5 we generalized
the fundamental theorem of injective PEPS to any normal non-translationally invariant
MPS and PEPS. With this generalization one can readily investigate local symmetries as
in Section 3.4, as well as arbitrary geometries such as higher-dimensional PEPS or states
defined on hyperbolic lattices. In Section 3.6 we have then provided arguments that a gen-
eral fundamental theorem is not expected to exist for PEPS. Instead, one has to restrict
the input tensors for which such a theorem can work. Finally, in Section 3.7 we used the
fundamental theorem from Section 3.5 to investigate of entanglement properties of MPS.
This new fundamental theorem is required in order to deal with the not translationally
invariant setting of entanglement theory.

Despite recent developments, there are several open questions concerning the structure
of TNS, and in particular that of PEPS. For example, a well defined renormalization process
is still missing for them. Such a definition would lead to the complete understanding
of renormalization fixed points. There are also open questions concerning Fundamental
Theorems of PEPS: deciding when two tensors generate the same state, in the most general
case, is hopeless. It is therefore important to find new classes of tensors for which this
question can be answered. Such classes might be G-injective or MPO-injective tensors. A
Fundamental Theorem for these tensors then would lead to an SET classification. Finally,
there are several other topics concerning the theory of TNS that we haven’t mentioned.
Such topics are, for example, the existence of continuum or infinite system size limits. I
believe that understanding the structure of TNS will eventually also lead to better and
more general algorithms.
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