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Abstract

This thesis focuses on quantum information and quantum computing, and their applications in
studying quantum many-body systems. A remarkable interplay between computer science and
quantum physics in the past few decades has revealed that a precise control and manipulation of
interacting quantum systems enables us to process information and perform computations that go
beyond the reach of conventional digital computers. This novel form of information processing has
also resulted in a conceptually new toolkit for tackling fundamental questions about the physics
of quantum many-body systems. This thesis studies new features of interacting quantum systems
through the lens of computational complexity and information theory. We will see how using these
new features in turn allows us to develop efficient classical and quantum algorithms for learning,
testing, and simulating quantum many-body systems. Below are the main results of this thesis:

1. We develop an algorithm for reliably testing the amount of entanglement in a pure many-body
quantum state. This algorithm tests whether a quantum state is a matrix product state of
certain bond dimension in the property testing model. We provide both upper and lower
bounds on the number of identical copies of the quantum state required by this algorithm.

2. We prove that a quantum information quantity, known as the entanglement spread, satisfies
an area law in the ground state of any gapped local Hamiltonian with an arbitrary geometry.
This new feature of ground-state entanglement is obtained using a connection to the seemingly
different problem of finding the communication complexity of testing bipartite states.

3. We devise an algorithm for learning the local Hamiltonian that governs the interactions in
a quantum many-body system. This algorithm uses the results of local measurements on
the thermal state of the system, and provably only requires a number of samples that scales
polynomially with the number of particles.

4. A quasi-polynomial time algorithm is developed that estimates the quantum partition function
at temperatures above the phase transition point. We also study different characterizations
of the thermal phase transition by connecting the exponential decay of correlations to the
analyticity of the free energy in the high-temperature phase.

5. We rigorously bound the improvement that low-depth quantum circuits can provide over
methods based on product states in estimating the ground-state energy of local Hamiltonians.

Thesis Supervisor: Aram W. Harrow
Title: Associate Professor of Physics
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Chapter 1

Introduction

1.1 Experiment versus simulation and what goes wrong

Much of our modern understanding of the physics of microscopic phenomena is gained by studying
quantum many-body systems: a collection of interacting quantum particles which often exhibit
collective phenomena not present when only considering individual subsystems. In a conventional
experiment that explores the physics of these systems, a sample in the form of a crystal, thin film, or
polymer is grown. These compounds are then probed with various techniques such as spectroscopy
and microscopy techniques, each specialized in revealing certain aspects of the material such as
its magnetic, electric, and optical properties. Although these have resulted in vast achievements,
such experiments are also hampered by significant limitations: It is quite challenging to synthesize
quantum materials that host a particular form of interactions or exhibit a specific phase of matter,
and at the same time, be able to prob them with available experimental techniques which demand
specific traits in their input samples to accurately operate. Even when successfully implemented,
such experimental setups are only capable of revealing limited features of the systems under study,
leaving many of their aspects unexplored.

Some of these issues can be bypassed if instead of undertaking such experiments, we study
quantum many-body systems by simulating them on available digital computers. Such simulations
offer a versatile tool: Once an algorithm for simulating a target system is successfully implemented,
it is often not hard to adapt it for a variety of other systems with similar characteristics. It is also
possible to read off various features of the simulated system at once, obtaining a comprehensive
picture of the underlying physics. This approach, however, faces a substantial barrier of its own,
namely, the steep cost of simulating quantum systems on conventional computers. Rooted deeply in
the postulates of quantum mechanics, as we will see soon, such simulations of quantum many-body
systems are believed to generally require computational resources that scale exponentially with
the number of particles, a cost that quickly becomes prohibitive in practice. A host of heuristic
and approximate numerical methods have been devised to get around this restrictive complexity,
including density functional theory, Monte-Carlo sampling, dynamical mean-field theory, and tensor
networks. Nevertheless, accurately simulating many quantum systems of interest such as those
exhibiting the infamous sign-problem or involving highly correlated segments, as well as dynamical
aspects of such systems, still remains out of reach.
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1.2 A new fix: quantum computation

Some of the shortcomings of the current experimental and computational methods in studying
interacting quantum systems could potentially be overcome via a distinctive paradigm known as
quantum computing. This approach relies on the premise that it is possible to engineer scalable
multi-partite quantum systems (often an assembly of two-level systems known as quantum bits or
qubits) that admit a high level of control, remain coherent for long times, and can be readily ini-
tialized, evolved according to a desired set of interactions, and measured. Once practically realized,
such a highly adaptive quantum device can be programmed to perform a new model of computation
and information processing implied by the laws of quantum mechanics. Achieving this holds great
promises: We would have access to sophisticated measurement probes that allow us to gain detailed
information about a diverse set of properties of interacting quantum systems at the resolution of
individual constituent particles. The study of collective dynamics and non-equilibrium phenomena,
thermalization, and static properties at low and finite temperatures of a wider range of quantum
many-body systems than currently possible could become feasible.

Beyond providing an adaptable tool for simulating quantum physics, the quest for building
quantum computers has been part of a broader investigation of the connection between physics, in
particular quantum mechanics, and the nature of information and computation. The resulting theo-
retical framework provides a fresh perspective on many old problems and has led to the formulation
of new questions that seem difficult to come by with the traditional paradigms.

1.3 Challenges to address

To unlock the potential of quantum information science in studying quantum many-body physics,
certain challenges are yet to be addressed. These challenges, as we will see, cut across different
disciplines and to be successfully met, require adapting tools from computer science, information
theory, and mathematical physics. This thesis focuses on the theoretical questions that arise at this
interface, including;:

1. Power of classical and quantum computers. What are the ultimate limits of classical
and quantum computers in simulating quantum many-body systems? Under what conditions
can quantum systems be simulated with modest computational resources and when is their
simulation computationally intractable? Can quantum computers achieve a provable compu-
tational advantage in simulating physically-relevant interacting quantum systems compared
to classical computers?

2. Statistical analysis of quantum data. In a future application of quantum computers, or
in a more limited form specialized quantum simulators, the state of some quantum many-
body system which may be in or out of equilibrium at low or finite temperatures could be
prepared. Given such many-body states, how do we actually probe a specific property of
interest or test the validity of a particular theoretical model? What is the best measurement
to perform? What is the optimal algorithm for analyzing the measurement data obtained in
such experiments?

3. Many-body physics through the lens of information processing. What new con-
straints can be imposed on the behavior of quantum many-body systems using a computational

14



and information-theoretic perspective? How can the well-developed theories of randomness
and correlations in these fields be lifted to study the correlations that can arise from quantum
interactions and the inherent randomness in quantum mechanics? Can these tools lead to new
characterizations of different phases of matter and the transition between these phases?

1.4 Efficient versus intractable

Understanding the power of classical and quantum computers, dealing with the analysis of quantum
data, and other challenges mentioned in the previous sections are questions which are computational
in nature, and as such, we will apply theoretical frameworks developed in computer science to study
them.

To build an abstract model of the computational resources needed to solve quantum many-body
problems independent of the details of the platforms used, we consider the asymptotic performance
of the underlying algorithm. That is, instead of focusing on a particular quantum system with a
fixed set of interacting particles, we often study a general family of quantum many-body systems
and track the worst-case performance of the algorithm as the number of particles in such families
grow. There are different ways to characterize this performance, each being relevant in a particular
setup. Here, we will be mostly interested in the time, sample, and communication complexities as
overviewed in what follows.

Time complexity. The running time or time complexity is measured as the number of elementary
operations executed by the algorithm. In quantum computing, these operations take the form of a
series of local unitary gates applied on the input qubits as part of a quantum circuit. Algorithms with
running times which scale as a polynomial function of the number of particles are called polynomial-
time, or more colloquially, efficient algorithms. Problems that require running times that grow at
least exponentially with the number of particles are considered computationally intractable. Besides
the total number of local unitary gates in a quantum circuit—also known as the size of a quantum
circuit—we are often also interested in the minimum depth needed to implement an algorithm on
a quantum circuit. The circuit depth is defined as the maximum number of gates on any path that
connects an input qubit to an output qubit, and corresponds to the parallel running time of an
algorithm. As we will see, a limited depth is used to model the architecture of some of the quantum
computers that may be available in the near future.

Sample complexity. When dealing with statistical problems involving quantum states, we as-
sume multiple identical copies of the state are available and that a joint measurement can be
performed on these copies. The number of such copies is called the sample (or copy) complezity
which when scales polynomially with the number of particles, is another measure of efficiency that
we consider. The measurements performed on these copies may simply be a series of single-qubit
measurements possibly with a classical post-processing step, or more complicated multi-partite mea-
surements which are implemented on a quantum computer. In either case, the time complexity of
a statistical problem is considered as the running time of the algorithm involved.

Communication complexity. Finally, a measurement on a many-body quantum state may be
performed when the quantum state is distributed among various parties, each having access to a
subset of particles. Therefore, to collaboratively implement the measurement, the parties need to
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engage in a communication protocol by exchanging qubits. The total number of exchanged messages
is another proxy for the efficiency known as the communication complexity.

1.5 Pros and cons of complexity-theoretic modeling

Many computational problems that arise in the study of quantum many-body physics do not ob-
viously admit a tractable algorithmic solution. Aiming for efficient algorithms therefore provides
a guiding principle to uncover new structures present in these systems that allow us to avoid the
apparent computational intractability. Such features turn out to be deeply connected to problems
in physics and result in non-trivial insights. Examples of this are

1. The connection between the computational complexity of estimating quantum partition func-
tions and thermal phase transitions examined in Chapter 5,

2. The relation between the sample complexity of learning quantum interactions and the prop-
erties of the free energy described in Chapter 4,

3. The implications of the communication complexity of testing quantum states on the structure
of low-temperature many-body entanglement presented in Chapter 3.

Another advantage of evaluating the performance of algorithms in terms of time, sample, or com-
munication complexity is that it makes the problem amenable to a rigorous mathematical analysis.
For many problems, such a rigorous analysis remains an effective tool we have at our disposal since
there are still no functional large-scale quantum computers that allow us to practically test ideas
and benchmark some of the proposed algorithms. Even when practically feasible, having provable
error bounds on the estimated quantities or limits on the resources that may be needed remains
crucial.

There are also limitations to this complexity-theoretic approach. For one, the practical instances
of problems that we want to efficiently solve might not be the worst-case instances. This means
that in practice, the worst-complexity of a particular algorithm or a general intractability result
about a problem are overly pessimistic and ignore the helpful features that are generic, but not
universal. Some of the algorithms that we encounter in the next chapters, although efficient, are
not optimized to be practical, and the abstractions used in their formal analysis also neglect some
of the constraints that appear in different architectures for quantum computing.

1.6 What makes quantum mechanics hard?

Among the computational problems that are discussed in this thesis, some have close classical
analogs which are well-studied topics in computer science and statistical physics. However, there
are also purely quantum aspects to these questions, which render a direct extension of many of the
known classical techniques to the quantum setting impossible or very challenging. In the following,
we briefly review the challenges encountered in the quantum mechanical problems studied in the
later chapters.

Entanglement and an exponentially-large Hilbert space. The state of a quantum system
is described as a vector in a complex Hilbert space. The state space of multiple quantum systems is
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the tensor product of such Hilbert spaces. This tensor product structure brings about entanglement,
a rather counterintuitive feature of quantum mechanics. A bipartite quantum state is said to be
entangled if it cannot be simply factored into two states, each corresponding to one of the constituent
systems. Entanglement plays a multifaceted role in quantum many-body physics, ranging from
providing a crucial resource for achieving a computational advantage with quantum computers to the
characterization of new phases of matter with topological order. Obtaining a deeper understanding
of entanglement is a goal we pursue in Chapter 3, where we reveal a universal constraint that
many-body entanglement must satisfy in non-critical phases of interacting quantum systems, and in
Chapter 2 where we develop a statistical theory of testing the amount of entanglement in quantum
states.

One implication of the tensor product structure of the Hilbert space is that the number of bits
needed to accurately describe an entangled many-body quantum system can grow exponentially
with the number of particles, compared to the linear scaling for classical systems. To store and
manipulate many-body quantum states, classical computers need to cope with this exponential
complexity due to entanglement. This motivates studying the computational power of quantum
states which admit low-complexity descriptions that can be dealt with using classical computers.
This question is visited in Chapter 6 where we consider quantum states generated with low-depth
quantum circuits, and Chapter 2 and Chapter 3 where we examine matrix product states (MPS)
and projected entangled-pair states (PEPS), both examples of tensor network states which are
efficient representations of quantum states. Finally, another consequence of the exponentially-large
dimension of the Hilbert space is that even in the absence of entanglement, some of the problems
commonly encountered in quantum mechanics, such as finding the ground state or free energy of
many-body systems, may become computational intractable. We study conditions under which this
intractability can be avoided in Chapter 5 and Chapter 6.

Non-commuting interactions. Unlike classical interactions, in quantum many-body systems,
the interactions are described in terms of operators that do not necessarily commute with each other.
This is one of the biggest hurdles that we actively need to deal with in our analysis throughout this
thesis. For example, we will see in Chapter 4 and Chapter 5 how non-commutative interactions
cause certain classical constraints on the thermal correlations to be violated in the quantum case.
To get around this non-commutativity, various tools have been developed which are explained in
more detail in Section 1.7.

Destructive measurements. When learning or testing a property of quantum systems or finding
a classical description of quantum states, we need to perform a measurement. One crux of quantum
mechanics is that measurements can alter the state of the system and affect the outcome of future
measurements on the same state. This plus the fact that we often deal with a probabilistic mixture
of different quantum states involving additional sources of randomness—for instance due to thermal
interactions—means that we generally need many identical copies of a quantum state for a reliable
estimation of its properties. At the same time, one of our contradictory goals in statistical problems
is to reduce the number of such copies, given by the sample complexity. The resolution may involve
reusing some of the copies after they are measured, accepting some level of disturbance caused by
the measurements. Balancing this trade-off has been a topic of study in the past and also appears
as a major barrier in Chapter 2 and comes with a quick fix in Chapter 4.
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1.7 Locality and what makes quantum mechanics easy

One of the main ways we cope with the challenges presented in Section 1.6 is by relying on the
locality of the interactions. This allows us to either recover some of the structures found in the
classical setting or characterize new constraints on quantum systems that can be exploited in our
analysis.

The idea behind the locality assumption is that the set of interactions in quantum many-body
systems of interest can often be accurately modeled such that (a) each interaction only involves a
few particles, (b) each particle is only included in a few such interactions, and (c¢) only particles
within a close spatial neighborhood interact with each other. Not all of these three conditions (a)-
(c) are strictly required for the results presented in this thesis. To distinguish between them, we
refer to interactions that are only required to satisfy condition (a) local, those that satisfy (a) and
(b) bounded-degree local, and those that meet (a),(b), and (¢) geometrically local.

Most interactions that we naturally encounter in physics are geometrically local, which are also
the most-structured among local interactions (a)-(c) exhibiting features that we crucially use in
future chapters. Why do we also consider the more relaxed notions of bounded-degree or, more
generally, local interactions? One reason is that these interactions can be engineered in certain
experimental setups or simulated with quantum computers. Quantum many-body systems with local
and bounded-degree interactions also appear in modelling quantum chaos, investigating holographic
duality in connections to quantum gravity, studying disordered dynamics, and developing quantum
error correcting codes allowing coherent quantum computation.

Having introduced different notions of locality in interacting quantum systems, in what follows
we discuss some of its implications. Our objects of study are local Hamiltonians H = Z;n:l h;
where each Hermitian operator h; describes one of the local interactions among particles. Each
local Hamiltonian has a series of eigenvalues E; and eigenvectors |E;). We will be interested in both
dynamic and static (or equilibrium) properties of interacting quantum systems. When in thermal
equilibrium at an inverse temperature /3, the system is in the energy eigenstate | E;) with probability
proportional to e #Fi. This is more concisely given by the Gibbs (thermal) state e # /Z5 where
Zg = tr(e*fBH ) is the partition function of the system. The low-temperature properties are described
by the ground state which corresponds to the lowest energy eigenstate | Ey) — here and in some later
introductory parts, we neglect the possible degeneracy of the lowest energy state. The dynamics
of interacting quantum systems are given by the time evolution operator e . We will now see
how these states and the time evolution of quantum systems are constrained by the locality of the
Hamiltonian.

Lieb-Robinson bound. Consider a collection of qubits (or finite-dimensional quantum particles)
that are initially in a product (unentangled) state. That is, there is no correlation between any pairs
of qubits. Suppose the state of one of the qubits (called A) is changed and the qubits are then left
to evolve in time according to the geometrically-local interactions among them. It turns out that
there is a finite speed at which the effect of changing the state of qubit A is propagated to the other
qubits. This means at any time, there is a region around qubit A—called its effective lightcone—such
that measuring qubits outside this region, up to exponentially small corrections, does not reveal any
information about the initial change on qubit A. This behavior, known as the Lieb-Robinson bound,
has been first formalized in [LR72] and later improved in various works starting with [Has04, NS09].
Many of the tools we use in the next chapters (especially our results in Chapter 4) rely on the
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Lieb-Robinson bound or its variants.

Limited leakage to high-energy states. Suppose a quantum many-body system is in a super-
position of energy eigenstates with energy at most E. If we apply a transformation on the qubits
inside a region A, we can potentially create a superposition of different energy eigenstates, some
with energy greater than F. It is shown in [AKL16] that for bounded-degree interactions where
each qubit is involved in a constant number of interactions, up to exponentially small corrections,
all the eignestates that appear in the new state have energies bounded by E + O(|A|). This state-
ment trivially holds in the classical setting where after flipping the state of |A| classical spins, no
superposition is created and the new state is an eigenstate with energy at most E + O(|A]). We
will see a direct application of this bound in Chapter 4 where we study the variance of quasi-local
observables.

Cluster expansions. In thermal equilibrium and at an inverse temperature 3, the partition func-
tion of a many-body system with a local Hamiltonian H is given by Zg = tr(e”#H). When studying
the finite-temperature properties of interacting systems or evaluating many thermal properties of
interest such as the free energy, we need to deal with the partition function Zg(H) and its logarithm
log Z3(H). Being a complicated mixture of different eigenstates of the Hamiltonian, in general, it
is quite challenging to theoretically investigate or computationally evaluate the features of parti-
tion functions. However, for geometrically-local Hamiltonians at high enough temperatures (which
often means when 8 < fy for some constant inverse temperature 8y that depends on the geometric
details of the Hamiltonian), a powerful technique, known as the cluster expansion, can be used to
analyze quantum and classical partition functions. In cluster expansions, the partition function
Zg(H) is expanded into the trace of terms involving a sum of the product of local terms in the
Hamiltonian. This, for instance, lets us separate the contribution of the interaction terms acting
on a specific particle in the overall free energy (or log-partition function). Using cluster expansions,
we can rigorously show that at high temperatures, the correlations between distant observables in
the Gibbs state decay exponentially or that the free energy of the system is analytic. In Chap-
ter 5, we introduce and apply cluster expansions in connection to efficiently estimating quantum
partition functions.

Quantum belief propagation When studying the Gibbs state of interacting quantum systems,
we often need to know how a local change in the Hamiltonian affects the Gibbs state. In classical
interactions, if we consider a modified Hamiltonian H + V, the (unnormalized) Gibbs state e=#H
simply changes to e #He=V or equivalently e=#V/2e=#He=FV/2 1t is shown in [Has07h, Kim12]
that for geometrically-local quantum interactions, a similar result holds if V' is additionally local.
That is, e PHAV) = pe=BHpt where 1 is a quasi-local operator, known as the quantum belief
propagation operator, which aside from exponentially decaying tails, acts on the same region as V'
and has a similar norm as the operator e #V/2. We will see various consequences of this in Chapter 4
and Chapter 5.

Low-degree ground-state projectors. At low temperatures, the state of a quantum many-body
system is given by the ground state which is the lowest energy eigenstate |Ep) of the Hamiltonian.
A Hamiltonian H is called gapped if there is a constant energy difference v > 0 between the ground
state and the higher energy states. The ground state of a gapped local Hamiltonian inherits many
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local features from its Hamiltonian. To roughly see why, suppose the ground-state energy Fy = 0
and denote the maximum energy eigenvalue by |H|. Consider the operator 1 —H/|H|. When acted
on energy eigenstates |Ej), this operator leaves the ground state |Ep) unchanged, but shrinks the
remaining eigensates |E;) with j > 1 by multiplying them with a factor <1 —~/|H|, which can be
amplified by further applications of 1 — H/|H| on the state. This implies that for a sufficiently large
k, the operator p(H) = (1 — H/|H|)*, which is a degree-k polynomial in terms of the local terms in
the Hamiltonian, is an approximate projector onto the ground state. While this provides a simple
polynomial approximation of the ground state, there are more sophisticated construction of p(H)
that achieve improved properties with a substantially lower degree. Such low-degree approximate
ground-state projectors (AGSP) imply various local features in the ground state of gapped systems.
When the local Hamiltonian H is on a 1D chain, AGSPs can be used to show that the entanglement
entropy of a region A in the ground state S(A) is upper bounded by the size of the boundary
|OA| rather than |A| as in generic many-body quantum systems, and there are efficient classical
algorithms for finding the ground state in terms of matrix product states (MPS). These features are
the subject of our study in next chapters with a brief overview given in the next section.

1.8 Synopsis of this thesis

1.8.1 Testing and learning quantum many-body systems

The destructive nature of measurements in quantum mechanics along with the exponential com-
plexity of quantum systems and the presence of multipartite entanglement often complicates the
statistical analysis of the data that arise in quantum physics. Such data, for instance, may be
obtained when probing the intricate microscopic properties of quantum systems or when measuring
the output of quantum computers. Can we devise algorithms for learning and testing the properties
of quantum systems that consume modest computational resources and get around the apparent
hurdles posed by quantum mechanics? These efficient algorithms will be crucial for validating the
performance of upcoming quantum devices and examining the outcome of future quantum exper-
iments that access the high-complexity regime of quantum mechanics. This thesis brings tools
from statistical learning theory and combines them with new structural results about quantum
many-body systems to develop such provably efficient algorithms.

A statistical theory of testing entanglement. Entanglement is a crucial resource for quantum
computing and quantum information processing, and its study has shed light on various phases of
matter and quantum many-body phenomena. Starting with the widely-known Bell test, different
schemes have been considered for testing the amount of entanglement in a quantum state with
applications ranging from benchmarking quantum devices to quantum cryptography. Here, we
study this question from the statistical viewpoint. We devise an algorithm that when provided with
multiple copies of a quantum state, correctly decides with high probability whether the amount of
entanglement in that state is bounded by a certain value or not. Our main objective in Chapter 2
is to determine:

What is the fewest number of copies of a many-body quantum state needed
for reliably testing the amount of entanglement it possesses?

In order to measure the amount of entanglement in a quantum state, we use matriz product states.
A quantum state comprised of n qudits is said to be a matrix product state of bond dimension r

20



if the reduced density matrix 11 has rank r for each k € {1,...,n}. We denote the family of
such states with MPS(r). The bond dimension r limits the amount of entanglement in the state:
Matrix product states with » = 1 correspond to the set of product states with no entanglement, and
as r grows, MPS(r) includes more quantum states. Matrix product states of small bond dimension
are known to well approximate some physically-relevant quantum states such as those related to
interacting quantum systems with a 1D geometry.

Using matrix product states as a way to quantify many-body entanglement, our entanglement
tester checks if a quantum state is in MPS(r) or if it is far from states in MPS(r). In the case of
r =1, i.e. testing if a state is a product state, our results give a simple and improved analysis of
“the product test,” previously studied by [HM13]. Besides its relevance in the statistical analysis
of quantum data, the product testing is known to be related to the computational hardness of
various problems both in and out of quantum information theory related to entanglement and
tensor optimization. For the case of r > 2, we give an efficient algorithm for testing whether [¢)
is an MPS of bond dimension r using m = O(nr?) copies, independent of the dimensions of the
qudits, and we show that Q(nl/ 2) copies are necessary for this task. This chapter is based on:

[SW22] Mehdi Soleimanifar and John Wright. Testing matrix product states. In Proceedings of the
2022 Annual ACM-SIAM Symposium on Discrete Algorithms (SODA), pages 16791701, 2022.

Testing bipartite states and structure of ground states entanglement. As mentioned in
Section 1.7, the ground state of gapped local Hamiltonians inherits the locality of the Hamiltonian. A
long-known manifestation of locality in these states is the decay of correlations; That is, correlations
between two subsystems decay exponentially in their distance which is measured according to the
geometry induced by the Hamiltonian. Another intriguing yet much more challenging problem
has been to uncover local features that bipartite entanglement exhibits in the ground state of
such systems. This problem has been the focus of many previous studies resulting in a number
of prominent conjectures, in particular, the entanglement entropy “area law” which states that
the entropy of a region grows proportional to the size of its boundary. Previous works have also
investigated the information available in the ground-state entanglement beyond what can be inferred
from entanglement entropy, predicting that the entanglement spectrum can be described in terms
of the spectrum of a boundary (modular) Hamiltonian in one fewer dimension. These conjectures
have yet to be rigorously established for general geometries. For instance, the entanglement entropy
area law is proven for 1-D systems, for 2-D systems subject to an additional assumption (being
“frustration-free”), and is known to fail for general geometries. In Chapter 3 we ask:

What are the features of the ground-state entanglement in gapped local Hamiltonians
that provably hold for arbitrary geometries?

Our work addresses this question by connecting it to a seemingly unrelated topic: the communi-
cation complexity of testing bipartite entangled states. To explain this connection, suppose Alice
and Bob want to test if a bipartite state shared between them is a target state |1)) 4p or not. The
communication complexity of this protocol (i.e. the minimum number of qubits the parties need to
exchange) can be shown to be related to a feature of the target state |¢)) 4p known as “entanglement
spread.” This quantum information quantity measures the difference between the Rényi entangle-
ment entropies and in a sense is a measure of how far a state is from both maximally entangled and
product states. We then develop a new communication protocol for the case that the target state
|t)) ap is the unique ground state of a gapped local Hamiltonian. By analyzing the communication
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complexity of this protocol, we establish an area law for entanglement spread. This result is not
restricted to low-dimensional lattices and holds for any gapped local Hamiltonian with a general
geometry. For the special case of lattices, we improve our bound on the entanglement spread to
a sub-area law scaling. We also show how this feature has interesting algorithmic implications
and connects to other conjectures regarding the locality of modular Hamiltonians. This chapter is
based on:

[AHS20] Anurag Anshu, Aram W Harrow, and Mehdi Soleimanifar. From communication com-
plexity to an entanglement spread area law in the ground state of gapped local Hamiltonians.
To appear in Nature Physics. Preprint available at arXiv:2004.15009, 2020.

Learning quantum interactions. The interactions among particles in a quantum system are
described by the Hamiltonian. Learning the Hamiltonian from measurement data is an impor-
tant task in experiments that probe quantum many-body physics and the verification of quantum
technologies. The main question we study in Chapter 4 is:

How can we devise a quantum Hamiltonian learning algorithm
with efficient performance guarantees?

The classical analog of this problem, known as learning Boltzmann machines, is a well-studied prob-
lem in machine learning which admits efficient algorithms and corresponds to learning the Hamil-
tonian of the classical Ising model and its generalizations. For the case of quantum interactions,
although there have been various proposals for learning quantum Hamiltonians, their performance
either has not been rigorously analyzed or they require a number of measurements that scales ex-
ponentially with the number of particles. This lack of efficient algorithms for quantum Hamiltonian
learning is not a mere technicality and points to a fundamental distinction between quantum and
classical interactions: At finite temperatures, quantum systems can violate the Markov property, a
feature that allows for machine learning techniques to be successfully applied to inferring classical
systems such as Ising models. We introduce several new ideas to obtain an unconditional result that
avoids relying on the Markov property of quantum systems. The key to our findings is proving that
the absolute value of the finite-temperature free energy of quantum many-body systems is strongly
convex with respect to the interaction coefficients. Using this, we prove that only a polynomial
number of simple local measurements on the thermal state of a quantum system are necessary and
sufficient for accurately learning its Hamiltonian. This chapter is based on:

[AAKS21] Anurag Anshu, Srinivasan Arunachalam, Tomotaka Kuwahara, and Mehdi Soleimanifar.
Sample-efficient learning of interacting quantum systems. Nature Physics, 17(8):931-935,
2021. Also in Proceedings of IEEE 61st Annual Symposium on Foundations of Computer
Science (FOCS), pages 685-691, 2020.

1.8.2 Simulating quantum many-body systems

The exponential complexity of quantum many-body systems limits our ability to simulate their
properties from first principles of quantum mechanics. One way to sidestep this difficulty is to
intelligently exploit the special features that certain families of quantum systems exhibit. An integral
part of this thesis is finding such properties. Chapter 5 studies the roles of entanglement and thermal
phase transitions in the computational hardness of simulating quantum systems. In Chapter 6, we
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investigate the extent to which quantum computers can be useful for simulating the low-temperature
properties of quantum many-body systems.

Thermal phase transition and computational complexity. As the temperature of quantum
many-body systems is lowered, we see a transition in the computational hardness of estimating their
thermal properties, changing from trivial at infinite temperatures to computationally intractable at
very low temperatures. But we also know that lowering the temperature causes the phase of the
system to undergo a sharp transition at a critical temperature. There are two seemingly different
characterizations for the high-temperature phase residing above this critical point. One is that
the correlations between two observables decay exponentially with their distance. The other is the
analyticity of the free energy of the system, equivalently given by the absence of complex zeros of
the partition function near real temperatures. In Chapter 5 we study:

How are the different characterizations of the thermal phase transition related
to the computational complexity of estimating the finite-temperature properties?

We show that the thermal transition in the phase of a quantum many-body system can be accom-
panied by a transition in the computational hardness of approximating its properties. More precisely,
we show that at temperatures above the thermal phase transition point, there is a (quasi)polynomial-
time algorithm for estimating quantum partition functions. The same problem is known to be com-
putationally intractable (NP-hard) in the worst case below the phase transition point. We establish
this result using the characterization of thermal phase transitions in terms of the complex zeros of
the partition function. This allows us to estimate the free energy using convergent Taylor expansions
which can be efficiently computed, resulting in our algorithm. Building on [DS85], we also study the
connection between the complex zeros of quantum partition functions and the exponential decay
of correlations in quantum systems. We prove that at temperatures above the phase transition
point, where the complex zeros of the partition function are far from the real temperature axis,
the correlations between two observables with sufficiently large distance decay exponentially. This
chapter is based on:

[HMS20] Aram W. Harrow, Saeed Mehraban, and Mehdi Soleimanifar. Classical algorithms, cor-
relation decay, and complex zeros of partition functions of quantum many-body systems. In
Proceedings of the 52nd Annual ACM SIGACT Symposium on Theory of Computing (STOC),
pages 378-386, 2020.

Power of near-term quantum computers. While it is known that quantum computers can
efficiently simulate the dynamics of quantum many-body systems, the extent to which they are
useful for simulating the equilibrium (or static) properties, especially at very low temperatures, is
not well understood. Many of the known classical techniques for this purpose—most famously, those
based on mean-field approximations—only produce product (unentangled) states. Given that the
ground state of quantum systems may be highly entangled, it is natural to ask what advantage can
quantum computers provide for estimating the low-temperature properties of quantum systems. Due
to the fragile nature of quantum computers, their applications in the near future will be restricted to
algorithms that can be run on small quantum computers with low-depth (shallow) circuits. Hence,
we ask:

How much tmprovement can low-depth quantum circuits provide
over methods based on product states in quantum simulations?
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We prove that shallow quantum circuits can providing an extensive improvement in estimating
the ground state energy upon product state approximations. More formally, we consider bounded-
degree local Hamiltonians H involving m local terms where each qubit participates in at most d
interactions. Given any product state |v) with mean energy ey = (v|H|v) and energy variance
Var, (H) = (v|(H — eg)?|v), we design a low-depth quantum circuit that when acted on |v) improves
its energy by an amount at least proportional to Var,(H)?/(d?m). For typical product states |v)
this translates into an extensive energy improvement proportional to n, the number of qubits. This
chapter is based on:

[AGMKS21] Anurag Anshu, David Gosset, Karen J. Morenz Korol, and Mehdi Soleimanifar. Tm-
proved approximation algorithms for bounded-degree local Hamiltonians. Phys. Rev. Lett.,
127:250502, Dec 2021

Funding Acknowledgment: The upcoming chapters of this thesis were supported by NSF Grant
CCF-1729369.
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Chapter 2

Testing matrix product states

Chapter summary: Matrix product states (MPS) are a class of physically-relevant quantum
states which arise in the study of quantum many-body systems. A quantum state |11 ,) €
Ch @ ... @ Co comprised of n qudits is said to be an MPS of bond dimension r if the reduced
density matrix ¢; _; has rank r for each £ € {1,...,n}. When r = 1, this corresponds to the
set of product states, i.e. states of the form |¢1) ® - -+ ® |1,,), which possess no entanglement. For
larger values of r, this yields a more expressive class of quantum states, which are allowed to possess
limited amounts of entanglement.

Devising schemes for testing the amount of entanglement in quantum systems has played a
crucial role in quantum computing and information theory. In this chapter, we study the problem
of testing whether an unknown state |¢)) is an MPS in the property testing model. In this model,
one is given m identical copies of |¢), and the goal is to determine whether |¢) is an MPS of bond
dimension r or whether |¢) is far from all such states. For the case of product states, we study the
product test, a simple two-copy test previously analyzed by Harrow and Montanaro [HM13], and a
key ingredient in their proof that QMA(2) = QMA(k) for £ > 2. We give a new and simpler analysis
of the product test which achieves an optimal bound for a wide range of parameters, answering
open problems in [HM13] and [MdW13]. For the case of r > 2, we give an efficient algorithm for
testing whether |¢) is an MPS of bond dimension r using m = O(nr?) copies, independent of the
dimensions of the qudits, and we show that Q(nl/ 2) copies are necessary for this task. This lower
bound shows that a dependence on the number of qudits n is necessary, in sharp contrast to the
case of product states where a constant number of copies suffices. This chapter is based on:

[SW22] Mehdi Soleimanifar and John Wright. Testing matrix product states. In Proceedings of the
2022 Annual ACM-SIAM Symposium on Discrete Algorithms (SODA), pages 16791701, 2022.

2.1 Introduction

This chapter is about matrix product states (MPS).

Definition 1 (Matrix product states). A quantum state [¢) € C1 ®@---@C%™ consisting of n qudits
is a matrix product state with bond dimension r if it can be written as

[P1,..n) = Z tr[AZ(.ll) . A(")} iy -,

in
ilE[dlL---vi’nE[dn]
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Visanrxr complex matriz, for i € [n] and j € [d;]. We write MPS,,(r) for
the set of such states, or more simply MPS(r) when the dependency on n is clear from the context.

where each matrix AQ

The parameter r controls the amount of entanglement [¢) is allowed to possess, and as it
increases, the set of MPS grows larger and more expressive. On one extreme, when r = 1 this
corresponds to the set of product states, i.e. state of the form [¢1) ® -+ ® |t¢,,), which possess
no entanglement between different qudits. On the other extreme, every state [¢), even a highly
entangled one, is an MPS of bond dimension » = djy ---d,. Between these two extremes, MPS
allow for nonzero though still limited entanglement, which grows with r. This can be seen more
readily in the following alternative characterization of MPS, which states that [¢; . ,) is an MPS
of bond dimension r if and only if 91 has rank r for each 1 <k <n, where 91 1 is the reduced
density matrix on the first k qudits. Here, we say that a Hermitian matrix has rank r if it has at
most r nonzero eigenvalues. This implies, for example, that the entanglement entropy between the
first k£ and the last n — k qudits is always at most log(r), for each k. We will prefer this alternative
characterization in this chapter.

MPS feature prominently in the study of quantum many-body physics, with a particular empha-
sis on one-dimensional quantum systems. In a typical one-dimensional quantum system, n qudits
are arranged on a line, and their interactions are governed by a local Hamiltonian H which only
contains local terms between neighboring qudits, i.e. terms of the form H; ;1. The one-dimensional
area law of Hastings [Has07al, as well as further refinements in [ALV12, AKLV13, LVV15], implies
that if H is a gapped Hamiltonian, then its ground state |11 ), is well-approximated by an MPS
of “small” bond dimension. One-dimensional quantum systems are an important class of physically-
motivated systems, and this characterization in terms of MPS means they are tractable to analyze
with computers. For example, [ALVV17]| have developed rigorous algorithms for approximating
the ground state of a one-dimensional gapped Hamiltonian. And [CPF"10] have suggested using
MPS tomography to efficiently learn the state of a one-dimensional system using a small number of
copies, motivated by the fact that an MPS only has (dy +- - - +d,,)r? parameters to “learn”, exponen-
tially fewer than the d; - - - d,, parameters of a general quantum state. The classical tractability of
matrix product states has also resulted in their widespread application as a computational method
in the classical simulation of quantum circuits, both in one and higher dimensions. This includes
the simulation of shallow quantum circuits [NLPD 19, BGM21, CC22], slightly entangled quantum
circuits [Vid03], and noisy quantum circuits [ZSW20.

In this chapter, we study the problem of “testing” whether an unknown state [¢) is an MPS.
We will study this in the model of property testing. In this model, an algorithm is given access to
multiple copies of |1) which it is allowed to measure; its goal is to determine if |¢) is an MPS using
as few copies as possible. This problem has been previously studied for the r = 1 case of product
states by Harrow and Montanaro [HM13], and studying the case of general r was suggested as an
open direction by Montanaro and de Wolf [MdW13|. To define this model, we begin by formally
defining what it means for a state to be “far” from being an MPS.

Definition 2 (Distance to MPS(7)). Given n > 1 and a state |1)) € C1 @ --- ® C¥™, the distance
of |¢) to the set MPS(r) is defined as

Dist, (1)) = = min Dul,¢)= min 1-[Wlg)P,

|pyEMPS(r @YEMPS(

where Dy (-, -) denotes the standard trace distance, and ¥ and ¢ denote the mized states correspond-
ing to |Y) and |p), respectively. Sometimes we will prefer to work with the mazimum squared overlap
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of |¢) with MPS(r), defined as

Overlap, () = max - (] )[>.

When referring to the distance, we will typically use the variable name 6 = Dist,(|v))), and when
referring to the overlap, we will typically use w = Overlap,.(|1))) or, alternatively, 1 — e = w. Note

that
d=vV1—w=+e
Now we define the problem we consider, that of property testing MPS.

Definition 3 (MPS(r) tester). An algorithm A is a property tester for MPS(r) using m = m(n, r, )
copies if, given § > 0 and m copies of [1)) € C" @ --- @ C™, it acts as follows.

o (Completeness): If [y € MPS(r), then
Pr[A accepts given [¢)®™] > 2.

If instead it accepts with probability exactly 1 in this case, we say that it has perfect complete-
ness.

o (Soundness): If Dist,(|1))) > 0, then

Pr[A accepts given [¢)®™] < 1.

All property testers considered in this chapter have perfect completeness, whereas our lower bounds
will apply to property testers even with imperfect completeness.

Previous works have considered testing a variety of properties of quantum states. Perhaps
the most relevant is that of O’Donnell and Wright [OW15], which considered testing properties
of a mixed state p’s spectrum, such as testing whether its rank is at most r—we will revisit this
later. Another relevant work is that of Harrow, Montanaro, and Lin [HLM17]|, which considers the
problem of testing whether |11 ,) is a product state across some cut, meaning there exists an
S C{1,...,n} such that [¢1 ) = [1s) ®|ig). If not, they say that [¢)1 ) possesses “genuine n-
partite entanglement”. (In contrast, in r = 1 case of product testing, we want to verify that |1 )
is a product state across every cut S.) They give a tester for this problem which uses m = O(n/e?)
copies of the state. For more on quantum property testing, see the survey of Montanaro and de
Wolf [MdW13].

More broadly, testing and characterizing the entanglement of quantum systems has been an
important theme running throughout quantum computation, even outside the model of property
testing. This includes the study of nonlocal games, where the CHSH game [CHSHG69| allows one
to verify that two parties share an EPR state, with applications in delegation of quantum compu-
tation [Mahl18, CGJV19, RUV13|, device-independent quantum cryptography [VV19], and inter-
active proof systems [JNVT20]. Moreover, the communication complexity of two-party protocols
for testing shared entangled states, including EPR states, has been used to reveal the properties of
entanglement in ground states of local Hamiltonians [AHL 14, AHS20].

We emphasize that we are specifically considering property testing of pure states. In particular,
we assume that the state the algorithm A is given m copies of is pure, not mixed. There are,
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however, problems related to ours in the property testing of mixed states, although we do not cover
these in this chapter. One example is the question of testing whether a mized state pap on two
d-dimensional subsystems is separable (i.e. not entangled), which is both fascinating and still very
much open. The best known algorithm for this problem is the trivial one: simply use O(d*) copies
to “learn” pap and classically compute whether it is entangled. On the other hand, the best known
lower bound is ©(d?). Another example is the problem of testing whether pap is a tensor product,
i.e. whether pap = pa ® pp. For this problem, we do know the optimal bound: ©(d?) copies, given
by the algorithm of [Yu21]. One convenience of pure states is that these two problems coincide for
this case, since a pure state is a product state if and only if it is unentangled. For mixed states,
this is not true.

While in this chapter, we focus primarily on MPS. We note that these states are a special example
of the more general class of tensor network states. Devising learning and testing algorithms for these
states is an interesting future direction to explore.

2.1.1 The product test

We begin with the simplest case of MPS testing, when the bond dimension » = 1, which corresponds
to testing whether [¢) € Ch ®...®@ C% is a product state. We study a simple two-copy property
tester for this problem known as the product test which was introduced by Mintert, Kus, and
Buchleitner [MKBO05| and later studied by Harrow and Montanaro [HM13]. The product test is
itself built out of a simpler subroutine known as the SWAP test due to Buhrman, Cleve, Watrous,
and de Wolf [BCWAWO1], which measures the similarity between two qudit states |a), |b) € C%.

Definition 4 (The SWAP test). Given two qudit states |a),|b) € C¢, the SWAP test applies the two-
outcome projective measurement {Iswap, 1 —Hswap} to |a) ® |b), where ligwap = (1 + SWAP) /2.
Here, SWAP is the two-qudit swap operator, defined as

SWAP|i) @ |5) = |j) ® [i)

for alli,j € [d]. The test accepts if it observes the first outcome, and it rejects otherwise.

It can be checked that the SWAP test succeeds with probability  + 1[(a|b)|?>. In particular,
it succeeds with probability 1 if and only if, modulo a phase factor, |a) = |b). Having defined the
SWAP test, we can now define the product test.

Definition 5 (The product test). Given two copies of a state |¢p) € CT @ --- @ C%, the product
test performs the SWAP test on the i-th qudit in each copy of |¢), simultaneously over all i € [n],
and accepts if they all accept. Equivalently, it performs the two-outcome projective measurement
{IIprod, T — Ipyoa}, where Iprog = Hg\?vAP' and the i-th gwap applies to the i-th qudits in both
copies of [1). We include an illustration of the product test in Figure 2-1a.

In the case when [¢) is a product state, i.e. [¢)) = [11) ® -+ ®@ |[¢hy,), the product test passes with
probability 1, because for each i € [n] the i-th SWAP test is applied to [1;) ® |1;), and so it always
succeeds. This property of always accepting product states is known as perfect completeness. In
fact, Harrow and Montanaro [HM13, Section 5| show that the product test is the optimal two-copy
test for product states with perfect completeness, in the sense that any other two-copy test with
perfect completeness will reject any non-product state |1)) with at most the probability the product
test rejects it.

We are interested in the maximum probability a state passes the product test, defined as follows.
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Figure taken from [HM13]. multiple copies of |1)).
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Figure 2-1: The product tester and the MPS tester.

Definition 6. Letn > 1 andw € [0,1]. Given a state [1p) € Ch @---@C¥ we define PT,(|¢))) to be
the probability the product test succeeds on |¢). In addition, we define PT,(w) to be the supremum
of PTy(|¢)) over all n-partite states |1p) such that Overlap,(|¢)) = w.

The main result of Harrow and Montanaro [HM13] is the following upper-bound on PT,,(w). It
will be more convenient to parameterize their result by e, where 1 — € = w.

Theorem 7 ([HM13, Theorem 1]). For alln >1 and 0 <€ < 1,

PT,(1 —¢) Smin{1—6+62—|—63/2,1_%6 '

Equivalently, we may write

l—e+e2+62 ife<e
PT,(1—¢) < -
n 6)_{ 1*%6 if € > €,

where €y = %(757 —164/1258) ~ 0.37. We include a plot of this upper-bound in Figure 2-2.

The most important regime of parameters is when € is a constant, in which case this result states
that the product test rejects with constant probability. This implies that two copies are sufficient
to test if [¢) is constantly far from being product. Theorem 7 is a key ingredient in Harrow and
Montanaro’s proof that QMA(2) = QMA(k) for k > 2 [HM13]. Here, QMA(k) refers to Quantum
Merlin Arthur with multiple certificates, the complexity class which contains all problems solvable
by a quantum polynomial-time verifier with the help of £ unentangled proofs. Their result shows
that a verifier can use two unentangled copies of a proof [¢)) to simulate & unentangled proofs by
running the product test to enforce that it is of the form 1) ® - -+ ® |¢x). As further applications
of Theorem 7, they are able to derive hardness results for numerous (19, in fact!) problems both
in and out of quantum information theory related to entanglement, tensor optimization, and other
topics. For example, one of their applications is to the problem of detecting separability, in which
the goal is to compute whether a mixed state p on two subsystems of dimension d (described
by a d? x d* complex matrix) is separable or entangled. They show that there exists a constant
0 > 0 such that if K is a convex set in which every element has trace distance § to a separable
state, then there is no polynomial time algorithm for computing whether p € K unless 3-SAT €
DTIME(exp(v/nlog®M(n))). See [HM13, Section 4.2] for further details and descriptions of the 18
other applications.
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Our first result is a new and simpler analysis of the product test which yields an improved
bound. We show the following.

Theorem 8 (Product test upper-bound). For alln > 1,

9 . 1
we —w + 1 wa > 5
PT,(w) < i
n(w) < { tw?+ 2 otherwise.

We include a plot of this upper-bound in Figure 2-2.
To compare this with Theorem 7, if we set 1 — ¢ = w then we can rewrite this bound as

l—e+e? ife<t
o< =2
PTa(l =€) < { 1—2¢+1e® otherwise.
This improves upon Theorem 7 for all choices of € > 0, i.e. all w < 1, which answers open problem
no. 2 from [HM13| and question no. 5 from [MdW13]. In addition, the bound we achieve when
w > % is optimal, as the following well-known example shows (cf. [HM13, Page 31]).

Proposition 9 (Product test lower-bound). For n = 2 and w > 3, consider the state |1) =

Vw|11) + /1 — w|22). Then Overlap; (|¢))) = w and
PTy(|9) = w? —w+ 1.

In addition, for n > 2, consider 1) ® |¢), where |¢) is any product state in CB @ --- @ C¥™. Then
this has the same overlap and probability of success as [1)).

The proof of Proposition 9 is standard and we include it in Section 2.2.2. Combining Theorem 8
and Proposition 9 allows us to exactly compute PT(w) for w > 1.

Corollary 10 (Product test, tight bound). For alln >2 andw > %, PT,(w) = w? —w + 1.

This settles the performance of the product test when w > % The regime of w < % remains

open, however. As [HM13] points out, this regime “is generally somewhat mysterious”, and getting a

better understanding of this case is part of open problem no. 2 in their work. One possible starting

point is to understand the behavior of PT,,(w) as w — 0. For example, as [HM13]| show on page 32,
1

the d-dimensional maximally entangled state |¢)) = 7 Z?Zl |iz) has

w=1/d and PTs(|¢)) = 3(1+1).

This suggests the following question: does PT,(w) — % as w — 07

Our proof of Theorem 8 is a simple inductive argument. Decomposing the product test mea-
surement as Ilp;oq = (1 ® H?VT{,Z%)) - (Ilgwap ® 1), we can view it as first performing the SWAP test
on the first qudit register of |¢)) and then, if it succeeds, performing the (n — 1)-qudit product test
on the remaining qudit registers. Supposing that [¢) is far from being a product state, either the
first qudit of |¢) is highly entangled with the remaining qudits, or the other qudits are far from
being a product state (even conditioned on the first SWAP test succeeding). In the first case, the
SWAP test rejects with good probability, and in the second case, the (n — 1)-qubit products test

rejects with good probability, by induction. Balancing between these two cases gives our bound.
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bounds on PT(w)

2/3

0 18 1}4 1}2 1

value of w
Figure 2-2: Upper bounds on PT(w) as a function of w =1 —e.

o The red line is the function %wQ + % and the magenta line is the function w? — w 4 1. The
thick line is the minimum of the two. This is the upper bound we prove.

o The blue line is the function 1 — € + €2 + €3/2 and the cyan line is the function 1 — 51T126.

The thick line is the minimum of the two. This is the upper bound of Harrow and
Montanaro [HM13].

The proof of the bound PT),,(w) < %wQ —i—% is especially simple and fits in a page. Though weaker
than our general bound when w > %, this bound is still sufficient to recover all the applications of
the product test in [HM13], including the proof that QMA(2) = QMA(k) for k > 2. We include it as
a separate argument in Section 2.2.1. The proof of the general bound from Theorem 8 is contained
in Section 2.2.2.

So far we have considered the case of product testing where the number of copies m is exactly
two, but the property testing model requires us to take m sufficiently large to detect non-product
states with constant probability. For even m, a simple strategy is to run m/2 parallel copies of
the product test and reject if any of them rejects. If Overlap;(|1))) = 1 — ¢, then this will accept
with probability at most (1 — %e + %62)’“/ 2. Making this probability smaller than % as required by
Definition 3 entails setting m = O(1/¢). Using the distance 6 = /€, this can be stated as follows.

Proposition 11 (Copy complexity of testing product states). Following the language of Defini-
tion 3, testing whether a state [1) € CL®---@C™ is a product state can be done usingm = O(1/6%)
copies and with prefect completeness.

This is optimal, as €(1/6%) copies are always required to distinguish between two states which

are J-far from each other in trace distance. We note that the same copy complexity follows from
Theorem 7, the bound given by Harrow and Montanaro [HM13].
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2.1.2 Testing matrix product states

Having already considered the case of MPS testing with bond dimension r = 1, we now consider
the case of bond dimension r > 1. To our knowledge, there is no prior work on this problem.

One idea for testing MPS is to use the general “test-by-learning” framework from property
testing. In our case, given a state 1), this entails performing MPS tomography on |¢) to learn an
MPS(r) approximation |¢) and then applying the SWAP test on [¢) and |¢). If |¢) is in MPS(r),
then |¢) will be a good approximation, and so the SWAP test will usually succeed, but if [¢) is
far from MPS(r), then |¢) will be a bad approximation, and so the SWAP test will usually fail.
Various algorithms for MPS tomography have been proposed in the literature, for example those
in the works [CPFT10, LMH"17]. One would expect that since states in MPS(r) can be described
using ndr? parameters, where d is the largest subsystem dimension, the optimal algorithm for
MPS(r) tomography should use O(ndr?/§2) copies, though this precise bound is not yet known to
our knowledge. We propose and analyze a more direct MPS testing algorithm that improves on this
“test-by-learning” method by a factor of O(d).

We begin by designing an algorithm for this problem which we call the MPS tester. The MPS
tester is motivated by the fact that |11 ,) is in MPS(r) if and only if 91 _j has rank r for each
1 < k < n. This relates the problem of MPS testing to the problem of rank testing, i.e. of testing
whether a mixed state p has rank r, which was previously considered in the work of O’Donnell and
Wright [OW15]. They designed an algorithm called the rank tester which can test whether p is
rank r using m = ©(r?/J) copies of p. When the r = 1 rank tester is run with m = 2 copies of p,
it is equivalent to the SWAP test, and for larger values of » and m it uses a generalization of the
SWAP measurement known as weak Schur sampling. It has perfect completeness, meaning that it
always accepts states of rank r, and in fact it is the optimal test for states of rank r with perfect
completeness, as shown in [OW15, Proposition 6.1].

With the rank tester in hand, we define the MPS tester to be the algorithm which simultaneously
performs a separate instance of the rank tester on vy ; for each 1 < k < n and accepts if each
instance of the rank tester accepts. We include an illustration of the MPS tester in Figure 2-1b. We
show that this test has perfect completeness, meaning that it accepts every state in MPS(r) with
probability 1, although we are not sure if it is the optimal algorithm with perfect completeness; we
view this as an interesting open direction. We show the following bound on its copy complexity.

Theorem 12 (Copy complexity of the MPS tester). Given m = O(nr?/6%) copies of a state
|9) € CM @ .- @ C, the MPS tester tests whether |¢) is in MPS(r) with perfect completeness.

To prove this result, we first show that if |¢)) is d-far from the set MPS(r), then there exists
1 < k < n such that ¢ is & = (6?/2n)-far from being rank-r. Then the probability that the
MPS tester accepts |¢)) is at most the probability that the rank tester accepts v, and this is
at most 1/3 given that we are using O(12/8') = O(nr?/62) copies of |1/). One minor technicality
that arises is checking that the MPS tester does indeed perform a valid measurement, which entails
showing that the rank testers for each v __; can all be simultaneously measured.

Remark 13 (Time complexity of the MPS tester). The m-copy rank tester of [OW15] can be
performed efficiently with a quantum circuit of size poly (m,log(d)) using the algorithm of [Kro19]
or [Har05, Page 160] that implements weak Schur sampling. Here d is the dimension of the state
p whose m copies p®™ are input to the rank tester. The MPS tester performs the rank tester on
m = nr? /6% copies of the reduced states Y1,k for 1 <k < n. The mazimum dimension of these
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reduced states is less than log(dy ...d,) < nlog(d) where d = max;cp,d;. Hence, the MPS tester
can be implemented with a quantum circuit of size poly (n,r,1/d,1og(d)).

We believe that the bound in Theorem 12 is not tight, and that an inductive argument similar
to our analysis of the product tester should be able to improve it. As an example, consider the
“bunny state”

[bn) = Z2=(1110++-0) + |011---0) + -+ +]0---011)).

n—1
We can show that this state, which is in MPS(3), has Overlap,(|b,)) < 2. But does the r = 2 MPS
tester detect this? The above analysis suggests we should find the reduced density matrix (b,)1,..;
which is farthest from being rank 2. It can be checked that (b,); and (b,)1,.. n—1 are both rank 2.
Otherwise, for ¢ € {2,...,n — 2}, the Schmidt decomposition of |b,) into subsystems {1,...,7} and
{i+1,...,n}is

[bn) = /=5 1bi) @10+ 0) + —=5[0-+-01) @ [10- -+ 0) + 4/ 25 ba—i) @ [0+ 0)

n—1 n—1

Hence, (b, )1,...; has eigenvalues il 1 n—izl a5 so it is distance —— from rank-2. As a result
’ yeeey n—1’ n—1’ n-—1 " n—1 )

the rank tester needs O(n) copies of (by)1,. i to detect this, and therefore the MPS tester needs
O(n) copies of |b,) if we use our above analysis. However, we have done a more careful analysis
of the bunny state in line with the inductive argument for the product test, and we can show that
the MPS tester only needs 3 copies of |b,) to detect that it is not in MPS(2). In particular, the
MPS tester rejects |b,)®3 with probability at least %. This means that the above analysis is too
pessimistic, at least for the bunny state.

Unfortunately, we were unable to carry this proof strategy out in general. One difficulty is that
we are not even sure what upper bound to conjecture for this problem. Originally, we had guessed
that the MPS tester only needed m = O(r?/§?) copies, or perhaps some other copy complexity
which is independent of n, but we now know this is false, due to the following lower bound.

Theorem 14 (MPS testing lower bound). For r > 2 and 6 < 1/v/2, testing whether a state
[) € Ch @ .- @ C, is in MPS(r) requires Q(n'/?/52) copies of |1).

Theorem 14 shows that a polynomial dependence on n, as in Theorem 12, is required, even for
the case of bond dimension r = 2. This in sharp contrast to the r = 1 case of product testing,
in which a constant number of copies suffice, independent of n. This leaves open the following
question: what is the optimal copy complexity for MPS(r) testing, for r > 27

The proof of the lower bound consists of two parts. We consider a quantum state |®,,) = |¢)®2
where |¢) € C?® C? for some d > 2r — 1 and Dist, (|p)) = Q(6/+/n). In the first step, we use
an inductive argument to prove that Dist, (|®,)) > J. In the second step, we consider the density
matrix corresponding to the ensemble of states obtained by applying random local unitaries to the
subsystems of |®,). Since all the states in this ensemble are d-far from MPS(r), a tester should
reject this density matrix with probability at least 2/3. We show that without sufficiently large
number of copies, no MPS(r) tester that accepts states in MPS(r) with probability > 2/3 can also
reject this density matrix with probability > 2/3.

We prove our MPS tester upper bound (Theorem 12) in Section 2.4 and our MPS testing lower
bound (Theorem 14) in Section 2.5.
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2.2 The product test

2.2.1 A simple analysis of the product test
We begin with a simple analysis of the product test which shows that it rejects with constant

probability if |¢)) is a constant distance from the set of product states. This is sufficient to show
QMA(2) = QMA(k) via the proof of [HM13].

Theorem 15 (Product test, simple bound). For alln > 1, PT,(w) < 1w? +

wIinN

Proof. By induction, the n = 1 case being trivial. For the inductive step, let us assume Theorem 15
holds for (n — 1)-partite states. Let [¢)) € C® ® --- ® C% be a state with Overlap(|i)) =

For shorthand we write d := d;. Note that the product test measurement can be written as
Hg\ngP = (]l ® H?&VA%D) - (IIgwap ® 1). We can therefore view the test as first applying Igwap to
the first subsystem, and, if it succeeds, then applying Hg@ﬁj (i.e. the product test) to the resulting
reduced state on the last n — 1 subsystems. The probability this succeeds we bound by induction.

We begin by taking the Schmidt decomposition of [¢) into subsystems {1} and {2,...,n}:

= VA1 la1) [by) + -+ v/ Aalaa) [ba)

where A\; > -+ > Ay, |a;) € C%, and |b;) € C2 ® .- @ C¥. As a result,

=3 Nila) 2 02+ > /AN (Jaiag) [biby) + |ajaq) [bib)) -

1€[d] 1<j

The result of applying the first projector to [¢)®? is therefore

Tgwap @ I - =3 N lan) P )2+ Y VAN ('ala] :}'aﬂa») <|bibj>:/r§|bjbi>>. (2.1)

i€[d] 1<j

We note that this vector’s two-norm, and hence the probability the test passes in the first step, is
pi=, )\12 + ZK]- AiAj. Conditioned on this, the mixed state of subsystems 2,...,n is

A2 1
b; ®2 with prob. 2t = —
|bi) p 7

This is by (2.1) and the fact that the |a;)®?’s and the (|a;a;) + |aja;))’s are orthogonal. We must
now bound the probability that the product test on n — 1 subsystems succeeds in each of these
cases. In the first case this is PT,,_1 (|b1)), and in the rest of the cases we will charitably bound the
probability by 1. This gives us:

(1b:bj) + [b;bi))

2 Aidj
Tn(‘w» SM' = PTn 1 ’bl "‘Z Z/\%-PTn_l (‘bﬂ)—i—Z)\?—i—Z)\z)\j

1>1 1<J i>1 1<j
(2.2)
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Writing ¢ = Overlap (|b1)), the inductive hypothesis gives us

To(9) < X2 <;¢ i §> P

i>1 1<J
= <z1>> (M) + g) -~ %Z(Al Z Aidj < Alcb) (2.3)
i>1 1<Z<j

where the last inequality follows because A\; > --- > A\;. Now, by definition of ¢, there exists a
product state [v) € C% ®---@C% such that ¢ = |(b1|v)|*. But then |a;) ®|v), also a product state,
has squared-inner-product Aj¢ With |¢) meaning A1¢ < Overlap(y)) = w, and so by (2.3) the test
succeeds with probability at most 3"‘) + 2 3 O

2.2.2 A tight analysis of the product test for w > %

Next, we sharpen our upper-bound from Theorem 15 in the w > 5 case.

1
2
Theorem 16 (Product test, sharpened bound; Theorem 8 restated). For alln > 1,

Ww-—w4+1l ifw> %
%wQ + % otherwise.

PT,(w) < {
We begin by showing that Theorem 16 is tight for w > % using a simple example from [HM13,
Page 31]).

Proposition 17 (Product test lower-bound; Proposition 9 restated). Forn =2 andw > 1, consider

the state 1) = y/w|11) + /1 — w|22). Then Overlap,(|¢))) = w and
PTy(|¢) =w? —w + 1.

In addition, for n > 2, consider [1)) ® |p), where |¢) is any product state in CB @ --- @ C¥. Then
this has the same overlap and probability of success as |1).

Proof. First, we show Overlap, (1)) = w. This is because if |a) = ‘Zfl;l a;|i) and |b) = Z?il i11),
[(W|ab)|? = |Vw - a181 + V1 —w - aaBal* < w - |a1f1]? + (1 — w) - |azfa)?.

This is maximized by taking a; = 81 = 1, in which case it equals w. Next, the probability of success
is PTo([¢) = ITIES A p %) ®2|12, and so we first compute T4 p|1) %

(]l + SWAP

®2
5 > (Vw|11) + V1 — w|22))®?

1+ SWAP#?
= <2> (W]I1)11) + Vw(1 —w)(]11)|22) + [22)[11)) + (1 — w)|22)]22))
\12>+]21>> <|12)—|—\21>)
=w[lDH1D) +vV/w(l—w)| ——— | @ | ———— | + (1 —w)|22)|22).
) + Ve —a) (P2 DY 1wtz
The squared length of this is w? + w(l — w) + (1 —w)? = w? — w + 1, and so this equals PTa(|1))).
The n > 2 case is an immediate consequence of the n = 2 case. O
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Now we prove Theorem 16.

Proof of Theorem 16. By induction, where again the n = 1 case is trivial. For the inductive step,
let fo(w) = sw?+ 2 and Iy = [0,4]. Let fi(w) =w? —w+ 1 and I; = [3,1]. The upper bound on
PT(w) we are trying to show is

| folw) ifwe Iy,
UB(“>_{ hiw) fwel,

Note that UB(w) is a non-decreasing function of w, and that UB(w) = min{ fo(w), fi(w)} because
folw) < fi(w) for w € Iy and fi(w) < fo(w) for w € I;. Recalling the proof of Theorem 15, we
showed in (2.2) that

PTy(j9)) < AT-PTaoy (b)) + AT+ Ay,
i>1 i<j

Write ¢ = Overlap (|b1)), and suppose that ¢ € I,, for a € {0,1}. Then the inductive hypothesis
gives us

PTo([)) < AP+ fal@) + DN+ D Nidy. (24)

i>1 1<J

Recall also that A\j¢ < Overlap (|¢)) = w, and suppose that \¢ € I, for § € {0,1}. Our goal will
be to show the inequality (2.4) < fg(A1¢). Then because A1¢ € Ig we have fg(A1¢) = UB(A\19),
and because \1¢ < w and UB(+) is a nondecreasing function, we have UB(A1¢) < UB(w), completing
the inductive step. Note that we only have to show (2.4) < fz(A1¢) in the case that § < «a, as
Ao < ¢, so we will never have 8 > «. In particular, we need not consider the case « = 0,5 = 1.

Case 1: a« =1, = 1. This case can be shown as follows.

AN+ Y A+ D NN

i>1 1<j
=X (¢* -9+ 1)+Z)‘z2+z)\i)\j
i>1 i<j
= (M) = Mo +1) =1+ (1= M)d+ Y AT+ M)
i i<j
< f1(>\1¢>)—1+A1(1—A1)+ZA?+ZAiAj (because ¢ < 1)
i i<j
=fA(0) =1+ D M+ D AT+ DA
1<j ) 1<J
< Ag) =1+ A +2) A
i i<j
2
= Ag) =1+ (D)
= fi(\io). (because A\ +---+ Ny =1)
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This completes the proof.

Case 2: o« =1, = 0. This case can be shown as follows.

AT fi@) + ) AT+ NN

i>1 1<j
=M@=+ D)+ D NI NN
i>1 1<J
= (3002 +2) =24 MEP -0+ H+HIATHD N+ NN
i>1 i<j
< fo(Mo) — +2>\2+Z)\2+Z)\)\ (because § < ¢ < 1)
i>1 1<j
< fo(Mo) — 3 242 Z/\Q Z/\l)\j + Zx\i)\j (because \; < Ap)
1<j i<j
< foho) — 5 +3 ZAQ 23 AN
1<J
= fo(\o) — 5+ 3 (Z)\)
= fo(M9). (because A\j + -+ A\g = 1)

This completes the proof.

Case 8: a« =0, = 0. In this case, we aim to show that

AT fol@) DX+ Ak < fo(Mo).

i>1 1<J

This was already shown in Equation (2.3) in the proof of Theorem 15 for all ¢ and A;. This concludes
case 3 and the proof of the theorem. O
2.3 Preliminaries for MPS testing

2.3.1 Low rank approximation to MPS

Lemma 18 (Young-Eckart Theorem [EY36]). Consider a bipartite state |¢p) € CH @ C% with
d1 Z dg, and let

da
= > VAilai)|bi)
=1

be its Schmidt decomposition, where A1 > --- > Ag,. Then the mazimum overlap of |1) with a state
in MPS(r) is Overlap,. (|¢)) = >"7_1 \i, and it is achieved by the state

a;)|b;).
9) = Z” Z\f! )[bi)
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While Lemma 18 gives the closest MPS(r) approximation to a bipartite state, a general lower
bound on the overlap between an n-partite state and MPS(r) can be also derived. This is stated in
the following lemma.

Lemma 19 (Low-rank Approximation, Lemma 1 of [VCO06]). Consider an n-partite state |¢) €
Ch ®---@Co™. Foreachi € {1,...,n — 1}, write the Schmidt decomposition of 1) across the
subsystems {1,...,i} and {i +1,...,n} as

where D; = min{d; - - - d;, djy1---dp} and )\gi) >0 > )\(Di)i. Then there exists a state |p) € MPS(r)
with (unsquared) overlap

2.3.2 Representation theory and weak Schur sampling

A common scenario involves having i.i.d. copies of a state p, which in this chapter could be the
state |1j}1n> or one of its marginals. These copies are invariant under permutation. The spectrum
of the state p, including its rank, is also invariant under the action of any unitary operator U that
maps p to UpU'. In this section, we study these symmetries and discuss how we can exploit them
in the analysis of our MPS tester. The content of this section is already covered in detail in previous
works (see [Wril6, Section 2.5|, [Har05, Section 5.3|, or [CHWO07, Section 2| for example). Here we
briefly review these topics.

Definition 20 (Partitions). A partition of m, denoted by u = m, is a list of nonnegative integers
w=(u1, o, ..., k) that satisfy p1 > po > -+ > uk and p+po+- - -+ pi = m. We call the number
of nonzero elements p; in p the length of the partition and denote it by £(u).

The group of all permutations of {1, ..., m} is known as the symmetric group, and we denote it by
S;». In addition, we denote the group of d x d unitary operators by Ug. Two natural representations
of the groups S,,, and Uy over the space (C4)®™ are given as follows.

P(m) |a1) ® laz) @ ... @ |am) = |az-101)) @ |az-1(2)) @ ... @ |az-1(m)),
Q(U) la1) ®lag) ® ... ® |am) = (Ula1)) @ (Ulaz)) @...® (Ulam)),

where {®", |a;)} with a; € [d] is a basis for (CY)®™ and 7 € S, U € Uz The irreducible
representations (irreps) of the symmetric group, denoted P, are indexed by partitions p = m.
Similarly, the polynomial irreps of the unitary group, denoted QZ, are indexed by partitions p with
¢(p) < d. The dimension of the symmetric group irrep P, is denoted dim(u), and its corresponding
character x, is given by x,(m) = tr[P(n)].

The representations P(7) and Q(U) commute, meaning that P(m)Q(U) = Q(U)P(w). Hence,
we can consider P(m)Q(U) as a representation of the direct product group S,, x Ug. Schur-Weyl
duality, stated as follows, establishes a strong connection between these representations.
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Theorem 21 (Schur-Weyl duality). The space (CH)®™ decomposes as

S xU
PO =" P Pl
uFm
L(pn)<d

In other words, there exist a unitary Uschar € Ugm such that for all m € Sy, and U € Uy,

UsaneP(1) Q) U = S |l @ Pa(m) © QD). (2.5)
o

The unitary operator Ugchyr transforms the standard basis into a basis that called the Schur
basis and label by |1)]q,)|pu). In this basis,

QU) - g p) = 1) (Q(U)qu))|pp)
P(m) - )l ap) [pp) = 1) au) (Pu(m)lpu)-

Because QZ is a polynomial irrep, it is well-defined for any d x d matrix. For example, when applied
to invertible matrices it gives the p-irrep of the general linear group GL;. We can also apply it to
(possibly) non-invertible matrices, like the state p. In this case, if we set m = e in (2.5), where e is
the identity permutation, we see that the operator Q(p) = p®™ is block-diagonalized in the Schur
basis.

Corollary 22. Given a d x d density operator p,

USchurp®mUSchur = Z ‘:U’> </J'| ® ]ldim(,u) ® Qﬁ(p) (26)

pukm
L(u)<d

The equality (2.6) shows that there is a unitary Ugenyy independent of the state p which puts this
state in the block-diagonal form. We can therefore interpret the density matrix Uschurp®™ Uschur
as corresponding to a mixed state with one element in the mixture for each block u. In this case,
measuring the block p can be done without loss of generality, as it does not perturb the state. This
gives rise to the following measurement.

Definition 23 (Weak Schur sampling). Weak Schur sampling (WSS) refers to the projective mea-
surement {11} yi-m e(u)<d i which 1L, projects onto the subspace specified by the partition p in the
Schur basis.

The distribution of u measured by WSS only depends on the spectrum of the state p. In fact,
if one is only interested learning some property of p’s spectrum, it can be shown that WSS is the
optimal measurement, and that further measuring within the p-irrep (e.g. measuring Qﬁ(p)) yields
no additional information about p’s spectrum.

In the analysis of the MPS tester in Section 2.4, we will use the following expression for the
projector II, using the characters x,.

Theorem 24 (Weak Schur sampling projector, cf. [CHWO07, Equation 7|). The weak Schur sampling
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projectors 11, can be expressed as

0, =dim(s)- E[xu(x)P(m)]. (2.7)

ﬂ'ESm

2.4 An algorithm for testing matrix product states

In this section we introduce the MPS tester. To begin, we introduce the rank tester of O’Donnell
and Wright [OW15], which is meant to test whether a mixed state p is rank r. This refers to the
following problem.

Definition 25 (Rank testing). Given a mived stated state p € C¥*9, let p = Zle a; - |ui)(u;| be

its eigendecomposition, where oy > -+- > ag. Then p is o-far from rank r if A\pyq + -+ + Ag > 0.

An algorithm A is a property tester for rank r matrices using m = m(r,d) copies if, given § > 0
and m copies of p € C™*? it acts as follows. If p is rank-r, then it accepts with probability at least
%. (If instead it accepts with probability 1 in this case, we say that it has perfect completeness.)
And if p is §-far from rank-r, then it accepts with probability at most %

The rank tester of [OW15] is motivated by the fact that if p is indeed rank r, then weak Schur
sampling (as in Definition 23) always returns a Young diagram p with () <.

Definition 26 (The rank tester). Let r > 1. Given p®", the rank tester performs weak Schur
sampling and receives a random p. The rank tester accepts if £(u) < r and rejects otherwise.
FEquivalently, it performs the two-outcome projective measurement {Il<,, 1 — Il<,}, where Il<, =
Euré(u)ﬁr I1,, and accepts if it observes the first outcome.

The next theorem states the copy complexity of the rank tester.

Theorem 27 ([OW15, Lemma 6.2]). The rank tester tests whether p has rank r with O(r?/d)
copies.

O’Donnell and Wright also show that the rank tester requires (r2/3) copies [OW 15, Lemma 6.2].
The rank tester has perfect completeness, and in fact it is the optimal algorithm for rank testing
with perfect completeness [OW15, Proposition 6.1]. However, among algorithms with imperfect
completeness, the best known lower bound states that (r/d) are necessary [OW15, Theorem 1.11].
It remains an open question whether the rank tester is indeed the optimal algorithm for this task,
or whether it can be improved upon.

Now we state the MPS tester. It is motivated by the fact that |11 ,) is in MPS(r) if and only
if 41 . ; has rank r for each i € [n].

Definition 28 (The MPS tester). Given m copies of the state |11, ) € Ch®...®Co%, the MPS
tester acts as follows. For all i € [n], it runs the rank tester on w?mz It accepts if each of them
accepts, and rejects otherwise. o

Equivalently, for each i € [n], let Hi,. ; be the Hilbert space Hi, i = Ch®...@C%, and define
Hit1,..n analogously. Let {Il<, 1 ;, 1—Il<,. ;1 ;} be the rank tester’s measurement when performed
on H?ml Then the MPS tester performs the two-outcome projective measurement {Ilyps, 1 —
HMPS}: where

n
Myvips = H(ng,l,...,i ® Lyem ),

4 i+1,...,n
=1

and accepts if it observes the first outcome.
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Before analyzing the copy complexity of the MPS tester, we first show that it is well-defined.
In particular, we will show that the different rank tester measurements commute with each other,
which implies that they can be simultaneously measured and that {IIypg, 1 — IIypg} is indeed
a two-outcome projective measurement, as claimed in Definition 28. We first prove the following
lemma, which shows that two overlapping weak Schur sampling measurements commute.

Lemma 29 (Overlapping weak Schur sampling commutes). Consider a bipartite system with Hilbert
space Hy @ Hp, where Hy = C¥ Hp = C=. Let {IL\ .} and {11, L r} denote the weak Schur
sampling measurements when applied to H%m and H%g‘, respectively. Then these two measurements
commute, meaning that for any two partitions A and p,

(H)\,L & ]lH%m) . HM,LR = HM,LR . (HA,L X ]lH%m)

Proof. Throughout this proof, we will omit the “]lf;_t%m” when writing II 7 ® ﬂH%m or Pr® ]ngm,
for simplicity.

First, we note that Pr () - Prr(c) = Prr(c)Pr(oc " mo). To show this, let [41),...,|ly,) be m
standard basis vectors in H,, and let |r1),...,|rm) be m standard basis vectors in Hg. Then each
|¢;) @ |r;) is a standard basis vector in Hy, ® Hg, and so

Pr(m) - Prr(o) - [l lm) @ |r1---7m)
= Pr(rm) - ,gg,l(l) .. .ga,l(m)> ® ,,1071(1) . "Tofl(m)>
= lo1m-11))  Lo-1(x1(m)) @ [To-1(1) = To=1(m))
= PrLr(0) o116 bo1(x=1o(m) @ 71 Tm)
= Prr(0) - Pr(o  wo) - [l L) @ |11+ ).
1

Extending this to all of Hy ® Hp via linearity proves the equality. Next, we note that y (o~
Xa(m) because x(+) is a class function. Putting these together, we have

To) =

I\ L1, pr = dim(A) dim(p) -~ E_ [xa(m)xu(0)PL(m)PLr(0)]

w,o~Sm,

— dim(\) dim(x) - BE_ [va(o'70)x,u(0)PLr(0)PLlo 7o)

w,0~Sm

=dim(\) dim(z) - E_ [xa(7)xu(0)PLr(0)PL()]

anNSm

=10, .rlI\ L,

where the third line uses the fact that o~ '7eo is distributed as a uniformly random element of S,,,
even conditioned on the value of o. This completes the proof. O

As an immediate corollary, we get that the MPS tester is well-defined.

Proposition 30 (The MPS tester is well-defined). The matrices

i ® ]I,H®m

IM<, 1 o
i+1,..., n

Y FYPN

commute for all i € [n]. As a result, the MPS tester measurement {IInps, 1 — Imps} is a two-
outcome projective measurement.
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Now we analyze the copy complexity of the MPS tester. Because it runs a separate rank tester
on each cut of |11 ,) simultaneously, the outcome of one rank tester can affect the rank of the
remaining cuts, and therefore the outcomes of the remaining rank testers. This complicates the
analysis of this collective set of measurements. Instead, we will do a pessimistic analysis and just
show that the MPS tester does well on at least one cut. This analysis uses the following proposition.

Proposition 31 (Far from MPS implies a cut is far from low-rank). Suppose |11, ) is d-far from
MPS(r). Then there exists an i € [n — 1] such that 1, ; is (6%/2n)-far from rank-r.

Proof. Dist,(|th1._»)) > ¢ implies Overlap,. (|1, ) <1 — 6% By Lemma 19, there exists a state
|¢) € MPS(r) such that

Then |(¢|y)] < V1 — 62 <1 — §2/2. Rearranging, we have

n—1 Di . Di )
02/2<1-V1i-2 <1l <> N AP < max Sl
i=1 j=r+1 j=r+1

Letting i be the maximizing coordinate, this implies that 1 __; is (6%/2n)-far from rank-r, which
completes the proof. a

There are two ways that Proposition 31 “loses” in going from |t ,) being d-far to ¢ . ; being
(62/2n)-far. The first is the factor of 1/n which is unavoidable since we are ignoring all but one cut.
The second “loss” is the fact that ¢ is squared in the conclusion. However, this turns out to just
be a quirk in the different ways we measure distance to MPS and distance to rank-r. For example,
even for a bipartite state |11 2), Lemma 18 tells us that | 2) is d-far from MPS(r) if and only if
Wy is 0%-far from rank-r.

Now we prove the main theorem of this section.

Theorem 32. Given m = O(nr?/52) copies of a state [ty ) € CU ®...® C, the MPS tester
tests whether |1¢) is in MPS(r) with perfect completeness.

Proof. If |11, n) is in MPS(r), then v _; is rank-r for each ¢ € [n]. As a result, the rank tester
applied to each cut always accepts because the rank tester has perfect completeness, and so the
MPS tester always accepts. On the other hand, if p is §-far from MPS(r), then Proposition 31
implies there exists an i € [n — 1] such that ¢; _; is ¢’ = (62/2n)-far from rank r. The probability
the MPS tester accepts \w1n> is at most the probability the rank tester accepts 1, . ;, and since
we are using O(nr?/6%) = O(r?/§') copies, the rank tester will accept with probability at most =.
Thus, the MPS tester tests whether |11, ) is in MPS(r), and this completes the proof. O
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2.5 A lower bound for testing matrix product states

We now derive a lower bound on the sample complexity of testing whether a state is in MPS(r), for
r > 2. Let d > 0 satisfy d —1 > 2- (r — 1), and consider the bipartite state |¢) € C? ® C? defined as

d

o) =VI=0-1)1)+ ) -1 [l
=2

where 0 < 6§ <1 is a parameter that we set later. By the Young-Eckart Theorem (Lemma 18),
Overlap,.(|p)) = (1 —60) + (r — 1) - T
Let n be an even integer, and define
@) = [0)°2.

To compute the overlap of |®,,) with MPS(r), we use the following proposition.

Proposition 33 (Overlap of tensor products). Let |¢) € CU @ --- @ C¥* be a k-partite state with
Overlap, (|¢)) = w. Then for each £ > 1, Overlap,(|p)®¢) = w’.

Proof. Let [¢) be the state in MPS(r) with |(1|¢)|? = w guaranteed by the assumption. Then
[9)®¢ is in MPSg(r) and has [(1|®¢ - |@)®/2 = [(]p)|?* = w’ This proves the lower-bound
Overlapg, (|4)%) > w’,

As for the upper-bound, the proof is by induction on ¢, the base case being trivial. For the
inductive step, write |¢f) as shorthand for |¢)®¢, and suppose that the inductive hypothesis holds
for |¢%), i.e. that Overlap,(|¢*)) < w’. Then we show that

V|8) € MPS(ii(r),  [{e™1B)* <

Since o) = %) @ |¢), this is equivalent to proving that for all |3) € MPS (o1 1)x(7),

BB ) = (el - (P @ 1) - 1B)(B] - (I¢") © 1) - |p)
= [T - el D)* < ™, (2.8)

where we define
)

D)= (¢ lo1)-18), |T)= 51k (2.9)

From here, our proof of (2.8) breaks into two steps: step 1, showing that II0)[? < wt, and step 2,
showing that |(p|T')|> < w. We begin with the former.

Step 1: bounding ||T)|*>. Let the Schmidt decomposition of the state |8) € MPS (¢4 1)k(r) across
the subsystems {1,...,¢k} and {¢k + 1,---, (¢ + 1)k} be |8) = >°i_, aile))|fi). Then |I') =
>oim1 VHi{#' e fi), and

D) P =D pil (@ lead .
i=1
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Suppose it holds that |e;) is in MPSy(r), for each i. Then the inductive hypothesis implies that
'
ID)? <) piw” = o,
i=1

which is the desired bound on |||T')[|?. It remains to show that |e;) € MPSy(r). Consider partitioning
the (¢ + 1)k subsystems into {1,...,q} and {¢+ 1,..., (¢ + 1)k} for any integer 1 < g < ¢k. We
have

g1, |BY Bl = trgrn vy | O VHigles) (e @ [ £i) (£l

2,j=1

= Z VI g kernye llei) (el @ | fi) (£5]

ij=1
T

= > pi -t kelei) (el (2.10)
=1

Equation (2.10) is a sum of PSD operators and rank does not decrease by adding such operators.
Since [3) € MPS(g41)x(r), we have tro (1) |B8)(B] < r. For this to happen, the rank of each of
the terms in Equation (2.10) must also be < r. This implies |e;) € MPSy(r), as we claimed.

Step 2: bounding |(¢|T)|2. By the base case of the induction, Overlap, (|¢)) < w. Thus, to complete
step 2, it is sufficient to show that |T) is in MPS,(r). Let D = (dy - - - di,)*, and let |Ay), |A2), ..., |Ap)
be an orthonormal basis for the first £k qudits such that |4;) = |¢*). In addition, let i € {1,...,k}.
By tracing out the first ¢k + 4 qudits in the state |3) € MPS(,y,(r) we get

tr, okt |B) (B = tropt1,.. onri Z (A @1) - [B)(B]- (A @1)| . (2.11)

i1€[D]
By the definition of |I') in (2.9) and our choice of the state |A;), the i = 1 part of this sum is
g, avni [(1 @) 1881 - () @ D)] = tra_i D)D)
Since |3) is in MPS ;4 1)1 (7), tr1,... ek+i |3) (B8] has rank at most r. But Equation (2.11) is a sum of
PSD operators, so in order to have tryy; |5)(8| be rank < r, the i = 1 part of the sum in Equation

(2.11) must also be rank < r. This implies that try__; |[')(I'|, and therefore also try __; D)L, is
rank r. As a result, |I') € MPSg(r), which concludes the proof. O

Applying Proposition 33 to |®,,), we can compute its overlap as

v, (11.) = (1 =0+ —1)- 1 2) " = (1=9)"
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where the first inequality uses d — 1 > 2 - (r — 1). Now if we pick 6 to be

2
5" (2.12)
n

we get

2\ n/2
<1 — 45) <1-62
n

for 0 < %, where we have used the inequality (1 — )" < 1 — %xn for z < As a result, the

distance of |®,) to MPS(r) is

1
o

Dist,.(|®,,)) = /1 — Overlap,(|®,)) > 0.

Therefore, |®,,) is far from MPS(r), and any MPS(r) testing algorithm should reject it with prob-
ability at least % (Note that because 0 < 6 < 1, we must have 862/n < 1, which is satisfied if
n>4.)

Our hard family of states which are far from MPS(r) will consist of |®,,) and any state which can
be computed from |®,,) by a local unitary. To make this formal, consider the ensemble of pure states
in which a random element is sampled as follows: first, sample U1,...,U /2, V1,..., V0 ~ Ug,
i.e. n Haar random d X d unitary matrices, and output

UieV)® - ® (Un/Z ® Vn/2) - Pn).

Local unitaries do not affect the distance to MPS(r), and so each state in this ensemble is distance ¢
from MPS(r). Thus, if a tester is given m copies of any of these states, it should reject with
probability at least % As a result, it should also reject with probability at least % if given the
density matrix

®m
prae =B (010 V1) 0@ (Upp® Vo) - [90)(@0] - Ul 0 VD) 00 (U], 0 V], )

corresponding to m copies of a random state drawn from this ensemble. We will show that this
is difficult for an MPS(r) tester unless m is sufficiently large. To do this, we will show that there
exists another density matrix pyps corresponding to a mixture over states in MPS(r) such that the
trace distance between pypg and pe,; is small unless m is sufficiently large. To define pyipg, let us

first define the state
: 0 Ny
7)) =v1-6-[1)[1) +Z\/T_71 -|2)|4),
i=2

and the state |T',) = |7)®"/2. The state |7) is an element of MPS(r), and therefore so is |T',). Then
we define

Xm
purs =B (U190 V1) @@ (Upp ® Vo) - D) (D] - Ul @ VD) 00 (U, @ V] )

Each state in this ensemble is in MPS(r), and so if a tester is given this density matrix, it should
accept with probability at least % Our main result is as follows.

Theorem 34. (Lower bound on copy complezity of MPS testing) Suppose there is an algorithm
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that accepts pyps with probability at least % and accepts pe.r with probability at most % Then

m = Q(y/n/d?).

As a result, Q(y/n/8?) copies are necessary to test whether a state is in MPS(r) for § < %

Proof. Our goal is to bound Dy (pgar, pmps). To do so, it is convenient to also work with the
fidelity of these states. Recall that the fidelity F'(a, ) of two mixed states a, is defined by
F(a,B) = |v/ay/B|,. One useful property of this measure is that it is multiplicative with respect
to tensor products, i.e. F(a1 ® ag, f1 ® B2) = F'(a1, B1)F (a2, B2). Another is the bound

1 - F(a, ) < Du(a, B) < V1 = F(a, ) (2.13)

between the trace distance Dy, (o, ) and the fidelity F'(«, 3), which we can use to switch back and
forth between these two measures.
We begin by applying the upper-bound in (2.13) to switch to fidelity:

Dir (ptars prips) < /1 — F(pgar, pups )2

Hence, to upper-bound the trace distance between two states, it is sufficient to lower-bound their
fidelity. We note that since |®,) = |¢)®™"/2 we can rewrite the state pea, as

®mn/2
®n/2
Pfar = <U VFJNUd(U @V- ‘80><(70| ’ UT ® VT)®m> = O-fa?/ :
By similar reasoning, we can rewrite pyps as
®n/2 on/2
pPMPS = <U VENUd(U V- NGl U'e VT)®m> = O\ps

Hence, by the multiplicativity of fidelity, we have
F(ptar, prips) = F(0far, onps)™?
Now, by applying (2.13) again to switch back to trace distance, we have
F(otar, omps) > 1 — Dt (0gar, omips)-
As a result, we would like to upper-bound the trace distance of o, and opps.
Consider an algorithm trying to distinguish these two states. For i € {1,...,d}, let |a;) = Uli)

and let |b;) = Vi). Then when the algorithm is given oy, we can equivalently view it as the
algorithm being given m copies of the random sample

d
0
V=0 lalen) + 3y 7= laile)

and when it is given oyps, we can equivalently view it as being given m copies of the random sample

VI—0-|a)|b) + Z ,/% |a)|b).
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The only difference between these two mixtures is whether the state has Schmidt coefficients 1 —
0,6/(d—1),...,0/(d — 1) or Schmidt coefficients 1 — 6,0/(r — 1),...,0/(r — 1). As we show
in Theorem 35, this means that the algorithm learns everything it needs to learn about which
case it is in simply by measuring the m |a;) registers, and it can ignore the m |b;) registers. In
other words, if we set

d
e = 13 ) (o] = (1= 0) (1] 463 i)
=2

and
1

r—1

Taps = tra [Y) (7] = (1= 0) - A+ 60 -[a) (il
i=2
then

Dtr(Ufar,UMPS)ZDtr< E (Ur,UNH®™ E (UTMPSUT)®m>-
U~U U~Uy

The density matrix Ey oy, (UTgU T)®m can be described by the following mixture. Let
la1),...,|ag) be a random orthonormal basis for C? as above. Draw m samples as follows.

(i) With probability 1 — 6, output |a;).
(ii) With probability 8, output one of the states |as),...,|aq) uniformly at random.

The state Egou, (U TMpsUT)®m can be described by a similar mixture except that now in step
(ii), with probability 6, the output is one of the states |as2),...,|a,) chosen uniformly at random.
Consider the event that either all the m draws are from step (i) or m — 1 draws are from step
(i) and the remaining sample is from step (ii). The probability of this event occurring is simply
(1—-0)"+m 6(1 —0)™ L. In both of these cases, it is not possible to distinguish the two states. In
all the other cases, where more than one sample is drawn according to step (ii), we loosely upper
bound the distance between the states by 1. This gives us the following overall upper bound on the
distance between the random ensembles:
Dy ( E (U ,UNH®™ E (UTMpsUT)(X)m) <1—(1—60)"—mo(1 — )™ !
U~Uy U~U,
<1—(1—mf)—mb(1l—(m—1)0)

=m(m —1)6°.

As a result, this implies that pg,. and pypg have distance

Dtr(pfaanPS) < (1 - (1 - m(m - 1)92)”) 2

< (1= (1—n-m(m—1)6%))
< v/nmé.
By our choice of § = 832 /n in Equation (2.12), this is at most 4mé2//n. For an algorithm to accept

pMps with probability at least % and pg,, with probability at most %, this trace distance must be at
least % This implies that m must be at least 21—4 n/6%, which completes the proof. O

1/2

47



Here we prove the claim in the proof of Theorem 34 that it suffices for any algorithm that tries
to distinguish between the states oyps and og,, to only measure their m |a;) registers. The proof
is standard and based on repeated applications of Schur’s Lemma.

Theorem 35. Let |@)ap and |y)ap be two bipartite states on subsystems A and B. Any algorithm
for distinguishing between the two mized states

QXm
E (U V- Ul VT> -
vl o Ua® Ve el Uy e Vi (2.14)

and

XM
E (U Vi Ul eV ) -

can without loss of generality leave out the m B registers and only measure the m A registers.

We denote the Schur-Weyl basis for (C?)®™ (see Theorem 21) by |u)|q)|p), where g is a basis
vector for the p-irrep QZ of Ug and p is a basis vector for the p-irrep P, of Sg. One technicality
is that although any orthonormal basis {|q)}, of Qﬁ will suffice for our purposes, we will need to
pick a basis {|p)}, of P, such that the matrix entries of P,(7) are real-valued for each m € Sg.
(This is used to establish Equation (2.20) below.) One basis that satisfies this property is known as
the Gelfand-Tsetlin basis, and the resulting matrices {P,(7)}res, give rise to Young’s orthogonal
representation. In this basis, the matrix elements P, (7),, = (p|P.(m)[p’) are real-valued, and
so each matrix P,(7) is an orthogonal matrix. For an introduction to the Gelfand-Tsetlin basis,
see [HGGO09, Appendix B] and the citations contained therein.

Before proving Theorem 35, we show some helper lemmas.

Lemma 36. Let H = (CH)®™, and let H' be another Hilbert space. Consider a matriz N acting on
HH of the form

N = 1 @1a)(d| © Ny g (2.16)

Mtl/
4,9

where Ny v 4.4 05 an operator acting on H' and the |p) register of H. Then it holds that

JB, (U N ) = Z 1)l © 1 ® N, (2.17)

where N, is an operator acting on H' and the |p) register of H.

Proof. To begin, we calculate

JE,, (U9 N @hom) = Y| (B, GHO)- 0] Q) ) @ Ny (219
st

0.d
For each pu, i/, q,q , the matrix

Tusiad = B, [QU) - [a)(d! - Q(O)
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is an intertwining operator operator for Qz and Qﬁ,, because for each V € Uy,

Qd( )T, ' qq = Qd( ) E [Qd(U) ) |Q><q,| : Qd/(U)T]

U~Uy
= B 19.0V0) la)d|- 9 (U)T]
= B QW) - la)d'| - O (VIW)T]
- WEUd[Qz(W) ’ ’q><q/‘ : QZ/(W)T] . QZ'(V)

d
=Ty aq Qu/(V).

As a result, Schur’s lemma states that T}, 4 o is zero when p # 1/, and a multiple of the identity
Cuyq.q - 1 when p =y Indeed, we may compute ¢, 4, exactly as

= — . T = ———— .
Cu,q,q dim(Qﬁ) [T pg.q'] dim(0

:{ 1/dim(Qd) if ¢ = ¢/,

0 otherwise.

Overall, then, T), v 4. is (1/ dim(Qﬁ)) -1 if p =y and ¢ = ¢’ and zero otherwise. Thus,

(2.18) Z’M M’®( ( ) )®N,u,uqq ZW M’®]1®( Qd ZN##QQ>

The lemma follows by taking N, = (1/ dim(Qﬁ)) 2 q Mg O

Lemma 37 (EPR state in an irrep). Given p = m, we define the EPR state corresponding to the
permutation irrep P, as

[EPR,) = \/7 Z p) @ |p),
where the sum ranges over basis vectors of P,. Then
E [Pa(m) @ Pp(m)] = > |u)(pla ® |p){plp @ 14 @ 15 ® [EPR,)(EPR,| 4 5,

w~Sy
I

where the two identity matrices act on the |q) registers of Hilbert spaces A and B.

Proof. We begin by calculating

B [Puy(m) @ Pup(m = > Ipa) pA|®|pB><pB! [PuA(W)pA,p;,-PMB(F)pB,pr]- (2.19)
¢ pA’pA
PB.Pg
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The Schur orthogonality relations state that

1/dim(pa) if pa = pp, pa = pp, and p/y = plg,
B, [Pua),, Prn () = { 00 e e A=

7~Sy 0 otherwise.

Recall that we have chosen our basis of P, so that P,(7) is a real-valued (orthogonal) matrix for
each m € S;. Then

P,U«A (ﬂ-);A,p;‘ = P,U«A (ﬂ-)pA,p;"

and so
_ [ 1/dim(pa) if pa = pp, pa = pp, and p/y = pp,
wE}Sd[P“A (ﬂ)pA’p'A *Pus (W)PB’Z’%’] N { 0 otherwise. (2.20)

As a result, (2.19) is zero if pua # pp, and

(219) = s - )1 @ I0) ] = [EPR,.,) (EPR,, |

Tmia
i p p.p'
if ua = pp. This allows us to express

E [Pa(m) @ Pp(m)] = Y |pa)(pal @ |pp)(ppl0lole WPSd[P#A (7) @ Ppup (70)]

w~Sy
HnAHB

=Y Il ® ) (u © 1 © 1 © |EPR,)(EPR,,|.
I

This completes the proof. O

Next, we have the following immediate corollary of Lemma 37.

Corollary 38. Consider an operator of the form

0= > |pa)(pal @ |us)(psl @14 @15 @ Opy g,
HA1B

where the two identity matrices act on the |q) registers of Hilbert spaces A and B, and the O, .5
matriz acts on the |p) registers of A and B, Next, let Z be the matrix

Z = E [Pa(m) @ Pg(m)].

w~Sy

Then

Z-0-Z=> cu lp{ula®|u)plp©1a® 15 ®|EPR,)(EPR,],
“w

for some constants c,,.
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Proof. By Lemma, 37,

Z-0-7Z= Z ) (pla @ [p)(plp ® 1a @ 1p @ (JEPR,)(EPRy| - Oy - [EPR,)(EPRy|)

M
=D ¢ ) (ula® i) (ulp © 14 © 1 ® [EPR,,)(EPR,|
17

where ¢, = (EPR,|- O, - [EPR,). This completes the proof. O
Now we prove Theorem 35.

Proof of Theorem 35. Given ¢ € {p,~}, consider the state My, defined as

My (Uso Vs )Wl U ovh) ™.

= E
U a~Ug,Vp~Ug

Using the left and right invariance property of the Haar measure and the commutation between P4
and Q4 (and likewise for Pp and Qp), we can see that the mixed state My, remains invariant under
the following permutations and unitary rotations:

1. EUNUd (U%m : Mﬂl . (UL)@)m) = va 3. En-NSd (PA(W> X 'PB(TF) : M¢) = Ml/)a

2 Byay, (VE™ My (V)®™) = My, 4. Enes, (M, - Pa(m) @ Pp(m)) = My,

We can now apply the results of Lemma 36 and Corollary 38 to put the mixed state My, in the
following form

My = cpu lu)(pla®|p){ulp ®1s®1p @ [EPR,)(EPR,|ap. (2.21)
“w

We can therefore interpret the density matrix M, as corresponding to a mixed state with one
element in the mixture for each block p. In this case, measuring the block p can be done without
loss of generality, as it does not perturb the state. That can be done entirely on the A subsystem
by performing the projective measurement {|u)(u|4}. Having done this measurement and received
outcome p, the state is equal to

) (pla @ [p) (g ® 14 @ 1p ® [EPR,)(EPR,| 4B,

regardless of whether ¢y = ¢ or «. Hence, no further information can be learned about ¢ by
performing any further measurements, and this implies that measuring only the A subsystem is
without loss of generality. O
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Chapter 3

Entanglement spread area law in gapped
ground states

Chapter summary: In this chapter, we make a connection between two seemingly different
problems. The first problem involves characterizing the properties of entanglement in the ground
state of gapped local Hamiltonians, which is a central topic in quantum many-body physics. The
second problem is on the quantum communication complexity of testing bipartite states, a well-
known question in quantum information theory. We begin with constructing a communication
protocol between two parties that allows them to test if they share a specific bipartite state. We
then use the communication complexity of this protocol to reveal a new structural property for the
ground state entanglement. This property is captured in a quantity known as the entanglement
spread, which measures the difference between the Rényi entanglement entropies. Our main result
shows that gapped ground states possess limited entanglement spread across any cut, exhibiting an
“area law” behavior. Our result applies to any interaction graph with an improved bound for the
special case of lattices. This entanglement spread area law includes interaction graphs constructed
in [AHL"14] that violate a generalized area law for the entanglement entropy.

On the technical side, we use recent advances in Hamiltonian simulation algorithms along with
the quantum phase estimation to give a new construction for an approximate ground space projector
(AGSP) over arbitrary interaction graphs, which might be of independent interest. This chapter is
based on:

[AHS20] Anurag Anshu, Aram W Harrow, and Mehdi Soleimanifar. From communication com-
plexity to an entanglement spread area law in the ground state of gapped local Hamiltonians.
To appear in Nature Physics. Preprint available at arXiv:2004.15009, 2020.

3.1 Introduction

3.1.1 Background on area law and entanglement spectra

The ground states of local Hamiltonians are examples of quantum many-body states with central
significance in condensed matter physics and quantum chemistry. A crucial distinction between
these states and their classical counterparts — the satisfying assignments in constraint satisfaction
problems — is the presence of multipartite entanglement. This leads to novel phenomena in these
systems such as exotic phases of matter, but also complicates the theoretical and numerical study
of their properties.
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There is a successful line of research that applies the tools developed in quantum information
theory and computer science to study various features of entanglement in the ground states. An
important problem that has been the focus of many such studies is proving a conjecture known as the
“area law” for the entanglement entropy in the ground state of gapped local Hamiltonians. We can
more precisely state this by considering the interaction (hyper)graph where each vertex represents
a qudit and the edges correspond to the interaction terms in the Hamiltonian (see Figure 3-1).
Suppose we fix a partition of the qudits into two parts A and B. We denote the ground state by
|©2) 4p. In general, the qudits in part A will be entangled with those in part B. The area law asserts
that the amount of entanglement — measured by the entropy of either of the reduced states {24 or Qp
— is at most proportional to the number of interaction terms that cross the cut dA. This behavior
is drastically different from the generic situation where the entanglement across the cut 0A scales
with the size of the smaller partition |A| rather than |0A|. Thus, loosely speaking, the area law
implies that the ground state entanglement is local and limited to the boundary. This conjecture
has been rigorously proven when the interaction graph is a 1D chain [Has07a, ALV12, AKLV13]
and there has been recent progress on trees [Abr19] and 2D lattices [AAG21].

A generalization of this conjecture asks if the area law holds for arbitrary interaction graphs
beyond lattices. It turns out that this generalized conjecture is false. Using quantum expanders,
an interaction graph is constructed in |[AHL" 14| which admits a partition into two parts A and
B such that the size of the cut is |[0A| = 1, but the amount of entanglement across the cut is
proportional to |A].

Thus far, these results study the ground state entanglement in terms of the entropy of the
reduced state 24 on partition A. One can go beyond this and consider other features of the
eigenvalues of the reduced state {24 besides its entropy. We denote the non-zero eigenvalues of {24
by A1, A2,,..., A which are often called the Schmidt coefficients. A common way of describing
the distribution of these eigenvalues is by using the entanglement spectrum which is defined as the
log of the inverse of the non-zero Schmidt coefficients {log %, log %2, ...,log /\%} More intuitively,
the entanglement spectrum of a reduced state {24 is the set of eigenvalues of a Hamiltonian H,oq,
known as the modular Hamiltonian, such that the reduced state Q4 corresponds to the Gibbs
(thermal) state of Hyoq. That is, Q4 = e Hmod, Various works, initiated by a result of Li and
Haldane [LHO08|, relate the entanglement spectrum to different characteristics of a given phase (see
e.g., [PTBO10, SPCPG13, CPSV11, KBal9a, DVZ18]). These studies suggest that in 2D gapped
systems, the entanglement spectrum often has features of the spectrum of a 1D local Hamiltonian,
although its features are not always isomorphic to the original Hamiltonian [CKS14|. These studies
motivate investigating different features of the entanglement spectrum beyond what is evident from
its entropy.

Inspired by these results, we prove a new structural property for the entanglement of gapped
ground states. The key to our findings is a connection to the field of quantum communication
complexity. A basic question there is when two parties want to test whether they share a specific
entangled state [¢) by exchanging as few messages as possible. In other words, they want to
perform the measurement {|¢)(¢|, 1 — |¢)(¢/|}. Building on [CH19]|, we resolve the communication
complexity of this problem and relate it to the details of the entanglement in |¢)). We can therefore
learn about the nature of the ground state entanglement by allowing |1)) to be be the ground state
|2) of a local Hamiltonian and design a testing protocol for |2). We devise such a measurement
protocol tailored for the ground state of gapped local Hamiltonians by combining recent Hamiltonian
simulation techniques with the quantum phase estimation algorithm, which might be of independent
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Figure 3-1: a, Interacting quantum systems with a general interaction graph partitioned into two
parts A and B with boundary 0A. b, A similar partition for a system on a lattice. ¢, The profile
of the eigenvalues (aka Schmidt coefficients) A1, Ag, ..., A, of the reduced ground state in region A.
This distribution fully encodes the information about the bipartite entanglement between particles
in region A and B . Modulo some smoothing that we explain in the main text, the entanglement
spread across the cut 0A is defined as log(rA;) ~ log(A1/A.). We show that the entanglement
spread scales as O(|0A|). We improve this to O(y/|0A|) for lattice Hamiltonians. In comparison
the area law conjecture for the entanglement entropy asserts that the entropy of the distribution of
the Schmidt coefficients is bounded by the size of the cut |[0A[, i.e. S(4) = O(|0A]).

interest.

The property that we study is known as the entanglement spread, which roughly measures the
log of the ratio between the largest and the smallest eigenvalue of the reduced state 24, giving
an estimate of how spread out their distribution is (see Figure 3-1). Our results apply generally
to any interaction graph, with some improved statement for the special case of lattices. We show
that as long as the Hamiltonian is gapped, its ground state possesses limited entanglement spread
on general interaction graphs, exhibiting an “area law” behavior. On lattices, we prove a sub-area
scaling for this quantity. We connect our result to conjectures regarding the locality of modular
Hamiltonians and also efficient algorithms for estimating the expected value of local observables in
the ground state. We also show that both states that satisfy the entropy area law and those in the
counter-example construction in [AHL " 14] fit into our framework. In the next sections, we provide
a more detailed overview of our setup and results.

3.1.2 Entanglement spread and communication complexity of non-local mea-
surements

Consider a bipartite state 1)) € Ha ® Hp, where Alice and Bob own registers, H 4 and Hp respec-
tively. Suppose the parties engage in a communication protocol whose goal is to test if they share
the state [¢)). That is, they would like to implement the reflection operator Ref(¢)) = 2[¢)(¢)| —1 or
similarly, perform the two-outcome measurement {|¢) (1|, 1 —|v)(10|}. In our setup, these tasks are
locally interchangeable. Namely, the ability to perform controlled reflections will give us the ability
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to do measurements and vice versa !. Since in general, the state |¢) is an entangled state, Alice and
Bob need to exchange qubits to perform this operation. For instance, Alice can send her register
H 4 to Bob who then performs the joint operation on H 4 ® Hp and sends back Alice’s register. As
we will see later, they can often do much better. The communication complexity (or cost) of such
a protocol Ca(¢) is defined as the minimum number of qubits that the parties need to exchange
to perform this task with error at most A. We refer to Ca(¢)) as the communication complexity
of an EPR-assisted protocol, if we allow Alice and Bob to also share unlimited EPR pairs during
the communication protocol. Here, we are interested in the case where |¢) is the ground state of a
gapped local Hamiltonian. In other words, we ask

What is the communication cost Ca(£2) of approzimately measuring or reflecting about
the ground state of a gapped local Hamiltonian which is shared between Alice and Bob?

Before specializing to the ground state, it is insightful to consider a few general instances.

1) ) = [0)®™]0)®": This is equivalent to a CZ gate, or equivalently a CNOT gate, which has
communication cost 1.

2) |¥) = % Z?:l |7)]7): Initially, one might think that reflecting about the maximally entangled

state |®,) = ip 251 17)17) requires exchanging a large number of qubits, but it turns out

that by using quantum expanders [AHL " 14], one can perform such a reflection up to error A
by exchanging Ca (1) = O(log(1/A)) qubits, which is independent of the dimension p.

3) [y = %(]00@”—1— |®2)®™): This is a superposition of the last two cases with |®5) = %(|00) +
|11)) being the EPR pair. We claim that Ca(¢) = ©(n). This can be verified by noticing
that | Ref(¢)|00)®" — |®5)®"| < 2=(=1/2 but it is well-known that creating n EPR pairs
|®2)®" from product states requires Q(n) qubits of communication; see also [HL11].

In general, by applying local unitaries, a bipartite state [i)) can be always transformed to a
standard form [¢) =377, VAj|5)|7) known as the Schmidt decomposition. Thus, we expect Ca (1))
to depend only on the Schmidt coefficients A;. We assume these coefficients are arranged in the
descending order A\; > Ao > -+ > A, where r is called the Schmidt rank of [¢). A closer look at
the above examples reveals a pattern. In the first two instances, where Ca () is small, the Schmidt
coefficients of [¢) are all equal (which we refer to as the concentrated case). In the third example,
which has high communication cost, the Schmidt coefficients are spread out between two different
values %(1 + ﬁ)z ~ 1/2 and ﬁ with almost equal weights.

This motivates a more general lower bound on the communication complexity in terms of the
entanglement spread of the state |1), which is a measure of how spread out the Schmidt coefficients
are across a cut [HWO03]. In its simplest form, the entanglement spread, denoted by ES(1), is
defined by

ES(W = log(r)\l) - Smax(wA) - Smin(¢A)a (31)

'To see this, just locally initialize a qubit in state |+), perform a controlled reflection, and then locally measure
in the Hadamard basis. The ability to do a coherent measurement also gives the power of reflection: We can add a
—1 phase if the outcome of the measurement is 1 — [1)(¢)].
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where ¥4 = trp |¢)(¢| and
Smax(d}A) = IOg T, Smin(wA) = - log A1 (32)

are the max- and min-entropies given in terms of the Schmidt rank r and the maximum Schmidt
coefficient A1 (see Figure 3-1). Indeed, one can verify that in the first two examples, ES(¢)) = 0
while in the third case, ES(y)) = ©(n). Thus, ES(¢) distinguishes between the concentrated versus
spread out cases in the examples above.

The definition of the entanglement spread given in equation (3.1) is however not robust to
small perturbation of the spectrum of the eigenvalues. For instance, addition of a series of small
eigenvalues to the tail of the distribution significantly affects the Schmidt rank r but alters the
state negligibly in trace distance. In our results, we need a more robust version of the entanglement
spread (3.1) that applies to protocols which only approzimately implement the two-outcome ground
state measurement, i.e. when the error A > 0. We denote this version by ESs(1)) and following
[HWO03], we define:

Definition 39 (Entanglement spread). Let § € [0,1). The (§-smooth) entanglement spread of a
bipartite state |1y € Hap is defined by

ESE(d}) = anax(wA) - Sgin(¢A)7

where SO. (a) and SS .. (¢¥a) are the smooth min- and maz- entropies defined similar to (3.2)

after removing up to a mass & from the Schmidt distribution of |1) (see Definition 48 in the body
for details).

We now look more closely at why, besides the above examples, the entanglement spread provides
a lower bound on the communication cost of measuring (testing) a general state [1)? In the exact
case A = 0, this can be seen by observing that for each qubit exchanged between Alice and Bob,
the rank r and the largest Schmidt coefficient A\; change at most by a factor of 2 and hence, after ¢
rounds of communication, log(rA1) is at most 2¢ (refer to [HWO03, Theorem 1| for the more detailed
proof of the A = 0 case). This shows that (modulo a constant) ES(¢)) provides a lower bound
on the exact communication complexity. In the approximate regime A > 0, similar lower bounds
in terms of ESs(¢) have been proved before [HW03, CH19|. We derive an analogous lower bound
tailored for when the state of interest is the ground state of a gapped local Hamiltonian, which is
explained in detail in the next section.

A very useful property of the entanglement spread is that it remains unchanged when the state is
supplemented by arbitrary numbers of EPR pairs. That is, ESs(¢®@®,,) = ESs(1)) for any maximally
entangled state of arbitrary size p. One way of seeing this is that adding |®,) multiplies r by 27 and
divides A1 by 2P, leaving the entanglement spread unchanged. One interesting implication of this
equality is that the lower bound on the communication complexity in terms of ESs(¢)) continues to
hold even in protocols where Alice and Bob share an arbitrary number of EPR pairs during their
communication. As we will see later, this improves and simplifies our analysis. We denote the
shared EPR pairs collectively by |®) and call such protocols EPR-assisted.
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3.2 Our results

3.2.1 Lower bound on communication complexity from entanglement spread

As described in the previous section, the goal of Alice and Bob is to implement a measurement
{K,1— K} that acts jointly on an input state and the shared EPR pairs |®), where K is an operator
approximately projects the input state onto the ground state |{2) while leaving |®) untouched. More
precisely, we define:

Definition 40 (EPR-assisted AGSP). An EPR-assisted Approzimate Ground State Projector
(EPR-assisted AGSP for short) associated with the ground state |Q) of a local Hamiltonian is an
operator K that for some error A € (0,1) satisfies

I(K =T [2)(Q) [®)|)| <A forall |¢) € Ha®Hp.

In our first result, we give a lower bound on the communication complexity of implementing this
operator in terms of the entanglement spread of the ground state.

Theorem 41 (Lower bound on the complexity of EPR-assisted AGSP). Let |Q2) € Ha ® Hp be the
ground state of a local Hamiltonian shared between Alice and Bob. For any error A € (0,1), the
communication complexity of implementing the two-outcome measurement {K,1 — K} where K is
the EPR-assisted AGSP corresponding to |Q2) is lower bounded by

max min

2/3
Ca(Q) 2 BS(y gapa(@) — 1 = SEPY (@) = STV () - 1. (33)

We note that the above theorem applies to any state |(2), as long as an approximate projection
operator K (similar to Definition 40) exists. But we keep the “ground state” terminology in our
discussion, to fit the context.

3.2.2 Communication protocol for approximate ground space projection

In Theorem 41, we stated a lower bound on Ca(£2), the communication complexity of approximately
measuring the ground state. The main claim of this section is an upper bound on the communi-
cation cost Ca(€2) which is obtained from an explicit communication protocol that approximately
implements a ground state measurement.

Let |A| be total number of qudits on Alice’s side. Alice and Bob can trivially implement K by
exchanging |A| qudits. Our result shows that when the input state is the ground state of a gapped
Hamiltonian, the communication complexity can be improved to O(|0A|), where |0A| is the number
of terms in the Hamiltonian that act on both Alice and Bob’s registers, see Figure 3-1.

Theorem 42 (Communication protocol for projecting onto the ground space). Suppose the state
|Q) is the ground state of a local Hamiltonian with spectral gap ~y (See Section 3.5 for a formal
definition of “local Hamiltonian.”). Let |0A| be the number of terms in the Hamiltonian that acts

on both Alice and Bob’s qudits. Then, there exists a protocol that implements the measurement
{K,1— K}, where K is an EPR-assisted AGSP satisfying

(K =1 [2)(Q) [®)|)| <A forall |1) € Ha® Hp.
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and has the communication cost

04 04] 1
O( S logA polylog(—— S A) (3.4)

As aresult of Theorem 41 in the previous section, we know that the communication complexity of
performing an AGSP gives us an upper bound on the entanglement spread of the ground state. When
combined with the bound (3.4), this establishes an area law for the entanglement spread, meaning
that across a given cut in the ground state of a gapped Hamiltonian, the Schmidt coefficients can
be spread out at most proportional to the size of the cut.

Corollary 43 (Area law for entanglement spread). Under the assumptions of Theorem 41 and
Theorem 42, the following bound on the §-smooth entanglement spread of the ground state |Q?) of a
gapped local Hamiltonian holds,

ESs(Q) <O <|8’;4| -log 5 pol log(m ;)) (3.5)

Note that the range of applicability of Corollary 43 is quite general. The bound (3.5) holds for
any local Hamiltonian over an arbitrary interaction (hyper)graph. In particular, we do not assume
the Hamiltonian is also geometrically local or the qudits are arranged on a lattice. In fact, when the
Hamiltonian is restricted to any finite dimensional lattice, we can obtain tighter bounds on the en-
tanglement spread by lifting the powerful machinery of AGSPs based on the Chebyshev polynomials
[AKLV13, ALV12] from 1D geometries to higher dimensions. This quadratically improves the bound
(3.4) to ¢ = O(\/|0wA|/7) at the cost of including an extended boundary 9, A of constant width w
instead of the original boundary 0A. Note that |0, A| = O(|0A|) on lattices when w = O(1). This
is an intriguing result since it shows a “sub-volume” scaling for an information theoretic quantity in
the gapped ground states. We further discuss this in Section 3.4. In this setting, it is convenient to
view 2¢ as the Schmidt rank of the AGSP operator across the cut. We also do not rely on shared
EPR pairs in this setup. To distinguish things from our previous construction, we refer to this
operator as the Chebyshev-AGSP. More precisely, we have:

Theorem 44 (Chebyshev-AGSP for lattices). Suppose, H is a geometrically-local Hamiltonian
with gap v over a finite-dimensional lattice. Let (A : B) be a bipartition of the lattice. There is an
operator K with the Schmidt rank 2¢ across the partition (A : B) such that |K — [Q)(Q]] < A and

_ 0w A| 1 [OwA] 1
c—O< S logA polylog S a) ) (3.6)

where O hides constant factors related to the geometry of the Hamiltonian and w = O(1). Here,
|OwA| is the number of terms in the Hamiltonian that act on the qudits in some extended boundary
of constant width around 0A.

Corollary 45 (Tighter bounds on entanglement spread on lattices). Under the same conditions in
Theorem 41 and Theorem 4/, the d-smooth entanglement spread of the ground state of geometrically
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local Hamiltonians is bounded by

|0wA| 1 0wA| 1
ESs(Q) < -log — - polyl —= .

where w = O(1).

3.3 Main ideas

Here, we describe the main ideas and technical tools used in the proof of our results.

3.3.1 AGSP from quantum phase estimation

One ingredient of our proofs is a novel construction of an AGSP for the ground state of gapped
Hamiltonians based on the quantum phase estimation (QPE) algorithm. We find a protocol be-
tween Alice and Bob that allows them to jointly apply this AGSP with communication complexity
O(|dA|/7). As mentioned in Section 3.2.2, one advantage of using QPE compared to the conven-
tional Chebyshev polynomials (reviewed in Section 3.3.4) is that it applies not only to geometrically-
local Hamiltonians on lattices, but also continues to work for any local Hamiltonian on arbitrary
interaction graphs.

One can view QPE as a procedure that given an eigenstate of a Hamiltonian H, uses O(log(1/7))
many ancillary qubits, makes O(1/v) queries to the Hamiltonian simulation oracle e~* and deter-
mines the energy of the input state with accuracy /2. By letting v be the gap of the Hamiltonian,
this algorithm basically performs a two outcome measurement {2, 1 —Q} on any input state, where
Q) is the ground state of H.

To implement this algorithm in a distributed fashion involving two parties, Alice and Bob need
to prepare and reflect about the state \/%H Z?:o [t)|t) for T'= O(1/7) and work together to apply
itH

the operator e """ conditioned on the register |t). In the next section, we show how to achieve this.

3.3.2 Communication protocol based on interaction picture Hamiltonian simu-
lation

For a given partition of the qudits between Alice and Bob, we can write the Hamiltonian as
H = Hy + Hpy + Hp where [Ha, Hg] = 0. One of our main technical contributions is design-
ing a communication protocol for performing the Hamiltonian simulation operator e *# with a
communication cost that scales as O(t|Hpal) instead of the conventional O(t|H]|).

It is not hard to see how one can achieve this if the boundary term Hy, also commutes with H 4
and Hp. In that case, we have e " = ¢=#Hap—itHon=itHp 31 the parties can implement e~ #H
if one of them sends the boundary qudits that are in the support of Hy4 to the other. This yields
a communication cost that scales with |supp(Hpa)| = O(|0A|). In general, however, Hys does
not commute with H4 and Hp and finding a non-trivial protocol for the Hamiltonian simulation
becomes challenging.

One attempt to remedy this might be to use the Trotterization technique. That is, to di-
vide the simulation into 1 segments and implement e~*/7 for n consecutive times. If 7 is large
enough, [Hypa/n, Ha or /1] = 0, and we again recover the commuting case. That is, the parties
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collaboratively implement e~itHoa/n, Unfortunately, for this to work, we need n (and therefore, the
communication cost) to be O(t|H|), which is far from the bound O(t|Hy4|) we are aiming for.

We instead use a recent framework for Hamiltonian simulation developed in [LW18| known as
the “interaction picture” Hamiltonian simulation. Intuitively, one can view this as a sophisticated
change of variables that is widely used in physics and allows us to separate the contribution of the
boundary term from H, and Hp. Suppose we want to prepare the state |¢(t)) = e~ |4)(0)). For
any |1 (t)), we define its counterpart in the interaction picture by

[r(t)) = et HB) |y t)). (3-8)

Since the operator e®Ha+H5) can be applied locally by the parties, the states [17(t)) and |(t))
can be switched with each other with no extra communication. The point of this transformation is
that the state |17(t)) can be prepared starting from [¢(0)) by applying a unitary U(¢) which is the
Hamiltonian simulation operator associated with a time dependent Hamiltonian

H(t) = etHatts) fy \ e=t(HatHp) (3.9)

Putting the time-dependence of Hj(t) aside (we discuss that in more details in Section 3.7.1), the
main gain is that |H;(t)|| = |Hpa|. This solves the issue we mentioned before because here, the
length of Trotter step n in implementing U(t) can be taken as small as O(t|Hpa|) instead of the
original O(t|H|). The remaining task is to find a communication protocol for performing U(t/n),
which now, is not simply the operator e ~*Ho4/1 that we had before. This is done in [BCC*15, LW1§]
using the Linear Combination of Unitaries (LCU) method. Our next idea is a modification of this
algorithm that suits our framework better.

3.3.3 EPR-assisted communication and the LCU method

Our results regarding the ground state entanglement and the communication complexity are infor-
mation theoretic in nature. In particular, the running time or other algorithmic aspects of the tools
we use, such as the Hamiltonian simulation, do not affect our conclusions. Here, we explain how we
can use this observation to simplify the analysis of a part of our protocol.

In the LCU method, we express the Hamiltonian simulation operator U(t) as sum of unitaries
Ut) =Y akuéA) ® u](CB) for some choice of coefficients aj, € R and unitaries u,(cA) and u](CB) that act
on Alice and Bob’s qudits respectively. Such decomposition as a sum of unitaries could come from
the truncation of a Taylor expansion. To keep the running time efficient such Taylor expansions are
truncated at low orders.

When Alice and Bob jointly implement the LCU algorithm, they need to prepare and share the
ancillary state |o) = (D, 0%)*1/2 >k Vk|k) alk)p. Then, they proceed by applying the unitaries
u,(gA) ® u,gB) conditioned on their register |k). Now suppose instead of truncating the expansions, we
continue adding higher terms. Of course, the issue is that the number of coefficients a; and thus,
the communication cost of sharing |«) and reflecting about |«) also increases. On the other hand,
we know that if instead of |a), the parties share a maximally entangled state, the bound (3.5) on
the entanglement spread remains intact. In other words, it is not the number of exchanged ancillary
qubits in the protocol, but their entanglement spread that affects our final bound (3.5).

We fix this problem by modifying the LCU algorithm such that instead of the state |a), Alice
and Bob only share the maximally entangled state (or equivalently some number of EPR pairs).
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This state only needs to be shared once, which can be done outside the protocol, and then many
reflections about it can be done with a cost independent of the size of the state. Now we can keep
an unbounded number of terms in the expansions and avoid similar approximations in our protocol.
This blows up the running time of these procedures, but maintains the communication complexity.

3.3.4 AGSP for lattices

Our improved bound for the lattice Hamiltonians in Theorem 44 are obtained using the AGSPs
based on the Chebyshev polynomials. These were first developed in the context of the area law for
entanglement entropy in 1D systems [ALV12, AKLV13, ALVV17]. The AGSP framework [AALV09,
ATLV12] in itself provides a framework to connect the min-entropy and entanglement entropy (see
[AALV09, Lemma 5.3] or [ALV12, Lemma III.3]). But this connection does not give us the desired
bound on entanglement spread, as it relates entanglement entropy and min-entropy by a certain
multiplicative factor, that may be large. For instance, [ALV 12, Lemma III.3] implies that by choosing

the Chebyshev-based AGSP which has a shrinking of O(1) and the Schmidt rank of 20(V194D) " we
get

S(QA) = O( V |8A‘Smin(QA))a (310)

where S(£24) is the von-Neumann entropy of (24).

Here, we show that a simple adaptation of the Chebyshev-based AGSP, along with appropriate
smoothing, leads to a stronger theorem for lattices, which shows that entanglement spread scales as
O(4/|0A|) (see discussion section for the interpretation). We utilize the “truncation step” [AKLV13]
which is used to lower the norm of the Hamiltonian away from a cut while maintaining its gap and
ground state. We apply the truncation to both the frustration-free and frustrated cases. In the
former, we use the Detectability Lemma operator [AALV09], while in the latter, we rely on the
recent techniques of [KS20a| to perform the truncation.

3.4 Discussion and connection to previous work

Quadratically better scaling on lattices: In Corollary 45, we have shown that the entangle-
ment spread on lattices scales as y/|0A| The intuition behind this comes from the exponential decay
of correlations which is shown to hold for gapped Hamiltonians on any finite dimensional lattice
[Has04, HK06, NS06]. The decay of correlations implies that the distant qudits along the boundary
0A are almost uncorrelated. This suggests that the ground state across the boundary is roughly in
a product form |¢>§EA| composed of O(|0A|) partially entangled states |¢)4ap . By using conven-
tional concentration bounds [LP99], it can be shown that the smooth entanglement spread obeys
ESs(¢®%) = O(VE), which is quadratically smaller than the § = 0 case where ES(¢®*) = O(k).
Thus, an entanglement spread of O(y/|0A|) that we prove for gapped lattice Hamiltonians matches
our intuitive expectation.

One might wonder if our quadratic bound in Theorem 44 for lattices can be improved. Here, we
show that this is not possible in general. Consider a D-dimensional cubic lattice [n]? for an even
n such that the qubits are located on the vertices of the lattice. Let A = [§ — 1] x [n] x ... x [n]
define a bipartition of this lattice. Suppose, we have a Hamiltonian H on the lattice given by

H = Z (]l - \Ijil,...ip)7

i1,...,i pii]=even
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where the entangled states

2 1
|\Il>i1:--~iD = <\/;|O>i17~-~iD‘0>’i1+17~~~iD + \/g’”il,miD|1>i1+17~-~iD>

is defined between qudits (i1,42,...ip) and (i1 + 1,42,...ip). Then, the ground state is the simple
two-qudit product state
® ‘\I’>i17»--iD'

i1,...4p i1 =even

It is easily seen that the entanglement spread across this partition is at least Q(vVnP~1) = Q(y/]|0A|)
achieving the bound in Theorem 44.

Is it possible to prove an analog of Theorem 44 with Sr(fi\n/iA)Q/g (©24) replaced by Spin(24)7

This cannot be done without changing the upper bound from O(|0A['/?) to O(|DA]), since the
two-qubit product ground state constructed above has the property that Spin(24) < |0A]/4 and

/ /
Sr(fa\/xiA)Q 3(9,4) > 0.92|0A|. Improving Sﬁfa\/XiA)Q 3(QA) t0 Smax(€24) is also not possible since there
are Hamiltonians such as the transverse field Ising model that are gapped but have Spax(£24) scaling
with the system size [CCO04].

Locality of modular Hamiltonians: As mentioned in Section 3.1.1, given the reduced state
Q 4, the modular (or entanglement) Hamiltonian Hy,oq is defined such that Q4 = e Hmod  Tn other
words, 24 corresponds to the Gibbs (thermal) state of Hyoq. The eigenvalues of Hyyoq are known
as the entanglement spectrum [LHO8|. An application of our result in Theorem 44 and Corollary 45
is to give formal evidence for a conjecture regrading the entanglement spectrum studied in previous
works [LHO08, SPCPG13, CPSV11, KBal9a, DVZ18]). According to this conjecture, in 2D gapped
systems, the entanglement spectrum often has similar features to that of the spectrum of a 1D
local Hamiltonian. In particular, the entanglement entropy area law predicts an O(|0A|) scaling
for the entropy of 24 which matches the entropy of the Gibbs state of a 1D Hamiltonian. A more
general question is what aspects of the modular Hamiltonian H,,,q are similar to that of a 1D local
Hamiltonian beyond simply the O(|0A])-scaling of the entropy. We contribute to this by showing
one further feature, namely the O(y/|0A|)-scaling of the entanglement spread of 4.

To see why the O(4/|0A|) scaling predicted by our bound (3.7) for the gapped ground states is
in agreement with H,oq being a 1D local Hamiltonian, we use the well-known fact that at thermal
equilibrium, the energy distribution of a many-body quantum system is concentrated around the
average energy. Indeed if Hy,oq is a sum of O(]0A|) local terms, each of norm O(1), then the energy
variance 02 = tr[H2_,Q4] — tr[Hpmoa2a]*> < O(|0A]), which can be shown using the exponential
decay of correlations in the Gibbs state of such Hamiltonians [Ara69, PGPH20]|. It follows from
the Chebyshev’s inequality on the concentration of probability distributions that the J§-smooth
entanglement spread of the spectrum of the Gibbs state satisfies ES5(24) < O(y/|0A4|/9), yielding
the same O(4/|0A|) dependency as in bound (3.7). A more sophisticated argument in Corollary 1

of [KS20b| can improve this to ES5(24) < O (\/ |0A|log %)

Contracting PEPS with exact entanglement spread sub-area law: There is an interesting
connection between entanglement spread and efficient algorithms for estimating the expectation
value of local observables in 2D gapped ground states. We thank Itai Arad for suggesting this
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argument. Suppose a ground state |{2) is given by its PEPS representation [VMCO08] of bond
dimension D. For any region A on the lattice, one can compute a subspace II such that Q4 is
supported in II. This can be achieved by computing D194l yectors and then finding their span
[AAJ16]. This computation takes time polynomial in DI941 which is efficient if A is of constant size
and D is polynomial in the number of particles. If the PEPS is injective [PGVWCO08]|, the support

of Q4 coincides with II.

It is well known that |2) satisfies an exponential decay of correlation with length £ = O (%)

[Has04, NSO6]. We further assume the evact entanglement spread in any region A is c|0A|'~*
for a constant ¢ and a parameter k > 0. This means that given the reduced state )4, we have
e—cloA ™" < Amax(§24) < elPAI"™" " Note that the assumption of a ‘sub-area’ scaling for the exact
entanglement sril)l;ead could be violated in a very simple example of a gapped local Hamiltonian, as
given in the tightness argument earlier in this section. Extending our current result to the case
of smooth entanglement spread, for which we establish a sub-area scaling, is an interesting open
problem.
Consider a qudit and let O be an operator supported on it with ||O| < 1. Let A be a ball of
radius r around this qudit. Let d be the dimension of the projector II for this region computed from

the PEPS. We prove the following in Section 3.9.
Theorem 46. Fiz any € € (0,1). Let (O) := (Q|O|Q). It holds that

tr OI1
d

_ <O>‘ <e+ 1 . e30cr1_"“—r/§‘
- €

In particular, choosing r = (600{) + 2£ log we can efficiently estimate (O) with error 2e by
computing & OH

Implications for proving area law for the entanglement entropy: Theorem 44 shows that

/¢ /
if one can prove an area law for Sr(fi\fA)Q ’ (€24), then this implies an area law for Sﬁf‘a\/xi AP (©4) and
hence, for the entanglement entropy. In contrast, prior work [ALV12] (see Equation 3.10) would show
that an area law for the min-entropy Smin(24) = O(|0A]) leads to a sub-volume law O(|0A|*/?) on

the entanglement entropy. We cannot directly compare our result with this, as Spin(24) is smaller
2/3
than S22 ().

min
As mentioned earlier, we cannot replace Sﬁl‘[A) (Q4) with Smin(Q24) without changing our
upper bound on the entanglement spread to O(|0A|). Achieving such a bound is an interesting open
problem since it would rigorously prove that min-entropy area law implies entanglement entropy
area law. The utility of this is that min-entropy area law may be easier to prove in comparison
to the entanglement entropy area law. For instance, for specific models such as stoquastic local

Hamiltonians, proving min-entropy area law can be reduced to a classical problem [BDOTO0§]

Connection to the counter example to the area law in [AHL"14] Our setup is closest
to [AHL"14], where the authors construct a family of gapped Hamiltonians whose ground states
violate the entropy area law. This is done by connecting a protocol (without any EPR assistance)
for testing maximally entangled states to the ground state of a local Hamiltonian using Kitaev’s
circuit-to-Hamiltonian construction. The obtained ground state admits a bipartition into parts A
and B such that a single Hamiltonian term crosses the cut, but it enforces a maximally entangled
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state @4 between A and B. This causes the entropy of part A to be O(|A]) violating the entropy
area law. Nevertheless, we see that this construction still satisfies our entanglement spread area
law simply because the maximally entangled state has zero entanglement spread, and the ground
state has entanglement spread at most O(1). When combined with our previous discussion on area
law, this loosely suggests the following: The ground state of a gapped Hamiltonian always exhibits
a small entanglement spread. But it either has a large min-entropy (such as maximally entangled
states in the counter-example Hamiltonian) hence not obeying an entropy area law, or it possesses
small min-entropy (such as the 1D ground states) thus obeying an entropy area law.

Hamiltonian simulation by Trotterization: While we use the interaction picture Hamilto-
nian simulation algorithm, it would be interesting to achieve the same result by directly using the
Trotterization method along the lines of [Ber07|. That is, we want to simulate the Hamiltonian
e~imHoa for some small T ~ 1/|H| with the communication cost O(7||Hga|). By repeating this step
for 1/7 = O(| H||) times, we obtain the desired overall scaling of O(|Hpa|). The issue with naively
using this approach is that each simulation step requires exchanging one qubit of communication
resulting in a large communication complexity. Note, however, that the entropy of this exchanged
qubit is O(7). Hence, we expect the quantum information cost of this step [Toul5] to also be O().
We anticipate that performing quantum information theoretic compression on such a protocol would
lead to a new protocol achieving the desired bound. Finally, note that recent results in [CST"21]
achieve a similar bound for the clustered Hamiltonians by a tighter analysis of the Trotter error.

Compression of Schmidt rank: A by-product of our techniques is a compression tool for the
Schmidt rank of any AGSP using EPR assistance. Since this might find other applications beyond
our work, we formally state it in the following proposition.

Proposition 47. Fiz an AGSP
K=Y alU;®V,
%
with a; > 0, ||Us]], Vil <1, and U;, V; acting on subsystem A, B respectively. Suppose

[ & — )@l < A.

o \ O
Then there exists an EPR-assisted AGSP K' (as in Definition 40) with Schmidt rank (ZA 1)
such that

(K~ 1 @[Q)(Q) [@)|0)] <24 for all ) € Ha o Hp.

Hence, given an AGSP K, we can use Proposition 47 to construct an EPR-assisted AGSP with
similar shrinking A but a Schmidt rank only polynomial in ¢;-norm of the coefficients a; in the
Schmidt decomposition of K.

3.5 Preliminaries

Local Hamiltonians: Let S be a collection of n spins, each with dimension s. The interactions
between these spins are described by a local Hamiltonian H = chvzl hi where the operators 0 =<
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hir = 1 act nontrivially only on at most x spins. Let Hx denote the Hamiltonian restricted to
region X C S. For a bipartition (A : B) of the set S, we write H = Hy + Hp + Hya, where Hyz
is the collection of interaction terms acting on both A and B. We denote the Hilbert space of these
partitions and the whole system by Ha, Hp and H ap respectively.

We denote the spectrum of H by Fy < E; < -+ < Enax. For convenience, we assume that
Ep = 0. Let |2) be the unique ground state of H and |E4), |Ea),...,|Emax) the other eigenstates.
The spectral gap of the Hamiltonian H is a constant v such that F; = Ey+ . We use the notation
Q :=|2)(Q] and more generally ® := |®)(P| for any state |P).

Communication protocols: In what follows, we consider quantum communication protocols
between Alice and Bob. We assume, a bipartition (A : B) of the set S is shared between the parties
such that Alice has access to spins in region A while Bob has access to those in region B. Both
parties also have their own additional registers.

The parties communicate by sending qubits, and can cooperate to implement an operator sup-
ported on AU B. The communication complexity of implementing such an operator is defined as
the total number of exchanged qubits.

Two-party entanglement Given a state |1)) 4p shared between Alice and Bob with the Schmidt
coefficients A\; > Ay > -+ > Ay, the Rényi entropy of order « of the reduced state ¥4 = trp 1) (¢
is defined as

d
Sa(ta) = ! log (trey)y) = ! log (Z /\?) , 0<a<oo. (3.11)
i=1

l—«o 11—«

Specifically for a = 0,1, 00, we define the max- and min- entropies by Smax(%4) = log (rank (14))
and Spmin(¥4) = —log A;. The von Neumann entropy S(14) is the limiting case of limg—1 S (104) =
—tr[tha log4]. In this paper, we mostly use a robust version of these entropies defined as follows.

Definition 48 (Smooth Rényi entropies and entanglement spread). Consider a state p with eigen-
values \1 > Xg > -+ > N\g. For 6 € (0,1), let

rs(p) ={L C[d]:> X\ >1-5}. (3.12)

€L

We define the 6-smooth maz- and min- entropies of the state p by

Shax(p) = min log|L|, (3.13)
Lers(p)

S0 (p) =— min 1 A 3.14

min(P) Loin log (I?&X > (3.14)

The §-smooth entanglement spread of the state p is defined as

ES&(ﬂ) - anax(p) - Sfmn(p) (315)

Lemma 49 (Young-Eckart theorem). Consider a bipartite state 1) € Hap with the Schmidt coef-
ficients Ay > Xg > -+ > Ag. Let |¢) € Hap be the state with the Schmidt rank < r which has the
largest overlap with ). It holds that |(p|1)|> < S0y Ai.
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We will use the operator Schmidt decomposition in which an operator 1" acting on two systems
is decomposed as T' = 3,y Aidi ® B; such that A; > 0 and tr[AIAj] = tr[BiTBj] = d;5. The
number of terms r is called the Schmidt rank of T" and satisfies an important submultiplicativity
bound: SR(7175) < SR(71)SR(73). This includes the case when one operator is a state so that we
have SR(T'|¢)) < SR(T)SR(|¢)).

3.6 Approximate ground space projector and entanglement spread

We being by proving the connection between the entanglement spread and the communication
complexity of testing bipartite states.

Definition 50 (EPR-assisted AGSP, restatement of Definition 40). Fiz a bipartition (A : B) of the
spins, let |Q2) € Hap be the ground state of a local Hamiltonian H and |®) = ﬁ Z§:1 17) 4017) Bo
be a mazimally entangled state with dimension p > 1 shared between Alice and Bob who control Ay
and By respectively. We say that an operator K is a (D, A)-EPR-assisted AGSP if

— The Schmidt rank of K is at most D and
— It holds that

(K =T @[ Q) [®)[)| <A forall [¢) € Ha®Hp. (3.16)

Remark 51. The Schmidt rank of the AGSP equals 2¢ where ¢ is the communication complexity
of implementing it. We switch between D and ¢ depending on which one is more convenient. Also,
we use EPR-assistance only in our AGSP construction based on the quantum phase estimation and
not the Chebyshev-AGSPs. Nevertheless, the following theorem applies generally to both cases.

Theorem 52 (Bounding entanglement spread using AGSP). Suppose there exists a (D,A)-EPR-
assisted AGSP with respect to a partition (A : B) such that A < —1=. Then the entanglement spread

4V2’
across (A : B) is bounded by

SUVIA () 1y gUVEAPR 1y S0 D 4 1. (3.17)

max min

Proof. Let e = (2A)%/3. Consider the Schmidt decomposition

9) = 3 Vi) ali)

where {\;} are in descending order. Let b be the smallest integer such that &’ := 3> ._, \; > € and

i<b

define
[Ai .
‘Qheavy> = Z ?”L>A‘Z>B’
1<i<b
|Qtight) = Z \/ A i) ali) B-
: i>b 1-¢
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Hence, |) = V| Qheavy) + V1 — &/|Qight). We are also given the Schmidt decomposition of |®) as

1 p
= —> 1) aold) 50,
N

for some integer p. From the closeness of K to [Q)(Q] as in (3.16) and the identity (Q|Qneavy) = V',
we have

1K 12) [ Rneavy) — [8) @ [€2)(Qneavy) | = | K12)|Dneavy) — V| 2) Q)] < A. (3.18)

The Schmidt rank of \;?K is the same as K which equals D. The Schmidt rank of |Qycavy) is b—1.

Hence, the Schmidt rank of %K@)]Qhea‘,ﬁ is at most p(b — 1)D. From (3.18), we have that

(\}K ‘Q) ’Qheavy

H (5 5K) 19) [ Qneavy Nk

(3.19)

Following [ALV12]|, we use the Young-Eckart theorem (Lemma 49) along with the above bound.
This implies that the sum of the largest p(b — 1)D elgenvalues of Q4 ® Py, is at least ( \/;)2.

However, since the eigenvalues of ®4, are all equal to %, this sum is equal to Z,Eb, nb Ai. This is
the key point in our proof where we use the fact that |®) is maximally entangled; replacing it with

a different state, such as an embezzling state, would cause this step to fail. Hence, we have

—1)D

2A AA
> A= @)221——.

From the definition of the smooth max-entropy (3.13), we see that this statement is equivalent to

LYAN

Slax(Q4) < log D + log(b — 1).

4A

Since Spax(24) < S

aX(Q A), we conclude that

4A
See(Q24) <log D + log(b —1).

Now, consider the following two cases:

1) € > A1: From the definition of b,

= N<e+N<2e
i<b

Since \; are arranged in descending order, we also have &' > (b — 1)\,_1. This implies

1
log(b—1) < loge’ + log 3

1
< log(2¢) + log o
b
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By Definition 48, log /\ib = 5. (4) < 5% (Q4). From this, we conclude that

m min

4A

SI{QX(QA) — 5% (Q4) <logD +log(2e) <logD + 1.

min

4A
2) & < A1: In this case, b = 2. Thus, SH‘{;X(QA) < log D. Since 5% _(Q4) > 0, we have

min

4A

Sn\l/:ix(QA) — 52 (Qa) <logD <logD + 1.

min
By plugging in the value of € = (2A)%/3, we arrive at (3.17) which concludes the proof. O

Theorem 52 implies that we can bound the entanglement spread in the ground state by finding
an appropriate AGSP. In the next sections, we achieve this using two distinct approaches. First in
Section 3.7, we use the phase estimation algorithm to construct an AGSP for a gapped Hamiltonian
on an arbitrary graph with D = O(]0A|/v). Next in Section 3.8, we find an AGSP using the
Chebyshev polynomial with a quadratically improved scaling of D = O(\/|0A|/7).

3.7 AGSP for general graphs using quantum phase estimation

Here, we prove in detail how a distributed version of the quantum phase estimation can be used to
test gapped ground states. This is done in three parts. In Section 3.7.1, we review the Hamiltonian
simulation algorithm based on the interaction picture. Then in Section 3.7.2, we turn this algorithm
into a communication protocol. Finally in Section 3.7.3, we combine the Hamiltonian simulation
protocol with the quantum phase estimation to obtain an AGSP.

3.7.1 Hamiltonian simulation in the interaction picture

In this section, we describe a communication protocol between Alice and Bob that allows them to
approximately implement the evolution operator e~ = e~it(HatHp+Hoa) using O(|Hyal|t) qubits
of communication. The conventional Hamiltonian simulation techniques work in the Schrédinger
picture. Naively using these techniques results in communication complexity that scales with ||H |
instead of |Hp,|. To get around this issue, we instead use the recent Hamiltonian simulation
algorithm in the interaction picture [LW18] along with the Linear Combination of Unitaries (LCU)
method [BCCT15].

In the Hamiltonian simulation, the goal is to prepare the state |1)(t)) = e~ *(HatHs+Haa)|4)(0))
for any initial state [¢(0)). This is conventionally done by directly implementing the uni-
tary e "(HatHp+Hoa)  Ip the interaction picture, we work in the rotating frame |¢7(t)) =
e Ha+HB)|y)(t)). There, the evolution of a time-independent Hamiltonian H is transformed to
the evolution by a time-dependent Hamiltonian

d
g Y1) = —iHr ()41 (1)) (3.20)
Hi(t) = " HatHe) [y o=t HatHp), (3.21)
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We can divide the evolution of duration ¢ to L shorter segments of length 7 = ¢/L. The state |¢(¢))
can be expressed in this picture by

(1)) = e~ AT s (1)) = (et HRIT [t 18] )y o)), (3.22)

where T [exp (—z’ fOT H I(S)ds)] is the time-ordered propagator. One advantage of working in the
interaction picture is that |Hj(t)| = |Hpa|. Hence, the cost of implementing the propagation
operator T [exp (—i [ Hi(s)ds)] scales with |[Hpa| instead of |Ha].

Lemma 53 (cf. [LW18|, Lemma 5). The time-ordered propagator can be written as

K . Nk

—i fo Hr(s)ds| _ : (727—)

T[e X } M,lf%“ioog:o i <§<: <MHI(ka/M) Hi(myr/M).  (3.23)
= <myp<--<my

The order of the M, K limit and the speed of convergence will not matter to us since we will
see that our communication cost is completely independent of M, K.

The boundary term Hg4 can be decomposed as a sum of unitary operators, i.e.,
¢ (A) (B)
HaA—ZﬂJuj ®uj ,
j=1

(A) (B

where u;”" (u;

(4)

acts on Alice’s (Bob’s) spins. We can always absorb the phase of 3; in u;’ and
assume [3; > 0. Similarly, the interaction Hamiltonian is

J
H](ka/M) _ ZBj(eimkHAT/Mu§A)efimkHAT/M) ® (eimkHBT/Mu§B)e*imkHBT/M)_

Jj=1

By plugging this into (3.23), we see that the time-ordered propagator can be expressed as a linear
combination of unitary operators. For convenience, we define a collective index set

IMJ(:{(k,ml,...,mk,jl,...,jk):OSkﬁK,Ogml<--~<mk<M,j1,...,jk€[J]}.
For some ¢ = (k,mq,...,mg, j1,...,Jjk), define

Qyp = (Tk/Mk)B]k - '/ij

A . im T A) —im T im T A) —im T
Ué ) — (—i)*(etmtla /Mug-k)e RHaT/MYy (gimita /Mu§-1)e LHAT/M)
’UéB) _ (eimkHBT/Mung)e*imkHBT/M) o (eimlHBT/Mu§1B)efimlHB‘r/M).

Note that

J
lim Z ay = exp(T Z Bj)- (3.24)
lel j
where J is the number of unitaries in the decomposition Hgy = Z}']:1 Bjug-A) ® ug-B). Using this
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notation, Lemma 53 can be expressed as

T le o hids) = tim S ap of? @ ol (3.25)
|: } M,K—oco el

3.7.2 Communication protocol for Hamiltonian simulation

Our results regarding the ground-state entanglement and the communication complexity are infor-
mation theoretic in nature. In particular, the running time or other algorithmic aspects of the tools
we use, such as the Hamiltonian simulation, do not affect our conclusions. Here, we explain how we
can use this observation to simplify the analysis of a part of our protocol.

In the LCU method, we express the Hamiltonian simulation operator U(t) as sum of unitaries
Ut) =Y akuéA) ® u,(CB) for some choice of coefficients a, € R and unitaries uéA) and u,(CB) that act
on Alice and Bob’s qudits respectively. Such decomposition as a sum of unitaries could come from
the truncation of a Taylor expansion. To keep the running time efficient such Taylor expansions are
truncated at low orders.

When Alice and Bob jointly implement the LCU algorithm, they need to prepare and share the
ancillary state o) = (3, o) V2", \/ak|k) 4, k) B, Then, they proceed by applying the unitaries
u,(CA) & u,(CB) conditioned on their register |k). Now suppose instead of truncating the expansions, we
continue adding higher terms. Of course, the issue is that the number of coefficients «j and thus,
the communication cost of sharing |«) and reflecting about |«) also increases. On the other hand,
we know that if instead of |a), the parties share a maximally entangled state, the bound (3.5) on
the entanglement spread remains intact. In other words, it is not the number of exchanged ancillary
qubits in the protocol, but their entanglement spread that affects our final bound (3.5).

We fix this problem by modifying the LCU algorithm such that instead of the state |a), Alice
and Bob only share the maximally entangled state (or equivalently some number of EPR pairs).
This state only needs to be shared once, which can be done outside the protocol, and then many
reflections about it can be done with a cost independent of the size of the state. Now we can keep
an unbounded number of terms in the expansions and avoid similar approximations in our protocol.
This blows up the running time of these procedures, but maintains the communication complexity.

In the following we show how this can be achieved more formally. Our first step is to prove how
using O (log(1/e)) qubits, Alice and Bob can perform a reflection about the maximally entangled

state |®p) = % > 51 17)4017) B, with an arbitrary dimension p up to an error . The proof follows

from the EPR testing protocol (i.e. performing the two-outcome measurement {®,, 1 — ®,}) of
[AHL"14].

Theorem 54 (Reflection about |®,), cf. [AHL"14]). For any p and any e > 0, there exists a protocol
for performing 1 —2®,,, the reflection about the mazimally entangled state, using O (log(1/¢)) qubits
of communication.

Next we focus on the Hamiltonian simulation protocol and analyze its communication cost.
Theorem 55 (Communication protocol for Hamiltonian simulation). There exists a communication

protocol between Alice and Bob, summarized in Protocol 1, that uses a shared mazimally entangled
state |®,) for an arbitrarily large p and O(t|0A|log(t|0A|/e)) extra qubits of communication and
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implements an operator Wy such that
[Wi @) 4h) — [@p)eHHaTHoATHB) [y | < e (3.26)

Proof of Theorem 55. The evolution is divided into L segments of length 7 as in (3.22). In each seg-
ment, the operator e " (HatHp) — ~irHae=iTHp ¢an he implemented without any communication.
Thus we focus on the cost of performing the time-ordered propagator T [exp ( fo Hi( ds)]

Following [LW18, BCC"15], we use the LCU method to simulate the time-ordered operator
given as a sum of unitaries in (3.25). In the original LCU algorithm, to implement a sum of
unitaries such as ZEEIMJ( oy véA) ® UEB). Alice and Bob need to share (and later reflect about) the
state Z%IM,K Vu|l) 40|0) By- In general, sharing such a state results in extra entanglement spread
between the parties. To avoid this, we modify the sum in (3.25) so that all oy are equal and Alice
and Bob can instead use their shared maximally entangled state |®,) which has zero entanglement
spread.

We achieve this by rounding off the coefficients oy to the nearest multiple of ks = 2~ [og(8~1)]
denoted by &y such that |ay — @y| < 6 < 1. The choice of § depends on M and K. In particular as
M, K — oo, we have 6 — 0. We can re-express the sum in (3.25) by repeating each term véA) ®U§B)
for ay/ks times. This means for a fixed M, K, and 0, Alice and Bob wish to implement the sum

P
ks - Z véA) ® véB) (3.27)
(=1

J
with some extended set of indices £ with size p <>, [ap/ks] < e’ 25=185 /L5 (using (3.24)).
The simulation protocol consists of the following steps summarized in Protocol 1:

1. Alice and Bob perform the following operator on the state |¢)) and the maximally entangled
state |®,) = f >0 _110) 401€) B, shared between them:

SEL = SEL 4,4 ® SELp, 5

p
SELAja = Y |6)(¢]4, ® v
/=1

P
B
SELB@B = Z ‘£><€‘Bo ® vé )
(=1
To implement this, Alice (Bob) applies the unitary véA) (véB)) on their spins conditioned on
register |0)a, (|¢)B,). Hence, the operator SEL can be implement by the parties only using
local unitaries. Their state after this step is

hS]

SEL |®,)|¢) = Z Vo) By ® (”@W )\¢> (3.28)

f:

2. Next, the parties implement the oblivious amplitude amplification subroutine [BCC™15]
which for given any state [¢), turns the state SEL|®,)[¢) into the desired state
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|Pp) (Ze ks v ) ® vé ) |1) using a “Grover type” rotation. In our setting, this means the
parties apply the rotation operator — SEL(2®,, — 1) SELT(2®, — 1). Tt is shown in [BCCT15]
that if >, I @ = 2, one application of this operator suffices. It follows from Eq. (3.24)
that in the limit of M, K — oo and § — 0, ZZEIM,K &y = exp(T ijl B;). Hence, ift-z;-le B;
is a multiple of In(2), we can choose the number of segments as L =t 3 3;/In(2) = O (t|0A])
to ensure >y, & = 2. Otherwise, we set L = ¢}, 3;/In(2)] and adjust the angle be-
tween the initial and target states in the last segment by appending an additional ancillary
register €/*X|0) with a suitably small 6.

Similar to step 1, the operators — SEL and SEL' are performed locally. The reflection operator
2®, —1 is performed using the protocol in Theorem 54. For an overall error of €, we need error
/L per segment, which requires O (log(L/¢)) = O (log(t|0A| /<)) qubits of communication per
segment.

In the described protocol, we can take M, K — oo. By doing so 6 — 0. This will only increase
the size p of the shared maximally entangled state |®,) and not the qubits communicated
when implementing 2®, — 1.

The state after performing oblivious amplitude amplification is
(- SEL(2®, — 1) SEL' (23, — 11)) SEL [@,)[1)) ~. /1, |®,) <Z ks o5 @0, > ). (3.29)

3. Alice performs e~*"H4 and Bob performs e *"#5 on their spins.

4. They repeat the steps 1-3 for L = O (t|0A|) times.
Hence, the number of qubits exchanged during the whole protocol is O(t|0A| log(t|0A|/¢)). O

Protocol 1 Hamiltonian simulation protocol between Alice and Bob

Input: Unbounded shared maximally entangled state |®), a shared state |¢), H and ¢.
Goal: Implement W; such that |[Wy|®)[p) — |@)e )| < e.

Procedure:

For L = O (t|0A]) times, perform the following protocol:

1. Alice and Bob implement SEL |®)|¢) by applying local controlled-unitaries,

2. Using the protocol in Theorem 54, Alice and Bob approximately perform the rotation operator
(= SEL(2® — 1) SEL'(2® — 1)) using O (log(t|0A|/¢)) qubits of communication. The parties
use O(1) qubits of communication in the L’th iteration to adjust the angle between states in
the oblivious amplitute amplification subroutine (see step 2 of the proof of Theorem 55).

—iH At/L

3. Alice applies € and Bob applies e *15t/L Jocally.

3.7.3 A communication protocol for measuring the ground state

In this section, we use the Hamiltonian simulation protocol of Section 3.7.1 along with the quantum
phase estimation algorithm to implement an approximate version of the measurement {2, 1 — Q}.
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The phase estimation algorithm is an operator PHASE that is implemented on some target
state |¢) in the following steps. (1) Starting with f = log(1/(vto)) + O (1) ancillary qubits in
the |0) state, a uniform superposition \/% 25261 |7to) is created. Here, the parameter ¢y is chosen
such that [0A|tg < 1 and following the discussion in the beginning of Section 3.7.2, we simply
consider the limit ¢ty — 0 at the end. Hence, this register is a uniform superposition over time steps
{0,t0,2t0,...,0(1/7)}. (2) Controlled on the register |jto), the Hamiltonian simulation operator
et s performed on the target state |¢). (3) Finally, an inverse Fourier transform is applied to
the ancillary registers. The action of this operator on the eigenstates of H is (assuming that the
e~ oracle is perfect):

PHASE |0)|Q) = |0)]2)
PHASE |0)|E;) = ai|0)|E;) + V1 — 04|07) | E;), Vi > 1,

where the |o;| are all less than some universal constant o < 1 and the states |0;-) are all orthogonal
to |0). By repeating this operator for O (log(1/A)) times in parallel, we can reduce the error to
< A. Let us define the two-outcome POVM {K, 1 — K} such that

K = PHASE'(|0)(0| ® 1) PHASE .

We see that {K,1 — K} provides a good approximation to the measurement {Q,1 — Q} that we
intend to perform [CSS18, Equation 10-12]:

| (K =T &[@)(Q) 0] < A. (3.30)

In our EPR-~assisted communication protocol for implementing the PHASE operator, the Hamil-
tonian simulation is implemented approximately, hence introducing an additional error in (3.30).
Moreover, we modify steps (1) and (3) in the above description of the phase estimation algorithm
to replace the ancillary registers with the available shared EPR pairs. In step (1), the parties use
their shared EPR states instead of preparing a uniform superposition starting from |0). In Step (3),
instead of performing the inverse Fourier transform and the measurement {]0)(0|, 1 — [0)(0|}, Alice
and Bob jointly perform the equivalent EPR testing measurement {®,1 — ®} as in [AHL"14] (see
also Theorem 54). In the following, we give the details of this protocol (Protocol 2) and its analysis
which shows how to implement the two-outcome measurement { K, 1 — K}.

Theorem 56 (Communication protocol for measuring the ground state). Following Protocol 2,
Alice and Bob can implement a measurement {K,1 — K} such that

[(K — 1 0]2)(@]) [0)[8)e)] < A

while sharing unlimited EPR pairs |®) and with the communication cost

Al (1Al 1) 1
O( 5 log A logA logA . (3.31)

Proof. The phase estimation algorithm PHASE is repeated O (log(1/A)) times. In each applica-
tion, the Hamiltonian simulation Protocol 1 is run once for time up to O(|0A|/v). According to
Theorem 55, the communication cost of implementing Protocol 1 in each round is bounded by
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Protocol 2 Protocol for measuring the ground state

Input: Unbounded shared maximally entangled state |®), ancillary state |0), a shared state |1},
and the Hamiltonian H.

Goal: Perform POVM {K,1 — K} such that | (K — 1 ® 1 & [Q)(2]) |0)|P)|y)] < A.

Procedure:

1. For k = O (log(1/A)) times, repeat the following steps i.-iii. to perform the operator PHASE
k times in parallel:

i. Using their unlimited EPR pairs available, Alice and Bob share the state |®f) =
1. .
gf% 2]2.201 l7t0)a,|dto)e, for f =1log(1/(vto)) + O (1) and some ty — 0.
ii. Conditioned on registers |j)q,|7)s,, the parties implement the Hamiltonian simulation

protocol W; (Protocol 1) on the state [)).

iii. Using additional ancillary states, they jointly implement the EPR testing protocol of
[AHL"14] that approximately implements the two-outcome measurement {®¢, 1 — @}
on registers a; ® by.

2. If all the k£ EPR tests in step iii. accept, the parties accept (the outcome corresponding to
measuring K ), otherwise they reject (the outcome corresponding to measuring 1 — K).

0 (‘i—A' log (@—?')) Additionally, the EPR testing in step iii. of Protocol 2 requires a communica-

tion cost of O (log(1/e)) to achieve an error of O(e). In order to have an overall error of O(A) in
the phase estimation, it suffices choose

=0 (tim)

Adding these costs, we get (3.31). Note that taking ¢ty — 0 in Protocol 2 only blows up the local
running time of Alice and Bob who call the Hamiltonian simulation oracle conditioned on |jtg). O

3.8 AGSP for lattice Hamiltonians using Chebyshev polynomials

The construction of an AGSP based on the Chebyshev polynomials relies heavily on the truncation
of the Hamiltonian. The idea of truncation, introduced in [AKLV13], allows one to control the norm
of Hamiltonian away from a bipartite cut. In this section we (1) review the previous techniques for
truncation in frustration-free and general Hamiltonians and (2) adapt them from 1D systems to an
arbitrary lattice. First, we explain how to perform truncation in the frustration-free case.

3.8.1 Truncation: frustration-free case

Without loss of generality, we assume that hj are projectors and the ground energy Fy = 0. Let
DL be the detectability lemma operator [AALV09| corresponding to H defined as follows.

Definition 57 (Detectability lemma operator). Partition the terms of the Hamiltonian H =
Zfik hi into w groups {Th,... Ty}, where the terms in each group mutually commute. For a finite
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dimensional lattice, w is a constant. The detectability lemma operator is defined by

DL:l_w[ IT @ - n)

a=1 \keT,

The operator DL defines an AGSP for the Hamiltonian H. In particular, since H is frustration-
free, the terms 1 — hy, preserve the ground state and we have DL Q) = |Q2). Since | DL|| < 1, when
this operator is applied to the states orthogonal to |Q2), their norm shrinks by a factor < 1. More
precisely, it is shown in [AALV09, AAV16] that we have

1
1+7v/9%

where v is the spectral gap and g is the number of interactions in the Hamiltonian not commuting
with a given interaction hy.

DL[Q) = [2), [|DL—|2)(Q]| < (3.32)

Remark 58. For a D-dimensional lattice with a k-local Hamiltonian, we have w < (2D)* and
g < k(2D)* L (see for instance, [AAV16, Section II])

In order to obtain a truncation for the Hamiltonian H, which as we explain later allows us to
control the norm of Hamiltonian away from a bipartite cut, we consider a slightly different AGSP
than DL. Consider any bipartition (A : B) of the lattice. Let II4 be the projector onto the ground
space of the Hamiltonian H 4 and Il be the projector onto the ground space of Hg. Let C' be the set
of all interactions contained within 9,,A. Using the “absorption” argument from [AALV09, ALV12],
the following equality can be shown:

(MaTp) DL =TT [T | I @-1w) ], (3.33)
a=1 \keT,NC

which can be verified by noticing that (1 — hg)Ilz = Ik, where Il is the projector onto the ground
space of a region R on which hy, is supported, we can absorb terms from DL into 114115 except for
those that are hindered due to the boundary.

By applying (3.33) in (3.32), and using II4I15|Q2) = |Q), we conclude that (II4II1g) DL is also
an AGSP, i.e.

1

Watlg [[ {11 (@ =m) | =1l < 575

a=1 \ keToNC

(3.34)

Next, we use this operator to truncate the Hamiltonian H outside some region A.

Definition 59 (Truncated Frustration-free Hamiltonian). The truncation of a frustration-free
Hamiltonian H with respect to the partition (A : B) is defined by:

H= Y e+ (1—I4)+(1-1p), (3.35)
a,keToNC

Theorem 60 (Truncation in the frustration-free case). The truncated Hamiltonian H has the fol-
lowng properties:
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1. H is frustration free
2. |H] <2+ w20l
3. the spectral gap of H is > y/4g>

Proof. One can see that |Q2) is a ground state of H. In order to lower bound the spectral gap of
H, we use the fact that the detectability lemma operator and the Hamiltonian have very similar
spectral gaps. This was described as a converse to the detectability lemma in [AAVI16]. More
precisely, using Theorem 1.1b of [Gaol5|, we obtain that for any state |1},

2

AwlHW) >1— maTp [T [ [ @ —rw) | 1)

a=1 \ keToNC

If |¢) is orthogonal to |2), (3.34) ensures that

~ 1 2 ¥
W) > 1 (1) >

Thus the spectral gap of H is at least . Finally we can bound the norm with

e
492

JH| <0 =Ta] + |1 =Tl + > [h] <2+ w?[0A]
a,keT,NC

3.8.2 Truncation: frustrated case

Here, we consider truncation in the more general case of frustrated Hamiltonians. This is first
achieved in [AKLV13|. We will directly use the following theorem from [KS20a|, which built upon
[AKL16]. For a partition (A : B), the truncation in [AKL16] is defined by removing the high energy
spectrum of Hp. The improvement in [KS20a| allows one to truncate both H 4 and Hp while leaving
the boundary term Hp, 4 untouched, where w = O(1).

Definition 61 (Truncation of H up to energy ). Fiz a bipartition (A : B) such that H = Hy +
Hp+ Hp, a4 and w = O(1). Let ng and Hig denote the projectors onto the eigenstates of Hy with

energy < & and > £ respectively. Similarly, we assign H]<3,5 and H]%g for region B. The truncation
of Hy (or Hp) up to energy & is defined as

Hy = HaITSE + €155,
Moreover, the truncation of H up to energy & with respect to the partition (A : B) is defined by
H=Hs+Hp+ Hpa.

Theorem 62 (Truncation in the frustrated case, cf. [KS20a], Theorem 5). Let H be the truncation
of the Hamiltonian H with respect to the partition (A : B) up to energy & = O (w2]8wA| + log %),
where w = O(1). Then, it holds that
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1. The spectral gap of]:I 1s at least %,
i. The ground state |Y) of H satisfies |(QQ)] > 1 — e 0-10wAl

ii. |H — Ey1|| < 100w?|d,A|, where E) is the ground-state energy of H.

3.8.3 Chebyshev-AGSP

The previous subsections show that the Hamiltonian H can be truncated to H such that the spectral
gap stays > 7/2 and the norm of the Hamiltonian is at most Ej + O(w?|0,A|). Furthermore, the
ground state |Q') is close to |Q) with fidelity at least 1 — e~ %194l This means we can instead
construct an AGSP for the ground state |€') of the truncated Hamiltonian H.

Definition 63 (Chebyshev-AGSP). Define the Chebyshev-AGSP as the following polynomial of H
of degree q:

- 1 2B —2H
Q (H) = / / T, 1 + -1 9
O e
where E! .. is the largest eigenvalue of H and T4 1is the degree-qg Chebyshev polynomial of the first

kind defined by Ty(cos @) = cos(qb).

The reason for this definition is that (i) Qq(E() = 1, (ii) the eigenvalues in the range [Ef, E}, ]

max

are sent by z — 1+ EQ,Ei__Qg, to the range [—1, 1] and T,([—1,1]) = [—1, 1], (iii) the denominator is
max 1
exponentially large in ¢* (?E{El _Eb];i? > Thus it yields an AGSP with properties given by the following
max 1

theorem.

Theorem 64. There is a constant & depending on the geometry of the Hamiltonian such that if we
let ¢ = /w2224 1og 4, then Qq(H) is a (D, A)-AGSP with respect to the partition (A : B) (see

&y
Definition 50). That is, |||2)(Q — Qq(H)|| < A and the Schmidt rank is bounded by
0w Al 4 wg 0wAI? 3 2 by 2,41
D= “log — - — -1 —_— 1 —)= 3.36
exp< o oy (P20 ) ) a0

Before stating the proof of Theorem 64, we need the following lemma:

Lemma 65 (Adapted from [AKLV13]). The Schmidt rank of Q,(H) is at most D < ¢4 log(q”s" (9w Al)

Proof. First, SR(Q,(H)) < ¢SR(H)4. Thus, we upper bound SR(H). In both the frustration-free
((3.35)) and the frustrated case (Theorem 62), we can write H = Hy, 4 + X + Y, where X is an
operator supported on region A and Y is an operator acting on region B. Consider the following
expansion:

t1
(ﬁ)q = Z (Xlegl> Hp, 4 (Xf2yg2) Hp, 4 (Xf3yg3> .. Hpy, a (Xfeyge) .
/=1
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In each term, Hp, 4 occurs £ — 1 times, and the tuple of non-negative integers (f1, 91, ... fr, 9¢)

satisfies
¢

Y fitg)=a—t+1.
=1

The number of possible such tuples is equal to (quL 1) < (2(1;22) (g + 1)5 Since none of X7/iy9i

change the Schmidt rank across the bipartition, and Hg, 4 changes the Schmidt rank by at most
5°|0wA|, we obtain that the Schmidt rank of (H)? is at most

(%)00 AT - (g + 1)7F2 < e4lo8(@*s" 19w A])
This completes the proof. O

Proof of Theorem 64. By a result of [AKLV13], we have

E/ —

~ -9 /17]56/ _ Y
|QqUH) — )| < 26"V Fax=2F < 9™V wEAAT,

where £ is an absolute constant determined by the lattice structure and the locality of the Hamil-

tonian. For a given A, choose ¢ = \/ngQ% log %. Then

2} = Q)] < A.

By plugging in the choice of ¢ = /w?g |a§1§A‘ log 4 « in Lemma 65, we see that the Schmidt rank

is at most
|Ow Al 4 wg (\&UA 4 1>
D =exp ‘log—-—"-1lo 2510
< m ex e s w’g g(A)gg

3.9 Proof of Theorem 46
Theorem 66 (Theorem 46 restated). Fiz any € € (0,3). Let (O) := (Q|O|Q). It holds that

tr OI1
d

o] zerdmi
€

In particular, choosing r = (600{) + 2¢ log , we can efficiently estimate (O) with error 2e by
computing L1 OH

Proof. Divide the spectrum of 4 into N = blocks, such that the ratio between smallest
and largest eigenvalues in each block is < 1+ €. Let II; be the projector onto the ith block, d; be
the dimension of IT; and A . be the smallest eigenvalue in the ith block. Since |2) is a pure state,

there is a projector II} acting on A°, such that (II; ® id4¢)|Q2) = (idg ® IT})|€2).
Using decay of correlation, we can write for each block 1,

2c(|0A|)I—F
€

(QI(IT; ® 0)|) — (QUIL)(QI0IR)] < e/,
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Note that (Q|(II; ® O)|Q) = tr(OIL;Q4) and (QII;|Q) = tr(IL;Q24) . Thus, we can rewrite the above
equation as

t 1L,© —r/¢
tr(OILiQ4) o)< S (3.37)
tr(HiQA) tI‘(HZ‘QA)
Since all the eigenvalues in II* are within a multiplicative factor 1+ € of A’ . | we have
MpinILi = T4 < (14 )AL, 1L,
and hence (OTL) _ tr(OTL,24) t(OTI;)
r i r ivtA r i
11— < <(1 —_—.
=90m = wmey) = 9%
This allows us to rewrite Equation 3.37 as (also using d; = tr(1I;))
tr(O1L;) tr(O1L;) e /¢
—{(0)| < . 3.38
d; < >‘ =€ d; + tI‘(HiQA) ( )
Now, we sum both sides over i, with weights %. Since IT = ), II;, we obtain
— <e—— T — < T — . .
d <O>’ seg ot Zi:dtr(HiQA) sere Zi:dA;nm (3:39)

Using the entanglement spread condition, for each i we have d\!. > e_C|aA‘17Hd)\maX(Q A) >
e~<lPA™" Since |0A| < 10r, we obtain

1-k
tr(gﬂ) _ <O>‘ <e+ e T/E N (10T <e+ e T/E 2¢(|0A]) . ec(10r)=r
€
1 —s
<ete/EL 2L B0t (3.40)
€
This completes the proof. O

3.10 Proof of Proposition 47

Proposition 67 (Proposition 47 restated). Fiz an AGSP

K=Y aU;oV,

1

with a; > 0, ||Usl], Vil <1, and U;, V; acting on subsystem A, B respectively. Suppose

[ = [2)(Q]] < A.

o \ O
Then there exists an EPR-assisted AGSP K' (as in Definition 40) with Schmidt rank (EA l)
such that

(K= 1@ [Q)(Q]) [®)[)]| <24 for all |¢) € Ha® Hp.
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Proof. Suppose a; = R are rational numbers, with w; and N nonnegative integers. This can be

assumed with arbitrarily small error. We re-write
1 .
K=y 2 Uiov
i g=1
Let M =), w;. Introduce a maximally entangled state
1 .
D)y = — i, Dalty 7,
| >ab \/MZZ:;| .7>a| ]>b

where Alice’s and Bob’s auxiliary registers are denoted by a and b respectively. This leads to the
following representation of K:

|(I)><(I)|ab®K: ﬁ |q>><(1)’ab E |Z7]><Za]|a®Ui ® E ‘27]><Z7]|b®‘/i |(I)><(I)|ab
i,J 2%

From Theorem 54, there exists an operator L with Schmidt rank 60%, such that

1L = |@)(@lan|| <.

Letting € = NWA, we obtain the following approximation to K @ |®)(®|,:
K=o > i) isdla@Us | @ | D 1i i) (il © Vi | |18)(@las
N - ) Y - ) )
1,] 2y

such that for all |¢),
[K" = @) Plap @ K[| < A = || (K" = 1@ [2)(Qa) [)ap 10} < 2A.

When K’ acts on a state [1) 4|1) g|®)qp, the Schmidt rank is increased by at most the Schmidt rank

of L, which is
M\ W 1 W ot >y o
<NA> “\a2wn) - < A ) '

By definition, this is the Schmidt rank of the EPR-assisted AGSP K’ (1 ® |®)4p). This completes
the proof. 0
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Chapter 4

Learning quantum interactions

Chapter summary: In this chapter, we study the problem of learning the Hamiltonian of a
quantum many-body system given samples from its Gibbs (thermal) state. The classical analog
of this problem, known as learning graphical models or Boltzmann machines, is a well-studied
question in machine learning and statistics. We present the first sample-efficient algorithm for the
quantum Hamiltonian learning problem. In particular, we prove that polynomially many samples
in the number of particles (qudits) are necessary and sufficient for learning the parameters of a
geometrically-local Hamiltonian in fo-norm.

Our main contribution is in establishing the strong convexity of the log-partition function of
quantum many-body systems, which along with the maximum entropy estimation yields our sample-
efficient algorithm. Classically, the strong convexity for partition functions follows from the Markov
property of Gibbs distributions. This is, however, known to be violated in its exact form in the
quantum case. We introduce several new ideas to obtain an unconditional result that avoids relying
on the Markov property of quantum systems, at the cost of a slightly weaker bound. In particular,
we prove a lower bound on the variance of quasi-local operators with respect to the Gibbs state,
which might be of independent interest. Our work paves the way toward a more rigorous application
of machine learning techniques to quantum many-body problems. This chapter is based on:

[AAKS21] Anurag Anshu, Srinivasan Arunachalam, Tomotaka Kuwahara, and Mehdi Soleimanifar.
Sample-efficient learning of interacting quantum systems. Nature Physics, 17(8):931-935,
2021. Also in Proceedings of IEEE 61st Annual Symposium on Foundations of Computer
Science (FOCS), pages 685-691, 2020.

4.1 Introduction

The fundamental interactions in materials, given by the electromagnetic forces between electrons
and nuclei, are often too complicated to be grasped in their entirety. This has shifted the attention
to understanding the effective interactions between particles, described by local Hamiltonians, that
if accurately chalked out, can be used to describe a variety of properties of the system and novel
phases of matter. Recent advances in experimental techniques allow for the synthesis and study of
increasingly complex interacting quantum systems [BSK™17, ZPH"17, AAB"19, SBM*11]. This
prompts an important question: How can we infer the interactions between particles in such compli-
cated systems or certify that their Hamiltonians indeed match the theoretically predicted models?
A similar question arises in the context of near-term quantum computers. A major application
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of quantum computers is to simulate the dynamics or particular states of a quantum system gov-
erned by a given Hamiltonian. In particular, the task of preparing the thermal state of a target
Hamiltonian, known as quantum Gibbs sampling, is the backbone of many quantum algorithms
such as semi-definite programming solvers [BS17b, vAGGAW20, BKF22], quantum simulated an-
nealing [Monl15b, HW20], quantum machine learning [WKS16], and quantum simulations at finite
temperature [MST"20]. Since near-term quantum computers will be noisy, an important problem
in the scalable development of these devices is to verify their performance and calibrate them. For
various quantum algorithms this means devising classical algorithms that, using measurement data,
determine if the correct Hamiltonian has been implemented on the quantum device.

In this chapter, we focus on one version of this problem where we aim to learn the underlying
Hamiltonian of a quantum system given multiple identical copies of its Gibbs state at a known fixed
temperature. We refer to this task as the quantum Hamiltonian learning problem. More formally, we
consider a geometrically-local Hamiltonian H acting on n qudits which are arranged on the vertices
of a finite dimensional lattice. In general, we can parameterize H by

H(p) =k
=1

where py € R and the operators Ey are Hermitian and { Ey} forms an orthogonal basis for the space
of operators. We say the Hamiltonian H is k-local when the number of qubits in the support of
each operator Ey is at most k. In geometrically-local Hamiltonians, the maximum distance between
the qubits in the support of operators E, (measured with respect to the underlying lattice) is
also bounded by a constant (see Section 4.6.2 and Definition 79 for more formal definitions). For
instance in the case of qubits, operators E, are tensor products of at most x Pauli operators that
act non-trivially only on spatially-close qubits. We let the vector p = (p1,...,um) " be the vector
of interaction coefficients. In our setup, without loss of generality we assume the Hamiltonian is
traceless, i.e., for the identity operator Ey = 1, the coefficient uy, = 0. At a inverse-temperature (3,
the qudits are in the Gibbs state defined as

e—BH (1)
PB(N) = ‘tr[e*fBH(“)] ’

In the quantum Hamiltonian learning problem, we are given multiple copies of ps(u) and can per-
form arbitrary local measurements on them. This allows us to estimate all the k-local marginals of
ps(p) denoted by

eq = tr[pg(p)Ee]  for £ € [m].

The goal is to learn the coefficients py of the Hamiltonian H using the result of these measurements.

Learning the Hamiltonian of a quantum system has a natural classical analog, known as learning
Boltzmann machines or, more generally, graphical models which is a central problem in machine
learning and modern statistical inference. When expressed using physics terminology, Boltzmann
machines correspond to Ising models, a prototypical classical spin Hamiltonian, and the learning
problem is equivalent to inferring the corresponding Hamiltonian using samples from its Gibbs
(thermal) distribution. Due to the wide-spread application of these models [W.J08|, a large body of
work has been devoted to studying them, resulting in highly efficient methods for learning Boltz-
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mann machines that operate even in the regime where simulating the equivalent Ising model is
computationally NP-hard [CL68, HST86, Brels, KM17, VMLC16].

Given the practical importance of quantum Hamiltonian learning and the remarkable achieve-
ments of machine learning methods for the classical version of this problem, various theoretical stud-
ies [BAL19, SK14, QR19], experimental implementations [WPS*17, SSR* 14|, and a great number
of heuristic algorithms [BAL19, EHF19, BGP 20, SMLT11, WGFC14h, WGFC14a| for this task
have appeared. Despite these efforts, the primary challenge in the quantum Hamiltonian learning
problem has remained long open, that is, to devise learning methods that are provably efficient in
terms of the resources required for inferring the interactions with high accuracy. Most significantly,
a prerequisite for any useful Hamiltonian learning method is an efficient sample (or copy) complex-
ity. That is, the number of performed measurements, or equivalently, the number of identically
prepared samples of the system, should ideally scale efficiently with the number of particles. The
previous results, however, use a number of samples that in general can grow exponentially, lack a
rigorous performance guarantee, assume additional control of the system, or only apply to special
systems with few particles.

A fundamental obstacle to achieving efficient methods for quantum Hamiltonian learning is a
striking feature of interacting quantum systems compared to their classical counterparts. At thermal
equilibrium, the classical spin systems always satisfy what is known as the Markov property. That
is, the correlations between two distant spins are mediated by the intermediate spins located in
between them such that by conditioning on the state of these intermediate spins, the two distant
spins become independent of each other (see Section 4.3.3 for more details). A crucial implication
of the Markov property for classical many-body systems is that their Hamiltonian can be robustly
learned using local measurements. Surprisingly, quantum spin systems are known to violate the
Markov property in its exact form [LP08|. This makes it unclear whether, in principle, recovering
quantum interactions from the results of local measurements is possible and complicates efforts to
extend the machine learning techniques from classical to quantum Hamiltonians. Resolving this
question and obtaining an algorithm for inferring the local Hamiltonian given efficient number of
copies of the Gibbs state of the system is the main objective of this chapter.

4.2 Main result

Motivated by these applications, we now formally define the Hamiltonian learning problem. Our
main result is a sample-efficient algorithm for the Hamiltonian learning problem.

Theorem 68 (Sample-efficient Hamiltonian learning). Consider a geometrically-local Hamiltonian

H(p) = >7)% By that acts on n qudits and consists of m local terms such that maxye () [pe| < 1.
There is a Hamiltonian learning algorithm that uses

OB m
N=0 ( e -m” - log (a) (4.1)

copies of the Gibbs state pg(p) = e BHW) /tr[e=PH] at a fived inverse-temperature (3, and obtains
an estimate i = ({1, ..., fim) of the coefficients py such that with probability at least 1 — err,

I =y <
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Here c¢,¢ > 1 are constants depending on the geometry of the Hamiltonian and |p— fif, =

1
(30 e — ful?)? is the Ly-norm of the difference of p and fi.

For goemtrically-local Hamiltonians the number of interaction terms m scales as O(n). Hence,
our result in Theorem 68 implies a sample complexity polynomial in the number of qudits. The
number of samples in (4.1) increases as § — oo or § — 0. As the temperature increases (5 — 0),
the Gibbs state approaches the maximally mixed state independent of the choice of parameters pu.
At low temperatures (8 — o0), the Gibbs state is in the vicinity of the ground space, which for
instance, could be a product state |0)®" for the various choices of p. In either cases, more sample
are required to distinguish the parameters p.

To complement our upper bound, we also obtain a Q(y/m) lower bound for the
Hamiltonian learning problem with ¢ norm using a simple reduction to the state discrimination
problem. The proof appears in Section 4.7. Hence, our upper bound in Theorem 68 is tight up to
polynomial factors.

Theorem 69. The number of copies N of the Gibbs state needed to solve the quantum Hamiltonian
learning problem and output a fi satisfying ||i — pll2 < & with probability 1 — err is lower bounded by

N> Q(\/m%-lose(l—err))'

4.3 Proof overview

In order to prove our main result, we introduce several new ideas. In this section, we provide a
sketch of the main ingredients in our proof.

4.3.1 Maximum entropy estimation and sufficient statistics

In statistical learning theory, a conventional method for obtaining the parameters of a probabil-
ity distribution from data relies on the concepts of sufficient statistics and the mazimum entropy
estimation. Suppose p(z;u) is a family of probability distributions parameterized by u that we
want to learn. This family could for instance be various normal distributions with different mean
or variance. Let Xi,..., X, ~ p(z;u) be m samples from a distribution in this family. A sufficient
statistic is a function T' of these samples T'(X1, ..., X,,) such that conditioned on that, the original
date set Xi,...,X,, does not depend on the parameter u. For example, the sample mean and
variance are well known sufficient statistic functions.

After obtaining the sufficient statistic of a given data set given classical samples, there is a
natural algorithm for estimating the parameter p: among all the distributions that match the
observed statistic T'(X) find the one that maximizes the Shannon entropy. Intuitively, this provides
us with the least biased estimate given the current samples [Jay57a, Jay82|. This algorithm, which
is closely related to the maximum likelihood estimation, is commonly used for analyzing the sample
complexity of classical statistical problems.

Our first observation when addressing the Hamiltonian learning problem is that this method
can be naturally extended to the quantum problem as previously considered in [Jay57b, SK14].
Indeed, the maximum entropy principle has already appeared in other quantum algorithms
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such as [BKL'19]. More formally, in the following proposition, whose proof is given in Sec-
tion 4.8.1, we first show that the marginals tr[Eyp] for ¢ € [m] form a sufficient statistic for the
Hamiltonian learning problem.

Proposition 70 (Matching local marginals implies global equivalence). Consider the following two
Gibbs states

e B2 rekiy e~ B NeE,
ps(p) = tee PTemBr]’ pa(A) = trfe PSe B (4.2)
such that tr[pg(N)Ey] = tr[pg(p)Ey] for all £ € [m], i.e. all the rk-local marginals of pg(A) match
that of pg(p). Then, we have pg(X) = pg(p), which in turns implies \g = g for £ € [m].

Similar to the classical case discussed above, one implication of Proposition 70 is a method for
learning the Hamiltonian H: first measure all the k-local marginals of the Gibbs state ey, then
among all the states of the form (4.2), find the one that matches those marginals. Finding such
a state can be naturally formulated in terms of an optimization problem known as the mazimum
entropy problem:

max S(o)

s.t. trjoEg =ep, Y€ [m] (4.3)
o>0, tro]=1.

where S(o) = —tr[ologo] is the von Neumann entropy of the state o. The optimal solution of
this program is a quantum state with a familiar structure [Jay57b]. Namely, it is a Gibbs state
p(A) for some set of coefficients A = (A1,..., Ap). The coefficients A\ are the Lagrange multipliers
corresponding to the dual of this program. Indeed, we can write the dual program of Eq. (4.3) as
follows:

p= argmin logZg(\)+ (- Z ey, (4.4)
A=(A1,-0Am) =1

where Zg(\) = tr(e‘ﬂ'Zf )‘EE‘Z) is the partition function at inverse-temperature 3. In principle,
according to the result of Proposition 70, we could solve the Hamiltonian learning problem by
finding the optimal solution of the dual program in (4.4). Of course, the issue with this approach
is that since we have access to limited number of samples of the original Gibbs state pg(u), instead
of the exact marginals ey, we can only approzimately estimate the eys. We denote these estimates
by é;. This means instead of solving the dual program (4.4), we solve its empirical version

m
i = argmin log Z3(\) + 3 - Z A€y (4.5)
A=(ALyAm) =
The main technical problem that we address in the upcoming sections is analyzing the robustness
of the programs (4.3) and (4.4) to the statistical error in the marginals as appears in (4.5). This
is an instance of a stochastic optimization which is a well-studied problem in optimization. In the
next section, we review the ingredients from convex optimization that we need in our analysis.
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4.3.2 Strong convexity

One approach to incorporate the effect of the statistical errors in the marginals e, into the es-
timates for pu, is to use Proposition 70. It is not hard to extend this proposition to show that
if a Gibbs states pg(A\) approzimately matches the marginals of pg(p) up to some error e, then
lps(1) — pa(N) H? < O(me) (see Remark 91 for more details). This bound, however, is not strong
enough for our purposes. This is because if we try to turn this bound to a one on the coefficients
e of the Hamiltonian, we need to bound |logpg(u) —log pg(N)||. Unfortunately, the function
log(z) does not have a bounded gradient (i.e., it is not Lipschitz) over its domain and in general
| log pg() —log pg(A)| can be exponentially worse than [pg(u) — pg(N)[l;. In order to overcome
the non-Lipschitz nature of the logarithmic function and bound | log pg(1) — log pg(A)|, we prove a
property of the dual objective function (4.4) known as the strong convezity, which we define now.

Definition 71. Consider a convex function f : R™ — R with gradient V f(z) and Hessian V2 f(x)
at a point x.* This function f is said to be a-strongly convez in its domain if it is differentiable and
for all z,y,

1
fly) = f@) + V@) (y— ) + zoly - z[5,
or equivalently if the minimum eigenvalue of the Hessian owmin(V?f(z)) satisfies
omin(V2f(2)) > a. (4.6)
. 2 2
In other words, for any vector v € R™, it holds that }_, ; vivj%axjf(x) > a3

Roughly speaking, strong convexity puts a limit on how slow a convex function f(z) changes.?
This is particularly useful because given two points x,y and an upper bound on |f(y) — f(z)| and
Vf(z)"(y—x), it allows us to infer an upper bound on |y — z|,. For our application, we think of f
as being log Z3(-). Then the difference |f(y) — f(z)| is the difference between the optimal solution
of the original program in Eq. (4.4) and that of its empirical version in Eq. (4.5) which includes the
statistical error. We apply this framework to our optimization (4.5) in two steps:

1) Proving the strong convexity of the objective function: This is equivalent to showing that the
log-partition function (aka the free energy) is strongly convex, i.e., oumin(VZlog Z5())) > « for
some positive coefficient «. In particular, this means that the optimization (4.5) is a convex
program. This result is the main technical contribution of this Chapter and is stated in the
following theorem whose proof is overviewed in Section 4.3.4 and given in detail in Section 4.9.

Theorem 72 (Informal: strong convexity of log-partition function). Let H =Y ;" pyEy be a k-
local Hamiltonian over a finite dimensional lattice with |u| < 1. For a given inverse-temperature
B, there are constants c,c > 3 depending on the geometric properties of the lattice such that

Omin (V2 log Zﬁ(ﬂ)) > 6_0(56)%, (47)

'Recall that the entries of the Hessian matrix V?f(z) are given by %{;,f(x)
i9T;

2This should not be confused with a related property called the smoothness which limits how fast the func-
tion grows.
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i.e., for every vector v € R™ we have v - V?log Zg(p) - v > 6—0(50)% Jol3.

2) Bounding the error in estimating p in terms of the error in estimating the marginals ey: In this
step we show that as long as the statistical error of the marginals is small, using the strong
convexity property from step (1), we can still prove an upper bound on the difference between the

solutions of the convex programs (4.4), (4.5). We discuss this in more details later in Section 4.8.2.
The result can be stated as follows:

Theorem 73 (Error bound from strong convexity). Let d,a > 0. Suppose the marginals
e¢ are determined up to error err, i.e., leg — é| < & for all £ € [m]. Additionally assume
omin(V21og Z5(\)) > « and |A| < 1. Then the optimal solution to the program (4.5) satisfies

28/md

(0%

Il = ally <

Combining Theorem 72 and Theorem 73, we obtain our claimed sample complexity result. We now
proceed to sketch the proof of Theorem 72.

4.3.3 Strong convexity of classical log-partition functions

In order to better understand the motivation behind our quantum proof, it is insightful to start
with the classical Hamiltonian learning problem. This helps us better describe various subtleties
(briefly mentioned in the main Article) and what goes wrong when trying to adapt the classical
techniques to the quantum case. We continue using the quantum notation here, but the reader can
replace the Hamiltonian H, for instance, with the classical Ising model H = ). . J;jx;x; (where
x; € {—1, 1} and Jij S R).

The entries of the Hessian V2 log Zg(p) for classical Hamiltonians are given by

i~vg

| tog Zs(u)| = CovlE,, Ej) (48)

where Cov is the covariance function which is defined as Cov[E;, E}] = (E;E;) — (E;)(E;) with the
expectation taken with respect to the Gibbs distribution (i.e., (E) = tr[E - pg(n)]). To prove the
strong convexity of the log-partition function at a constant 3 (defined in Definition 92), using (4.8)
it suffices to show that for every vector v, we have

m

Z veEyp

(=1

m

>0(1) ) v (4.9)

(=1

62
viv; —— log Zg(u) = Var
Z ]auiauj B( )

]

Although the operator ) ,v,Ey is a local Hamiltonian, note the mismatch between this operator
and the original Hamiltonian in the Gibbs state > ;" ugE;. Note that the inequality (4.9) is
stronger than our main technical contribution in the quantum setting (i.e., for the case of quantum
partition functions, we proved the analogue of inequality (4.9) when ©(1) replaced by ©(1/m)).
Before proving Eq. (4.9), we remark that an upper bound of Var[Y )", v,Ey] < O(1)|v|3 is known
in literature, under various conditions like the decay of correlations both in classical and quantum
settings [Ara69, Gro79, PY95, Uel04, KGK 14, FU15]. This upper bound intuitively makes sense
because the variance of the thermal state of a Hamiltonian and other local observables are expected
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to be extensive, i.e., they scale with the number of particles (spins) or norm of the Hamiltonian,
which is replaced by [[v]3 in our setup. However, in the classical Hamiltonian learning problem,
we are interested in obtaining a lower bound on the variance. To this end, a crucial property of
the (classical) Gibbs distributions that allows us to prove the inequality (4.9) is the conditional
independence or the Markov property of classical systems.

Definition 74 (Markov property). Suppose the interaction graph is decomposed into three disjoint
regions A, B, and C such that region B “shields” A from C, i.e., the vertices in region A are not
connected to those in C. Then, conditioned on the sites in region B, the distribution of sites in A is
independent of those in C'. This is often conveniently expressed in terms of the conditional mutual
information by I(A : C|B) = 0.

It is known by the virtue of the Hammersley-Clifford theorem [HC71] that the family of distri-
butions with the Markov property coincides with the Gibbs distributions. Using this property, we
can lower bound Var [Y_;" ; v¢Ey] in terms of variance of local terms Ey by conditioning on a subset
of sites. To this end, we consider a partition of the interaction graph into two sets A and B. The
set B is chosen, suggestively, such that the vertices in A are not connected (via any edges) to each
other. We denote the spin configuration of sites in B collectively by sp. Then using the concavity
of the variance and the Markov property, we have

@ ZESB Var Z ve Ly ) sB

€A (:E; acts on x

> 0(1) - Zm:ul?, (4.10)

@

> K, | Var

m
Z ’UgEg

(=1

Var

m
> ik ’ sB

(=1

where inequality (1) follows from the law of total variance, equality (2) can be justified as follows:
by construction, the local terms E, either completely lie inside region B or intersect with only one
of the sites in region A. In the former, the local conditional variance Var [Ey |sp] vanishes, whereas
in the latter, the interaction terms E, that act on different sites x € A become uncorrelated and the
global variance decomposes into a sum of local variance. Finally, inequality (3) is derived by noticing
that at any constant inverse-temperature , the local variance is lower bounded by a constant that
scales as e~ 9. By carefully choosing the partitions A and B such that |[A] = O(n), we can
make sure that the variance in inequality (2) is a constant fraction of the > %, v as in (4.10) (see
[Monl15a, VMLC16]| for details).

4.3.4 Strong convexity of quantum log-partition functions

If we try to directly quantize the proof strategy of the classical case in the previous section, we
immediately face several issues. In what follows we describe the challenges in obtaining a quantum
proof along with our techniques to overcome them which allow us to establish Theorem 98. The
content of our proof of the quantum case is divided into four steps whose overview is given below.
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Overview of step 1: Relating the Hessian to a variance

The first problem is that we cannot simply express the entries of the Hessian matrix V2 log Z 5(p) in
terms of Cov[E;, 5] as in (4.8). This expression in (4.8) only holds for Hamiltonians with commuting
terms, i.e., [E;, E;] = 0 for all 4,5 € [m]. The Hessian for the non-commuting Hamiltonians takes
a complicated form (see Lemma 99 for the full expression) that makes its analysis difficult. Our
first contribution, covered in Section 4.9.1, is to recover a similar result to (4.9) in the quantum
case by showing that, for every v, we can still lower bound v’ - V2 log Zg(p) - v by the variance of a
suitably defined quasi-local operator. We later define what we mean by “quasi-local” more formally
(see Definition 80), but for now one can assume such an operator is, up to some small error, sum of
local terms.

Lemma 75 (A lower bound on v' - V2log Zg-v). For any vector v € R™, define a quasi-local
operator W =3 "," veEy, where the operators E; are defined by

E@ :/ fﬁ(t) e tH? Ey ety (4.11)

Here f3(t) = Bﬂl g% is defined such that fg(t) scales as %e*”‘”/ﬁ for large t and fz(t)

log(1/t) for t — +0. Then

Z””’Ja log Zs(pu) > B* Var[IW]. (4.12)

This implies the bound omin(log Zg(p)) > 5 Var[W] on the the minimum eigenvalue of log Zg(p).

Overview of step 2: From global to local variance

As a result of Lemma 75, we see that from here onwards, it suffices to lower bound the variance
of the quasi-local operator W = Iy 1UgEg One may expect the same strategy based on the
Markov property in (4.10) yields the desired lower bound. Unfortunately, it is known that a natural
extension of this property to the quantum case, expressed in terms of the quantum conditional mutual
information (qCMI), does not hold. In particular, example Hamiltonians are constructed in [LP08]
such that for a tri-partition A, B, C' as in Definition 74, their Gibbs states have non-zero qCMI, i.e.,
I(A: C|B) > 0. Nevertheless, it is conjectured that an approximate version of this property can be
recovered i.e., I(A: C|B) < e~ Udist(A.C) - In other words, the approximate property claims that
qCMI is exponentially small in the width of the shielding region B. Thus far, this conjecture has
been proved only at sufficiently high temperatures [KKBa20| and on 1D chains [KBal9b|. Even
assuming this conjecture is true, we currently do not know how to recover the argument in (4.10).
Given this issue we ask,

Can we obtain an unconditional lower bound on the variance of a quasi-local observable
at any inverse-temperature 5 without assuming quantum conditional independence?

Our next contribution is to give an affirmative answer to this question. To achieve this, we modify
the classical strategy as explained below.

One ingredient in the classical proof is to lower bound the global variance Var[) ., voE,| by sum
of local conditional variances Var[Ey|sp] as in (4.10). We prove a similar but slightly weaker result
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in the quantum regime. To simplify our discussion, let us ignore the fact that W = o0 veEy is a
quasi-local operator and view it as (strictly) local. Consider a special case in which v is such that
the operator W is supported on a small number of sites. For instance, it could be that v; > 0 while

v2,...,0ym = 0. Then the variance Var[IW| can be easily related to the local variance Var[E] and
since E? =1, [tr[E1pg]| < 1, we get

Var[IV] = o} - ([ p] — [ ps]?) > ©(1) -}

In Section 4.9.3, we show that even in the general case, where vy,. .., v, are all non-zero, we can
still relate Var[W] to the variance of a local operator supported on a constant region. Compared to
the classical case in (4.10), where the lower bound on Var[WW] includes a sum of O(m) local terms,

our reduction to a single local variance costs “an extra factor of m” in our strong convexity bound.
Our reduction to local variance is based on the following observation. By applying Haar-random
local unitaries on a site i, we can remove all the terms of the operator W except those that act

on an arbitrary qudit at the site (see also Section 4.6.5). We denote the remainder terms by W/;

defined via . s s
Wiy = W — Egyttaar U] WU

By using the triangle inequality this relation implies

Var[W] > Stx(W2 ps] — Eu, [tr[WQ UipsUy]| - (4.13)

—_

Hence, if we could carefully analyze the effect of the term Ey, [bx[W2- UingiT]], this will allow us to

relate the global variance Var[W] to the local variance tr[W(Qi) pg]. We discuss this next.

Overview of step 3: Bounding the effect of local unitaries

While applying the above reduction helps us to go to an easier local problem, we need to deal with
the changes in the spectrum of the Gibbs state due to applying the random local unitaries U;. Could
it be that the unitaries U; severely change the spectral relation between W and pg? We show that
this is not the case, relying on the facts: (1) local unitaries cannot mix up subspaces of W and H
that are energetically far away and (2) the weight given by the Gibbs state pg to nearby subspaces
of H are very similar at small 8. Thus, (1) allows us to focus on the subspaces that are close in
energy and (2) shows that similar weights of these subspaces do not change the variance by much.
In summary, in Section 4.9.4 we prove:

Proposition 76 (Invariance under local unitaries, informal). Let Ux be a local unitary operator
acting on region X that has a constant size. There exists a constant ¢ < 1 such that

tr [WQ . UXPﬁU;r(} < (Var[W])c. (4.14)

When combined with (4.13), the inequality (4.14) implies the following loosely stated local lower
bound on the global variance:

=

Var[W] 2 (tr {W&pg]) ‘.
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Overview of step 4: Reduction to infinite temperature variance

With this reduction, it remains to find a constant lower bound on tr[ﬁ?é) pgl. This can be done,
again, by applying a local unitary U. Roughly speaking, we use this unitary to perform a “change of
basis” that relates the local variance at finite temperature to its infinite-temperature version. The
spectrum of pg majorizes the maximally mixed state n. Hence, by applying a local unitary, we can
rearrange the eigenvalues of Wé) in the same order as that of pg such that when applied to both pg

and 7, we have tr[W(Qi)UngT] > tr[W(%.)n]. Formally, in Section 4.9.5, we show that:
Proposition 77 (Lower bound on the local variance, informal). There exists a unitary U supported
on O(1) sites such that

where 1 is the maximally mized state or the infinite temperature Gibbs state.

In summary, starting from (4.13) and following Proposition 76 and Proposition 77, the lower
bound on the global variance takes the following local form:

tr [Wng] > (tr [Wé)nbe(l).

Lower bounding the quantity tr [Wé)n} by a constant is now an easier task, which we explain
in more detail later in Lemma 111 and Theorem 102.

4.4 Further discussions

4.4.1 Connection to previous works

There have been a number of proposals for the Hamiltonian learning problem in the past. In
[BAL19, EHF19, QR19| learning the Hamiltonian from local measurements is considered. Their
approach is based on setting up a linear system of equations whose constraints (i.e., the matrix
of coefficients) are determined from the measurement outcomes. The solution of these equations
is the parameter py of the Hamiltonian. The sample complexity in this approach depends inverse
polynomially on the “spectral gap” of the matrix of coefficients which thus far has not been rigor-
ously bounded. Another line of work considers learning the Hamiltonian using a trusted quantum
simulator [WGFC14b, WGFC14a, VMN 19| which is analyzed using a combination of numerical
evidence and heuristic arguments. Amin et al. [AAR 18] quantized classical Boltzmann machines
and proposed a method to train and learn quantum Boltzmann machines using gradient descent.
As mentioned earlier, there has been a fruitful series of works on the classical analog of the
Hamiltonian learning problem (see e.g. [Brel5, KM17, VMLCI16]). In this chapter, we assume it
is a priori known that the interaction graph of the Hamiltonian is geometrically local. We then
estimate the parameters in fo-norm using poly(n) samples which is polynomially tight even for
classical Hamiltonians. If we instead consider estimation in f,.-norm, the classical algorithms can
achieve a stronger result. That is, given O(logn) samples, they succeed in efficiently learning the
structure of the underlying graph and its parameters in {.-norm. If we apply our current analysis
to this setup, we cannot improve our poly(n) sample complexity to O(logn). This is in part because
the classical results devise a more efficient convex program that learns the parameters node-wise
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(this relies on the commutativity of the Hamiltonian terms), and partly because their required
strong convexity assumptions is based on the Markov property, none of which are known to be
quantizable.

4.4.2 Open questions

In Section 4.3.1 we explained our approach to analyzing the Hamiltonian learning problem based
on reducing data to its sufficient statistics and using maximum entropy estimation. An issue with
this approach is the blowup in the computationally complexity. It is shown in [Monl5a] that this
approach basically requires approximating the partition function which is NP-hard. Ideally, one
would like to have an algorithm for the Hamiltonian learning problem that requires small number
of samples, but also has an efficient running time. Satisfying both these constraints for all inverse-
temperatures 8 even in the classical learning problems is quite challenge. It was only recently that
more efficient algorithms are devised for learning graphical models [KM17, VMLCI16]. Here, we
focus on the less demanding but still non-trivial question of bounding the sample complexity and
leave obtaining an efficient running time for future work. Below we mention some of the open
problems in this direction.

Our lower bound on the variance in Theorem 72 is obtained for any constant inverse-temperature
B. It is an interesting open question to improve this lower bound on the variance bound (4.7), ideally
to a constant independent of system size, assuming physically-motivated conditions such as the decay
of correlations or the decay of conditional mutual information. Another approach might be to derive
such a bound at high temperatures where powerful tools such as cluster expansions are available
[KKBa20] (see [HKT21] for progress on Hamiltonian learning in the high-temperature regime). We
also expect our bounds can be improved for commuting Hamiltonians. Indeed, using structural
results such as [BV03, AE11], one should be able to follow the same strategy as in Section 4.3.3 to
find a constant lower bound on the variance of commuting Hamiltonians.

There are recent results on efficiently computing the partition function of quantum many-body
systems under various assumptions [BG17, HMS20, KKBa20|. We expect by combining these results
with our maximum entropy estimation algorithm in Section 4.3.1, one can obtain efficient classical
algorithms for the Hamiltonian learning problem. Another approach might be to use calibrated
quantum computers (or Gibbs samplers) as in [BK16, BKL"19] to solve the maximum entropy
optimization using multiplicative weight update method and learn the parameters of another quan-
tum device.

Finally, an important future direction is to devise more refined objective functions for the
Hamiltonian learning problem that matches the performance of the learning algorithms for the
classical problem as discussed in Section 4.4.1. Given the non-commutative nature of quantum
Hamiltonians, this seems to require substantially new ideas and advances in characterizing the
information theoretic properties of the quantum Gibbs states.

4.5 A guide to the remainder of this chapter

In the rest of this chapter, we provide the detailed proofs and analysis of the results presented so
far. To aid the readers, we first begin with giving an overview of the subject of each future section.

e Preliminaries (Section 4.6): We gather the notations, definitions, facts, and well-known
technical tools that are frequently used in the subsequent sections. This includes
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— Quantum belief propagation (Section 4.6.3)
— Change in the spectrum after applying local operators (Section 4.6.4)
— Local reduction of global operators (Section 4.6.5)

e A lower bound on the sample complexity (Section 4.7): The proof of the /m lower
bound on the sample complexity of learning quantum Hamiltonians is given.

e Efficient sample complexity assuming strong convexity (Section 4.8): We show how
assuming the strong convexity of the log-partition function of quantum systems (whose proof
is given in Section 4.9) implies an efficient sample complexity for the quantum Hamiltonian
learning. This is done in two parts:

— Sufficient statistics (Section 4.8.1)

— Stochastic convex optimization (Section 4.8.2)

e Proof of strong convexity of log-partition function (Section 4.9): Our main technical
contribution is presented in depth here. The proof the strong convexity is divided into four
steps. We have already seen a brief overview of these steps in Section 4.3.4, where an intuitive
and broad perspective of them is provided. A diagram in Figure 4-1 depicts the theorems and
lemmas used in each of these four steps and the connection between them.

Step 1: Relating the Hessian to a variance (Section 4.9.1)
— Step 2: From global to local variance (Section 4.9.3)
— Step 3: Bounding the effect of local unitaries (Section 4.9.4)

Step 4: Reduction to infinite temperature variance (Section 4.9.5)

— Final step: Putting things together (Section 4.9.6)

4.6 Preliminaries

4.6.1 Some mathematical facts

Here we summarize some of the basic mathematical facts used in the proof. Let A, B be arbitrary
operator. The operator norm of A which is its largest singular value is denoted by ||Al|. The
minimum singular value of A (or equivalently the minimum eigenvalue when A is Hermitian) is
denoted by omin(A). We also often use the Frobenius norm ||A|p := /tr|AT A] and more generally
the Hilbert-Schmidt inner product between A, B defined by tr[ATB]. Additionally using Holder’s
inequality we have,

|ABr = \/tx(BTAATB) < \/| B|2tr(AAT) = | B] - | A] . (4.15)

We define the von Neumann entropy of a quantum state p by S(p) = —tr[plogp| and the relative
entropy between two states p; and p2 by S(p1]|p2) = —tr][p1log pa] — S(p1).

The gradient of a real function f : R™ +— R is denoted by V f(z) and its Hessian (second
derivative) matrix by V2f(z). The entries of the Hessian matrix are given by % f(x). The

minimum eigenvalue of the Hessian of f(x) is shown by omin(V2f(2)).
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We write A = 0 to represent a positive semi-definite (PSD) operator A, one such example of a
PSD operator is the Hessian matrix V2 f(z) of a convex function f(z).

We will use the standard notations O(-), ©(-), and €(-) to specify the scaling of various param-
eters. In particular, ©(1) will denote a constant.

For convenience, we will also gather a collection of infinite sums over exponentials. For ¢t > 0, let

o) 1 oo 1 o 1
(t) == / e %y = / e *d (xt) = / e V' dy
0 t Jo t Jo

be the gamma function. It holds that T'(t) < t!. This can be used to simplify several summations
that we encounter later. Finally, we collect a few useful summations that we use in our proofs in
the following fact.

Fact 78. Let a,c >0, 1> p > 0 be reals and b be a positive integer. Then

1) Yige 9 <<

b+1

2) Tgte <3 (2 7

5) T2 eclatil < =50k <1+ ( )i)

Proof. The first summation follows from

C

> 1 e e
N N L
— l—ec e—-1" ¢

'BM—‘

For the second sum, notice that the function t?e~"" achieves the maximum at t* = <Cp) Then

bil bi1 b1
< bb N 11<b—|—1)17 SZ.(bﬁ—l)P
edv+icp pc P p p cp
For the third sum, we will use the identity
(a+35)" = 5 (a” +5).
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Now, consider the following chain of inequalities and change of variables:

00 00
Ze—c(a+j)p < e~ 59" Ze—gép
=0 =0

This completes the proof. O

4.6.2 Local Hamiltonians and quantum Gibbs states

Local Hamiltonians. As mentioned in Section 4.1, in this chapter, we consider Hamiltonians
that are geometrically local. To describe this notion more precisely, we consider a D-dimensional
lattice A C ZP that contains n sites with a d-dimensional qudit (spin) on each site. We denote the
dimension of the Hilbert space associated to the lattice A by Dy.

Let B(r,i) := {j € Aldist(i,j) < r} denote a ball (under the Manhattan distance on the lattice)
of size r centered at site i. For a given connected set X € A, let diam(X) := max{dist(¢,j) : 4,j € X}
denote the diameter of this set, X¢:= A\ X denote the complement of this set, and X denote its
boundary. Given two sets X,Y € A, we define dist(X,Y") := min{dist(i,j) : i € X,j € Y}.

The Hamiltonian of this system is

H = ZHX.

XCA

Each term Hx acts only on the sites in X and X is restricted to be a connected set with respect
to A. We call the Hamiltonian x-local when the support of all the local terms Hy is |X| < k. We
further assume for all terms Hy, diam(X) < O(1). We also define the Hamiltonian restricted to a
region AC Aby Hy =) yvcaHx.

In order to describe our Hamiltonians, we consider an orthogonal Hermitian basis for the space
of operators acting on each qudit. For instance, for qubits, this basis consists of the Pauli operators.
By decomposing each local term Hx in terms of the tensor product of such basis operators, we find
the following canonical form for the Hamiltonian H:

Definition 79 (Canonical representation for x-local Hamiltonians). A k-local Hamiltonian H on
a lattice A can be written as a sum of m Hermitian operators E; each having a connected support
with respect to A and acting non-trivially on at most k qudits. That is,

m
H= Z ey (4.16)
/=1
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where pig € R and we assume |Ey| < 1, tr[E7] = Dy, E;[ = Ey for ¢ € Im], and

tr[ExEl =0  fork # (. (4.17)

Since we assume H is geometrically local (i.e. it is defined over a lattice), it holds that m the
number of local terms in (4.16) satisfies m = O(|A|) = O(n).

As discussed earlier, we extensively use the notion of quasi-local operators, which we now for-
mally define.

Definition 80 (Quasi-local operators). An operator A is said to be (7, a1, az, ()-quasi-local if it can
be written as

n
A= Zggflg with gp < a1 - exp(—azl"),

/=1
Ay = .
(= az, max < Z"’%”) < (4.18)
| Z|=¢ AVAY)

where the sets Z C A are restricted to be balls.?

Although local operators are morally a special case of quasi-local operators (when 7 = 00), we
will reserve the above notation for operators with 7 < 1. A useful tool for analyzing quasi-locality
is the Lieb-Robinson bound, which shows a light-cone like behavior of the time evolution operator.

Fact 81 (Lieb-Robinson bound [LR72|, [NS09|). Let A, B be operators supported on regions X,Y
of the D dimensional lattice A respectively. Also, let H be a geometrically local Hamiltonian. There
exist O(1) constants vir, f,c that only depend on the details of the Hamiltonian such that

[ Ae=H B < FIA B - min (X, [0Y1]) - min (ec(ernlf-dsiX) 1)

Gibbs states. At an inverse-temperature 5, a quantum many-body system with the Hamiltonian
H(p) is in the Gibbs (thermal) state if it is given by

e—BH (1)

ps(p) = e PR (4.19)

The partition function of this system is defined by Zz(u) = tr[e#H )],

Remark 82. In our notation, we sometimes drop the dependency of the partition function or the
Gibbs state on . We also often simply use the term local Hamiltonian H or quasi-local operator A
when referring to Definition 128 and Definition 80.

3The assumption that Z is a ball suffices for us. Our results on quasi-local operators also generalize to the case
where Z is an arbitrary regular shape, for example when the radii of the balls inscribing and inscribed by Z are of
constant proportion to each other.
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4.6.3 Quantum belief propagation

Earlier we saw that we could express the Gibbs state of a Hamiltonian H by Eq. (4.19). Suppose
we alter this Hamiltonian by adding a term V' such that

H(s)=H+sV, sel0,1]. (4.20)

How does the Gibbs state associated with this Hamiltonian change? If the new term V commutes

with the Hamiltonian H, i.e., [H, V] = 0, then the derivative of the Gibbs state of H(s) is given by
4 -pHe) _ _ge-prs)y — P {e—ﬁH(S), v} , (4.21)
ds 2

where {e PH() V} = ¢ PHE) Y 4 Ve PH(S) denotes the anti-commutator. In the non-commuting

case though, finding this derivative is more complicated. The quantum belief propagation is a

framework developed in [Has07b, Kim17, KBal9b] for finding such derivatives in a way that reflects

the locality of the system.

Definition 83 (Quantum belief propagation operator). For every s € [0,1], § € R, define H(s) =
H + sV where V. = 3. Vilj) (k| is a Hermitian operator. Also let fz(t) be a function whose
Fourier transform is

z _ tanh(fw/2)

fo(w) = Bwjp (4.22)

i.e., fg(t) = % fdwf@(w)ew. The quantum belief propagation operator ® () (V') is defined by

‘I’H(s)(V) =/ dtfa(t) e HH(s)t 1 GiH(s)t

—00

Equivalently, in the energy basis of H(s) =>_;&;(s) [4){jl, we can write

Sy (V) =D 1)Kl Vik fa(Ei(s) — Ekls)). (4.23)
7.k

Proposition 84 (cf. [Has07h|). In the same setup as Definition 83, it holds that

d _ B _
e BH(s) — _ BH(s) Vv
dse = B {6 ,(I)H(S)( )} . (424)

4.6.4 Change in the spectrum after applying local operators

For a Hamiltonian H, let Pg,c and P% be projection operators onto the eigenspaces of H whose
energies are in < z and > y, respectively (we use similar notation Pé‘x,P;Ay for the quasi-local
operator A). Consider a quantum state |¢)) in the low-energy part of the spectrum such that
P |4p) = |4). Suppose this states [1) is perturbed by applying a local operator Ox on a subset
X C A of its qudits. Intuitively, we expect that the operator Ox only affects the energy of |t)) up
to O(|X)), i.e., ||P§‘;OX|1/}>H ~ 0 for y > = +|X|. A simple example is when [¢) is the eigenstate of

a classical spin system. By applying a local operation that flips the spins in a small region X, the
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energy changes at most by O(|X|). The following lemma rigorously formulates the same classical
intuition for quantum Hamiltonians

Lemma 85 (Theorem 2.1 of [AKLI16]). Let H be an arbitrary k-local operator such that

H= )" hg, max >zl < g. (4.25)
1Z|<k = 2 z3i

Then, for an arbitrary operator Ox which is supported on X C A, the operator norm of ngOXPgm
s upper-bounded by

1
1P, 0x PZL|| < [|Ox|| - exp ( — 297(1/ —x — 2g|X])). (4.26)

In our analysis, we need an different version of this lemma for quasi-local operators instead of
k-local operators. The new lemma will play a central role in lower-bounding the variance of quasi-
local operators. The proof follows by the analysis of a certain moment function (as opposed to the
moment generating function in [AKL16]). Due to formal similarities between the proofs, we defer
the proof of the next lemma to Section 4.10.3.

Lemma 86 (Variation of [AKL16] for quasi-local operators). Let A be a (1,a1,az,1)-quasi-local
operator, as gwen in Eq. (4.18), with 7 < 1. For an arbitrary operator Ox supported on a subset
X C A with | X| = ko and ||Ox|| = 1, we have

|P2, 4, OxPA]| < cs - koexp (= (y/ko)/™), (4.27)

2/T

where 11 = % — 1, c5 and A1 are constants depending on a1 and az as c5 X a;
respectively.

2/T

and A1 X aqy

4.6.5 Local reduction of global operators

An important notion in our proofs will be a reduction of a global operator to a local one, which has
influence on a site 7. Fix a subset Z C A and an operator O supported on Z. Define

1;
N =0 — tr; =, 4.2
O(z) O —tr [O}@ d ( 8)

where operator 1; is the identity operator on the ith site, d is the local dimension, tr; is the partial
trace operation with respect to the site i. Note that O(;) removes all the terms in O that do not act on
the ith site. This can be explicitly seen by introducing a basis { E} }aen,ycz of Hermitian operators,
where Y labels the support of £ and « labels several possible operators on the same support. We
can assume that tr[(Eio;)z} = D, tr;[E¢] = 0 for every ¢ € Y, and the orthogonality condition
tr[E%E)O}/,] = 0 holds if @ # o or Y # Y’. These conditions are satisfied by the appropriately
normalized Pauli operators. Expand
0=> gayEs.

oY
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Then

Zga YEY - Zga ytr; EY Z Yo, YEY

a,Y:Y 51

Thus, O(;) is an operator derived from O, by removing all Ef which act as identity on 7. The
following claim shows that the Frobenius norm of a typical O;) is not much small in comparison to
the Frobenius norm of O.

Claim 87. For every operator O and O(;) defined in Eq. (4.28), it holds that

max [|O) % > ’Z’ZHO ”F—’Z’HOHF (4.29)

Proof. Using the identities tr[E$ES] = 0 and tr[(E%)*] = Dy, we have

||O||F_DAZgaY<DAZ Z gaY_ZHO [

i€Z a,Y:Y i VA

where the inequality comes from the fact that O is supported on the subset Z (i.e., Y C Z). This
completes the proof. O

4.7 A lower bound on the sample complexity

In this section, we prove a lower bound on the sample complexity of the quantum Hamiltonian
learning problem as claimed earlier in Theorem 69.

Theorem 88 (Restatement of Theorem 69). The number of copies N of the Gibbs state needed
to solve the quantum Hamiltonian learning problem and outputs a [i satisfying ||t — plle < € with
probability 1 — err is lower bounded by

N> Q(W—i—loﬁgg(l—err))

Proof. In order to prove the lower bound, we consider learning the parameters u € R™ of the
following class of one-local Hamiltonians on m qubits:

m
= 1)1,
=1

where [1)(1]; is projection onto a basis |1) on the ith qudit. Let T,,, : {p € RT : 3, u? < 100e%} be
an orthant of the hypersphere of radius 6 in R". We have the following claim.

Claim 89. There exists a collection of 2™ points in T,,, such that the £s distance between each pair
18 > €.

Proof. Pick 2™ points uniformly at random in 7},. By union bound, the probability that at least
one pair is at a distance of at most € is at most (2m)2 times the probability that a fixed pair of
points is at a distance of at most €. But the latter probability is upper bounded by the ratio between
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the volume of a hypersphere of radius € and the volume of T,,,, which is % = 5% Since

(2m)? =k < 1, the claim concludes. O

Let these set of 2™ points be S. For some temperature 8 > 0 and unknown p € S, suppose A
is an algorithm that is given N copies of pg(p) and, with probability 1 — err, outputs p’ satisfying
| — pll2 < e. We now use A to assign the estimated [ to exactly one of the parameters p. Once
the learning algorithm obtains an output ', we can find the closest point in S (in ¢ distance) as
our estimate of u, breaking ties arbitrarily. With probability 1 — err, the closest u € S to pu’ is
the correct p since by the construction of S, ||/ — ull2 < e. Thus, the algorithm A can be used
to solve the problem of estimating the parameters p themselves (not only approximating it). We
furthermore show that the number of samples required to estimate p € S is large using lower bounds
in the quantum state discrimination. We will directly use the lower bound from [HKKO08] (as given
in [HW12]). Before we plug in their formula, we need to bound on the spectral norm of pg(u) for
an arbitrary p € S (denoted by [pg(p)|). That is,

{2™lpa(w)lI} 2™ é ! 0)(0] + o [1)(1]
a. = a. - -
I;I}eé( P I;I}eg{ et 1+ e B 14 e B

- 2
—es <§ 1+ B )

m .

2ebBHi

= e (® i1 D

o | 2¢7 BYT BTN 12 < By/me10e
SmaX ® = max <@ Z:1u1> Se i=1 M5 Se ,

uUES et 2 ueS

since >, u? < 100e? for all i € S. Thus, the lower bound for state identification of {H () : p € S}
in [HW12, Equation 2| (cf. [HKKO08] for the original statement) implies that

log |S| + log(1 — err) mlog2 + log(1l — err) vm + log(1 — err)
N > = = o ).
log (maxes{2™(|p(1)s1}) 10y/mf3e ep
This establishes the lower bound. O

4.8 Efficient sample complexity assuming strong convexity

In this section, we provide more details on how one can find rigorous upper bounds on the sample
complexity of the Hamiltonian learning problem using the notions of sufficient statistics and the
strong convexity from the fields of stochastic convex optimization and statistics.

4.8.1 Sufficient statistics

As discussed in the main text, local expectations of the Gibbs states can be used to uniquely specify
these states. This provides us with “sufficient statistics” for learning the Hamiltonians from pg.
This observation is formalized in the following result:
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Proposition 90 (Restatement of Proposition 70). Consider the following two Gibbs states

e~ BB e~ B ME:

pp(p) = m, pp(N) = m (4.30)

such that tr[pg(N)E;] = tr[pg(n)E;] for all j € [m], i.e. all the k-local local expectations of pg(X)
match that of pg(p). Then, we have pg(X) = pg(p), which in turns implies \p = g for £ € [m].

Proof. We consider the relative entropy between pg(A) and the Gibbs state pg(u). We have

S (ps()llps(N) = tr[ps(p) (log ps(p) — log ps(A))]

= —S(ps(n)) + B tr [PB(M) > NEy| +log Z(N) (4.31)
l
Y _S(ps(m) + B3 Metrlps (N E + log Z(N) (4.32)
V4
= —S(ps()) + S(ps(N))
Yo, (4.33)

where (1) follows because tr[pg(pn)E¢] = tr[pg(A)Ey] for all £ € [m] and (2) used the positivity of
relative entropy. Similarly, we can exchange the role of p(u) and p(A) in (4.33) and get

S (ps(Mllps(n)) = =S(ps(X) + S(ps(p)) = 0. (4.34)

Combining these bounds imply S(ps(p)) = S(pg(A)) and hence from Eq. (4.33), we get
S(ps(p)llpg(A)) = 0. It is known that the relative entropy of two distribution is zero only when
pa(p) = ps(A). Hence, we also have log pg(p) = log pg(A) or equivalently up to an additive term
Y oveq eEr = > MEy. Since the operators E; form an orthogonal basis (see Eq. (4.17)), we see
that Ay = uy for all £ € [m]. O

Remark 91. When the local expectations of the two Gibbs states only approximately match, i.e.,

[trlps(p) Ed] — trlpg(A) Ef]| <6

for € € [m], then a similar argument to (4.33) shows that S(pg(p)||ps(X)) < O(md). By applying
Pinsker’s inequality*, we get | pg(u) — pﬁ()\)H? < O(md) = O(nd), where we used the fact that for
geometrically-local Hamiltonians m = O(n).

Given Proposition 90, we ask if there is an algorithm that finds the Gibbs state from its local
expectations. A solution to this question is to use the mazimum entropy optimization [Jay57b,
BKLT19]. This is also closely related to the problem of mazimum likelihood estimation that is
used often to analyze the sample complexity of statistical problems. Formally, this problem can be
expressed as follows:

“Pinsker’s inequality states that for two density matrices p, o, we have ||p — o||7 < 21n2- S(p||o).
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max S(p)
p
s.t. tr[pEy] = ep, V€ [m] (4.35)
p>0, trlp] =1

where S(p) = —tr[plog p] is the von Neumann entropy of p.

Below, we will be mainly concerned with the convex dual of this optimization which directly
produces the interaction coefficients . Understanding the effect of statistical errors on the dual
optimization program (and in more generality, stochastic convex optimization) will be the main the
subject of the next few sections.

4.8.2 Stochastic convex optimization

Suppose we want to solve the optimization

max f(z)

for a function f: R™ — R which is of the form f(z) = Ey.plg(x,y)]. Here g(z,y) is some convex
function and the expectation E,.p is taken with respect to an unknown distribution D. Algorithms
for this maximization problem are based on obtaining i.i.d. samples y drawn from the distribution D.
In practice, we can only receive finite samples y1, o, . . . , y¢ from such a distribution. Hence, instead
of the original optimization, we solve an empirical version

y4
1
max 5 ;g(l‘, Uk).

The natural question therefore is: How many samples £ do we need to guarantee the output of the
empirical optimization is close to the original solution? One answer to this problem relies on a
property of the objective function known as strong convezity.

Definition 92 (restatement of Definition 71). Consider a convez function f : R™ — R with gradient
Vf(x) and Hessian V2 f(z) at x. The function f is said to be a-strongly convex in its domain if it
1s differentiable and for all x,y, and

Fly) > f() + VI@) Ty~ ) + goly — ol
or equivalently if the minimum eigenvalue of the Hessian owmin(V?f(z)) satisfies
omin(V2f(2)) > .
In other words, for any vector v € R™ it holds that 3, ; vivj%;zjf(x) > alvl3.
Next, we discuss how the framework of convex optimization and in particular strong convexity,

can be applied to the Hamiltonian learning problem. To this end, we define the following optimiza-
tion problems based on the convex dual of the optimization (4.35)
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Definition 93 (Optimization program for learning the Hamiltonian). We denote the objective func-
tion in the Hamiltonian learning problem and its approximate version by L(\) and L(\) respectively,
1.€.,

L(\) =log Zg(A\) + B+ ) _ Aeee, L(A) =log Zg(\) + B Y Mée, (4.36)

where the partition function is given by Zg(\) = tr(e‘ﬁ Zznzl)‘fE’f). The parameters of the Hamilto-
nian that we intend to learn are i = arg minycgm. | y<1 L(X). As before, we also define the empirical
version of this optimization by

fi= argmin L()). (4.37)
ACR™:|A|<1

We prove later in Lemma 100 that log Zg(\) is a convex function in parameters A and thus, the
optimization in (4.37) is a convex program whose solution can be in principle algorithmically found.
In this work, we do not constraint ourselves with the running time of solving (4.37). We instead
obtain sample complexity bounds as formulated more formally in the next theorem.

Theorem 94 (Restatement of Theorem 73). Let 6,0 > 0. Suppose the local expectations ey are
determined up to error ¢, i.e., |eg—é;| < 0 for all £ € [m]. Additionally, assume the strong convexity
condition omin(V2log Z(N)) > a holds for |A| < 1. Then the optimal solution to the program (4.37)
satisfies

1)
I il < 2V (4.38)

Proof. From the definition of /i as the optimal solution of L in (4.37), we see that L(j) < L(u).
Thus, we get

log Zg(i1) + B+ _ fuéy <log Za(u) + B> jueée.
=1

or equivalently,
m
log Zg(f1) < log Zg(p) + B+ > (e — fue)ée. (4.39)
(=1

We show later in Lemma 99 that for every ¢ € [m], we have a%g log Zz(p) = —Be;.® This along with

the assumption omin(V2log Z(1)) > « in the theorem statement, implies that for every u’ with
Wl <1

log Zs (') > log Zg(p) — B+ > (4 — pue)es + 04||M — ul. (4.40)
/=1

°In particular, see Eq. (4.45), where we showed 52— log Zg(u) = =B - tr[Eepp(p)] = —PBes.
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Hence, by choosing 1/ = fi and combining (4.40) and (4.39), we get

log Zg(n) — B Y _ (e — pe)ee + allu plly <log Zg(u) + B (e — fue)ee
(=1 (=1

which further implies that

1 ~ 2 ~ ~ ~
sl —ply< 8- > (e — pe) (er — o),

=1
< Bl —ply-lé = el

Hence, we have

N 20 .. 26+/mod
= nly, < —lée—el, < :
« «

O

Remark 95. We note that the bound (4.38) in Theorem 94 can be also derived when other methods
are used instead of the maximum entropy optimization or its dual in Definition 93. Suppose we use
an alternative approach, which could be an approximate version of the maximum entropy method,
a heuristic quantum algorithm that variationally prepares the Gibbs state, or one that infers the
interactions in a different way without relying on the thermal averages. As long as the interaction
coefficients inferred via such method (denoted by fi) satisfy ||| < 1 and their corresponding Gibbs
state possesses local expectations € within § distance of the original values, a similar expression as
in (4.38) bounds the error of that approach as well.
More formally strong convezity leads to Equation 4.40, which says

m
log Zs(j1) > log Zg(p) — B+ > _(jie — pu)er + aHM ul-
/=1

Switching p and fi as well as ey and ép, we have

m
log Zg () > log Zg(ii) — B+ Y (ue — fie)ér + Oéllu ul-
/=1

Adding these equations and cancelling some terms, we obtain

m
N - - 2
0=>p- Z(M — fig)(ee — &) + o i — pl5-
(=1
This leads to the inequality (using Cauchy-Schwartz)
- ) - -
afp—ply < Bl —ply-le—els,
which is equivalent to

_ B
— < = — .
lii =l < C1e = el
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Finally, we obtain the following upper bound on the sample complexity assuming the log-
partition function is strongly convex.

Corollary 96 (Sample complexity from strong convexity). Under the same conditions as in The-
orem 94, the number of copies of the Gibbs state pg that suffice to solve the quantum Hamiltonian
learning problem and outputs a fi satisfying ||t — pl|l2 < € with probability 1 — err is

290(k)
Nz(’)(ﬁj%?-miogm).

Proof. First observe that, using Theorem 94, as long as the error in estimating the local expectations
€y are

Qe

0 < ——— 4.41
we estimate the coefficients p by fi such that | — pll, < e. The local expectations e; can be es-
timated in various ways. One method considered in [CW20, BMBO20] is to group the operators
Ey into sets of mutually commuting observables and simultaneously measure them at once. Al-
ternatively, we can use the recent procedure in [HKP20, Theorem 1| based on a variant of shadow

tomography. In either case, the number of copies of the state needed to find all the local expectations
with accuracy d and success probability 1 — err is

20(x) m
N = O (52 log e; s

where recall that s is the locality of the Hamiltonian. Plugging in Eq. (4.41) gives us the final
bound

O

Remark 97 (Final upper bound on the sample complexity). In the next section, we prove that the

o parameter in Corollary 96 is o < e~ . ’% This implies the claimed sample complexity for

the Hamiltonian learning problem in the main text, i.e.

OF) . m

Notice that although we assume in the main that err, the probability of error, is a constant (e.g.,
0.01), the dependency on err in (4.42) only appears in the logarithm and can be suitably scaled.

4.9 Proof of strong convexity of quantum log-partition functions

In this section we prove the strong convexity of quantum log-partition functions.
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Theorem 98. Let H =Y ;" | jyE; be a k-local Hamiltonian over a finite dimensional lattice. For
a given inverse-temperature 3, there are constants c,c > 3 depending on the geometric properties of
the lattice such that the following strong convexity property (see Definition 92) for log Zg(p) holds

min(V?log Zg(p)) > e . % (4.43)

—0(89) 2
e vl3°

In other words, for every vector v € R™ we have v' - V2 log Zg(p) - v > B

The proof of Theorem 98 is explained in multiple steps. In the next few sections we first review
the proof of this statement for the classical Hamiltonians. Then, we give a brief overview of the
main steps in the proof of the quantum case.

4.9.1 Step 1: Relating the Hessian to a variance

We begin our detailed proofs with finding an expression for the Hessian of log Z3(A) in terms of the
variance of a quasi-local operator.

Lemma 99. For every vector v € R™, define the local operator W, = " v;E; (for notational
convenience, later on we stop subscripting W by v). The Hessian V? log Zg(\) satisfies

2
v (P log Z5() v = e [{Wa B (W)} s ()] = B (1 [Waps(N)]), (4.44)

Proof. Since the terms in the Hamiltonian are non-commuting, we use Proposition 84 to find the
derivatives of log Z3(\). We get

) 1 By N .
8—)\jlogZ@()\) = Zﬁ()\)tr [2 {e PH( 7(I)H()\)(EJ)}:|

—B [ ,BH(A)/ —iH(\)t 'H()\)t:l
= tr |e dtfs(t)e™ E; ¢

—BH)
o

— Btr ZORE (4.45)

where the second equality used the definition of the quantum belief propagation operator
P (Ej) = ffooo dt f5(t) e~ E; e with fs as given in Definition 83. The third equality

5In future sections, we often use this characterization in terms of vectors v to obtain proper bounds on the
minimum eigenvalue omin.
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Step 1:
Relating the Hessian to a variance (Section 4.9.1)

Lemma 99, Lemma 100

)
Warm-up before step 2:
Variance at infinite temperature (Section 4.9.2)

Theorem 102
)
Step 2:
From global to local variance

Theorem 104, Claim 105

¥
Step 3:
Bounding the effect of local unitaries (Section 4.9.4)

Claim 106, Claim 107, Corollary 108

Step 4:
Reduction to infinite temperature variance (Section 4.9.5)

Claim 109, Theorem 110

Final step:
Putting things together (Section 4.9.6)

Lemma 111

Figure 4-1: Flow of the argument in the proof of Theorem 98.
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used the fact that e7Mt commutes with e 7V Similarly, we have

—BH(N)
B2 ("
e \ Zs(\)

1 0 e AH()

g [E 70y ¢ ﬂ*ﬁtr A0y

82

2
= %tr [E; - {ps(N), Pron (Br) }] — B2 tr[Erpp(N)] tr[Ejps(N)]

*tf[{ N(ER)} - psN)] = 82 tr[Erps (V)] tr[Ejps(M)].

One can see from this equation that V2log Zz(H) is a symmetric real matrix, 7 and hence its
eigenvectors have real entries. Finally, we get

82
(VQIOng()\ Zvﬂvkw\ o log Z(\) (4.46)

,2
= Tt [{Wh @y (W) bs ()] — (Btx [Waps(N)]).
O

The statement of Lemma 99 does not make it clear that the Hessian is a variance of a suitable
operator, or even is positive. The following lemma shows how to lower bound the Hessian by a
variance of a quasi-local operator. The intuition for the proof arises by writing the Hessian in a
manner that makes its positivity clear. This in particular, shows that log Z(p) is a convex function
in parameters p — we later improve this to being strongly convex.

Lemma 100 (A lower bound on v - V2log Zs - v). For every v € R™ and local operator W, =
> vilsi, define another quasi-local operator W, such that

W, = / fa(t) e~ W, eftat, (4.47)

where

9 emltl/B 4

fa(t) = B 08 /B _1 (4.48)
is defined such that fg(t) scales as B e~ m/B for large t. It holds that
*tr[{va ® 100 (W) fos(A } (b [Wops(N)])*
— 2
> tr [(WU)Q,;B(A)} - (tr [vaﬁ(A)D (4.49)

"The terms tr[Exps(\)] and tr[E;ps(\)] are real, being expectations of Hermitian matrices. ~Moreover,
E;, Py (Ek)} is a Hermitian operator, being an anti-commutator of two Hermitian operators.  Hence
J (&) g
tr [{Ej, @H(A)(Ek)} pg()\)} is real too.
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This via Lemma 99 implies that v' - (VZlog Zg(\)) - v > (52 Var[Wv]

Remark 101. For the rest of the paper, we are going to fix an arbitrary v € R™, in order to avoid
subscripting W, W by v.

Proof of Lemma 100. Let us start by proving a simpler version of Eq. (4.49), where we only show

%tr[{w, D110y (W) }osN)] — (s [Wps(V)])” > 0. (4.50)

Since v is an arbitrary vector, this shows that, as expected, V?log Zg() is a positive semidefinite
operator.

Consider the spectral decomposition of the Gibbs state pg(A): pg(A) = >, r;(A)[7)(j|- Then
observe that

ftr[{WCIJH W)} ps(A } (tr [Wps(N)])? (4.51)

me ) (W, @5 (W) }j) — Zm

2
erj Wik (k@5 (W) ) + Gl (W) k)W) — | S ri(NWy,
J
2
1 - "
g 527N (Wj,kaJfﬁ(gk — &)+ WipWi; f5(€j — 5k)) — Do rwyy
J , J
DS WP A8 — & — [ Srmoowiy | (4.52)
7.k J

In equality (1), we use Definition 83 and in equality (2) we use the facts that W is Hermitian and

respfa(w) = f3(—w). Since f3(0) =1 and fz(w) > 0 for all w, it is now evident from last equation
that
2

tr<;{W,<I>H( )W)‘tr(Wma >Zm Wil = | DWW | 2 0.
J

We can improve this bound by using the operator W in (4.47). The function fs(t) in (4.47) is
chosen carefully such that its Fourier transform satisfies fg(w) = fg(|w|). Then, we have that

W = / fat) e MW eHhar = ") (k| Wk f5(1€5 — k). (4.53)
. o
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Similar to (4.52) we get

2
tr(W2ps(N) — [tr(Wps(N) Zm )| Wykl* Fo(1€5 = &xl)? Zm
2
< MW (1€ = Exl) = [ Do ri(WWy,
gk J
H
— o (P2 ) ~ fmwasr, (454)

where the inequality is derived from f/g(;r)Q < fg(x) for arbitrary —oo < x < oo.

4.9.2 Warm-up before step 2: Variance at infinite temperature

In the previous section, we showed how to give a lower bound on the Hessian of the logarithm of the
partition function. To be precise, for a vector A = (A1,...,\p) € R™ with ||| < 1, Hamiltonian
H(\) =), \iE; and pg(A) = Zﬁl(/\)e*BH(/\) (where Zg(\) = tr(e #H(N)), we showed in Lemma 100

how to carefully choose a local operator W such that for every v, we have

T (V2log Zs(N)) - v > B2 Var[IW). (4.55)

In the next few sections, we further prove that the variance of W with respect to pg(\) can be
bounded from below.

Before looking at how this can be achieved for the highly non-trivial case of finite temperature,
we will look at a simpler case of infinite temperature limit. As we see later, certain elements of the
proof strategy in this case extends to the general case too.

Consider the infinite temperature Gibbs state (i.e., the maximally mixed state) n = 11;—?\. As-
suming that the locality of W, namely W is k-local with k = O(1), the following theorem holds.

Theorem 102. For W as defined in Lemma 100, we have

(7)) = iV > - 51og(?7§zl))+1)22“‘2' (4.56)
=1

The intuition behind the theorem is as follows. In the above statement, if W is replaced by W,
then the lower bound is immediate (see Eq. (4.57) below). Similarly, if H and W were commuting,
then W would be the same as W and the statement would follow. In order to show (4.56) for W
in general, we expand it in the energy basis of the Hamiltonian and use the locality of W to bound
the contribution of cross terms (using Lemma 85). This accounts for the contributions arising due
to non-commutativity of W and H.

Proof of Theorem 102. Recall from Lemma 100 that W = )" v;E;. We first note that tr[Wn] =
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tr[Wn] = 0. From the definition, we have tr[(W)%] = D%\H(f/ﬁ)QH%J To begin with, we observe

m
IWIIE =Da ) o, (4.57)
i=1

which holds since the basis E; satisfies ||E;||% = Da and tr[E;E;] = 0 if i # j. Define PH as the
projection onto the energy range (s,s+ 1] of H.

Pl=" " i)l (4.58)

J:E5€(s,5+1]

Using the identity >, P = 1, and the definition of W, let us expand

o0

Wiz =Y IPSWPE,
—~ | i 0o ' A 2
W= S / dtPH fi(t)e—Hiw ettt pH (4.59)
s,8'=—00 —© F
2
= 2 Y Wikfs(l& — EDPI I KIPT| (4.60)
8,8'=—00 || j:E;€(s,5+1]
k:Ee(s,s+1] F
By using the inequality
= tanh(fw/2) 1
w) = > ,
o) =—50m = Blw +1
we have
2
Wik Fs(I€; — E)PY 1) (kP
J:E5€(s,5+1]
k:Epe(s,s+1] F
= DD UsE &P
J:E€5€(s,s+1] k:E5€(s!,s'+1]
1 pPHwWPH|?
> 3 / 5 Z Z ‘Wj,k‘Q — 5 ” s / S ||F 5 (461)
(5(’8 - | + 1) + 1) J:E€(s,5+1] k:E5€(s! s +1] (5(‘8 - ’ + 1) + 1)
Plugging this lower bound in Eq. (4.60) gives the following lower bound for ||W||%
[e'¢) H 2
HW\P > Z HPHWPHHF Z Z HP(So-i-én)/2VVP(SO 81)/2HF (4.62)
F B / 2 ) .
s,8'=—00 (§(| | +1 50=—00 50+51 ez (§(|81| + 1) + 1)
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where we have introduced sg = s+ s’, 51 = s — s’. Let us consider the last expression for a fixed s,
introducing a cut-off parameter § which we fix eventually:

H H 2
3 10512V Flso—s 2l
[B()s1| + 1) +1]2

51:7‘%;81 €7

1 H H 2
> (é(§+ 1) n 1)2 Z ||P(so+2$’1)/2WP(80725’1)/2HF
2 31:@62,\51&5
1 H H 2 H H 2
= CernT1)? Yo WP ey, WRE o allE — > 1 Psots1)/2W Plsg—sn) 2l
2 syWGZ 31:%€Z,|51\>§
(4.63)
By combining the inequalities (4.62) and (4.63), we obtain
= W[5 1 = H H 2
IWf% > - > > [P WPy 2l
8, 2 8- 2 (s0+s1)/2 (so—s1)/2I1F
(56+1)+1)" (5(+1)+1) S0=—00 g, 50401 7 1 1o
(4.64)
Now, we will estimate the second term in (4.64). Since the subspaces P(I;IO +51)/2 and P(I;[O_Sl) /o are

sufficiently far apart in energy, we can use the exponential concentration on the spectrum [AKL16]
(as stated in Lemma 85) to obtain the following: for W =", v; E;, we have

H H H H
IPE oy s WPE oy joll <D vl PE Loy o BiPE o ol
=1

(4.65)

m
< CeMstl=1-r) Z lvi| < CmeNs1l=1=r) max |v;|.
K3
i=1

where we use the condition that E; are tensor product of Pauli operators with weight at most x,
and the parameters C' and A are O(1) constants (see Lemma 85 for their explicit forms). Then, the
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second term in (4.64) can be upper-bounded by

H H 2
> Do PG WP e 2lE
50=—00 31:7507531 €Z,]s1|>5
(1) > H H 2 H 2
< > oo PR L WPE PP Ll

80:—%81:$EZ7|81‘>§
H 2 2.2 —2\(|s1|—1—k) 2
< E E 1 P(srs1) /2l - C"m7e max v;
ls1>8 s5:20F21 7

— DA02m2€2/\(1+I€) maX /U/L'2 § 672/\‘81|

(2

—~
N
~

ls1]>5+1

3) 202m262)\(li+1) ) O2m2e2MK+1) ons 9
< Dy MAxXV; — ¢ < DATe Zvi , (4.66)

where inequality (1) follows from Eq. (4.15), (2) follows from Eq. (4.65), (3) follows from Fact 78

and (4) follows from max; v? < >, v2. Therefore, by applying Eq. (4.57) and (4.66) to (4.64), we
arrive at the lower bound as

. Dy m O2m2e\ k1)
W2 > 2) (ST o) 4.67
IWIlF =2 e a7 <2”> ( m (4.67)

i=1

Since \,C,k = O(1), by choosing § = O(log(m)), we obtain the main inequality (4.56). This
completes the proof. [J a

4.9.3 Step 2: From global to local variance

Having seen how to obtain a lower bound for W at the infinite temperature as in Theorem 102, we
move on to the more challenging task of proving a variance lower bound at finite temperatures.

A main challenge in bounding the variance of the operator W is that even though W is a sum
of quasi-local operators, it acts globally on all the sites and hence, its spectral properties might
scale badly with the system size. To address this issue, we will follow the strategy introduced in
Section 4.6.5 and reviewed in Section 4.3.4 to reduce the problem to the study of a more local
operator. For some i € A, recall the definition of W; from the subsection 4.6.5:

—~ 1,
Wiy =W —try[W] ® ’l (4.68)

The operator W(Z-) includes essentially the terms in W that are supported on the ¢th site. We now

show how the variance of the global operator W can be related to the variance of W(i).

Remark 103. Instead of working with W, it 1s more convenient to define a quasi-local operator A
that is proportional to W — tr[pgW]1. This allows us to express Var[W| in terms of tr[A%pg]. The
exact choice of this operator will be made later, but all the results in this and upcoming sections hold
generally for a (7,a1,a2,()-quasi-local operator A (see Eq. (4.18)) where ag = O(1/8),a1 = O(1)

115



are constants, ¢ =1, 7 < 1, and tr[Apg] = 0. We note that the quasi-locality of the opeartor W in
terms of the definition 80 is given in Section 4.10.4.

We will interchangeably use the Frobenius norm to write the variance of A as

Var[A] = tr(A%pg) = | Ay/psl p.

1;

Using Haar random unitaries, we obtain the integral representation of A;) = A — tr;[A] ® 3 as
1
Ag =A—Sltr(A)]® 1 = A - / du(U:) U} AU, (4.69)

where du(U;) is the Haar measure for unitary operator U; which acts on the ith site. Using triangle
inequality, we have

14 v7alle < 1Ayl + [ du(IIU; AU p5lr
— 4y7alle + [ du(U)|AV: 7] (470)

This implies

4yl < (lAyzale + [ du(AV;yplr) (4.71)
<2zl -+ 2( [ duO AV ym3le) (4.72)

In fact, we need a slightly generalized version of this bound in the forthcoming steps of the
proof. This modified version allows us to include the effect of a further local unitary Uy, that is
applied to the Gibbs state. Here, X; := B(R, 1) is a ball around the site ¢ with a constant radius R
that we specify later in Section 4.9.5. We skip the proof since it is the same as the above argument.

Theorem 104. Let A be a quasi-local operator as in Remark 108 and Ay = A—tri[A]® % defined
as in Section 4.6.5 for some i € A. Consider local unitaries U; and Ux, acting on site i and X;

respectively, where X; is a ball of constant size at site i . The following generalization of (4.72)
holds:

2
0%, AU volh < 2040x a3l +2( [ au@IAvUxymslr) . @

We now move to another ingredient we need for future steps. Although the operator A ;) is
mostly localized around the site 4, it is still obtained from a quasi-local operator A and hence it is
quasi-local itself. Next claim will approximate A;) by a local operator.

Claim 105. Consider A which is a (T, a1, a2, ()-quasi-local operator (see Eq. (4.18) and Remark 103)
where ag = O(1/8),a1 = O(1) are constants, ( = 1, and 7 < 1. For any i € A, there exists an
operator Ax, supported entirely on X;, such that

1
1 ANT ays
[AG) — Ax, Il < 2a1 - <1 + a, T> : <T2> e~ T BT
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Proof. Using Eq. (4.18) and the fact that local operators not containing 4 in their support are
removed, we can write

1
A= D o (aZ - gltriaz)] @ ]11.> ,
k,ZCA:
|Z|<k,Z>i

Define )
AXi = Z gk <CLZ — g[tri(az)] (9 ]ll> .

k,ZQXL
\Z|<k,Z>i

be the desired approximations of A; by removing all operators that are not contained within X;.
Observe that

(1)
[Ag — Ax, || <2 > grllazll < 2 > grllaz||
k,ZCA: k,ZCA:
Z2¢X,|Z|<k,Z>i diam(Z)>R,| Z|<k,Z>i
(2) (3)
225 ( 5 ||aZ||> 2 %S
k>R Z7:73i k>R
T (4) a T
< 2ar Y] e < 2ae” F (14 772/ ()] )
k>R
1 2 2
< 2Cay - <1 +a2_7> : <) e T (4.74)
T

For inequality (1), note that since Z ¢ X; and Z > i, the diameter of Z (recall that Z is a ball)
must be larger than the radius of Xj;, which is R. Inequality (2) holds since k > |Z] > diam(Z),
inequality (3) uses Definition 80 and inequality (4) uses Fact 78. Since ( = 1 for the given A, this
completes the proof. 0

4.9.4 Step 3: Bounding the effect of local unitaries

Recall that we reduced the problem of bounding the variance of A (which as explained in Re-
mark 103) is closely related to our original operator W) to that of the operators {A;)}ica. These
operators are essentially supported on a small number of sites. However, in this process, we intro-
duced other local unitaries that are applied on the state. In order to handle the action of these
unitaries, we will use two claims which show that local unitaries do not make much difference in
the relative behavior of spectra of A and H. To elaborate, consider any local operator Ux acting
on constant number of sites X on the state pg. It is expected that the quantum state U;( pUx has
“similar" spectral properties as pg. So if the eigen-spectrum of the operator A is strongly concen-
trated for pg, one would expect this behavior to hold even for U;r(ng x. We make this intuition
rigorous in this section.

We begin this by introducing some key quantities that are used repeatedly in the proof. For
notational simplicity, let

1
H =H — Blog Zg, (4.75)
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Probability distribution

(A) =0 —A

Figure 4-2: Plot of the probability distribution tr[IL,ps|, where II,, is the projector onto the eigen-
vectors of A with eigenvalue w. It is assumed that tr[Apg] = 0. For a v to be chosen in the proof,
Pj‘ is the projector onto the subspace of eigenvectors of A with eigenvalue between [—v,~]. A lower
bound on the variance of A follows if we can show that for a constant -, the probability mass in
the colored range is small (see Equation 4.78).

which allows us to write pg = e PH' As before, we will interchangeably use the Frobenius norm to

write
(A%) = tr(A%pp) = || Ay/p5llF-

We now define the projection operator Pf as follows (see Figure 4-2):

Pli= Y T, (4.76)

we[—=7,7]

where II,, is the projector onto the eigenspace of A with eigenvalue w. We then define . by
8y = 1— 1Py y/p5l % (4.77)

Using 4., observe that we can lower bound (A4?) as

(42%) =D e lulpsle) 2 D w*@loglo) 297 > (wlesl) 277 (4.78)

|w|>y |w|>y

Let Qf =1- PVA, then observe that from Eq. (4.77) that
P /os — oslE = 1Q4 /ol =6 4.79
P3P pallE = 1Q5 voslE = 6y (4.79)

Claim 106. Let c1, co, A be universal constants. Let X C A. For every unitary Ux supported on X,
we have

_c2
|QAUx /73l < exp (A1X])552 . (4.80)

Let us see a simple application of the claim. It allows us to control the variance of A even after
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local operations are applied to it. More precisely,

|AUx /5113 = AP Ux ya3ll3 + 1AL — PYUx /p3ll3

4.81

<7* + AP 12 = PYUx /P57 sy
By Claim 106, the expression on the second line is upper bounded by % + ||A||269(1)|X‘5$(1)/6. This
upper bound on ||AUx /pg||r suffices to provide an inverse-polynomial lower bound on the variance
of A?, since we can lower bound 0~ for an appropriate choice of 7. However we now show how one
can polynomially improve upon this upper bound (thereby the lower bound on variance) using the
following claim. This claim, along the lines of Claim 106, also shows that local unitaries Ux do not
change the desired expectation values.

Claim 107. Let X C A. For every unitary Ux supported on X, we have®
2 1
1AQ% Ux v/ps|[ < - - oxp (O(1) - 1X])69W/P 1 o(1) - | X0 - (A?). (4.82)

Proof of both the Claims 106, 107 appear in Section 4.10.2. An immediate corollary of this claim
is the following, that improves upon Eq. (4.81).

Corollary 108. Let X be a subset of A of size | X| = O(1). For every unitary Ux supported on X,
we have

1x| 01
01 |X|5V( )/B

1AUx /o5l <72 + +0(1)|X[°(4%). (4.83)

Proof. Similar to Eq. (4.81), we upper bound ||AUx,/ps|% as

2 2 2
|AUx/PalE = AP Ux /P3| + [ AQ3Ux /3l < 77 + ([ AQ5Ux /P51 » (4.84)
since Q,’;‘ =1- Pf. By combining this with Claim 107, the corollary follows. O

4.9.5 Step 4: Reduction to infinite temperature variance

In Section 4.9.3, we reduced the variance of a global operator A (which is related to W via Re-
mark 103) to the quasi-local operators {A; }ica. We now argue that there is some 4 such that it
is possible to bound the finite temperature variance of A;) in terms of its variance at infinite tem-
perature. This can be done by applying some local rotations given by a unitary Ux, on the state.
The intuition here is that if rotations are allowed, then the eigenvectors of Ay, can be rearranged
to yield largest possible variance with pg. This turns out to be larger than the variance with 7 the
infinite temperature state. Define the site iy as

io := argmax || A ) /7l| F- (4.85)

8Explicit O(1) constants that appear in this inequality are made clear in the proof.
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Claim 109. Let n be the infinite temperature Gibbs state. There exists a unitary U Xig supported
on X;, such that

1
10k, Aty Uxo /P3IlF > 511 4¢0) VTl

Proof of Claim 109. We first show the existence of a unitary U Xig satisfying

HU;TQOA(m)UXiO\/ﬁHF > Aoy vnllr = 2[[Ax,, — Agg)ll- (4.86)

Recall that the notation Ay, has been defined in Claim 105. For the proof of the above inequality,
we start from the following,

||U)T<Z.OA(1‘0)UX¢0\/75HF = ||U)T(iO [(AGo) — Ax,,) + Ax, |Ux,, v/p5l
> UL, Axi, Uxiy vo5llE = 1 Aoy — Ax, | (4.87)

and lower-bound the norm of HU;LQ0 Ax, Ux,,/pallF. For this, define

PB.X ‘= tI‘Xc(pﬂ), (488)

where trxc is the partial trace operation for the Hilbert space on X¢ We define the spectral
decomposition of Ay, as

Dx,,

Ax, = > edesesl, (4.89)

s=1

where €; is ordered as |e1] > [e2| > |e3] > -+ and Dy, is the dimension of the Hilbert space on Xj,.
Additionally, define the spectral decomposition of pg, X;, a8

Dx
io
Po.xy = O Pslis)(tisl, (4.90)
s=1

where py is ordered as p; > pa > p3 > -+ and |us) is the sth eigenstate of pg.x;,- We now choose
the unitary operator Uy, such that

Ux,, |ps) =les) for s=1,2,...,Dx, (4.91)
We then obtain
Dx;,
Uiy P8.x: Uk, = D Poles)(esl: (4.92)
s=1

120



This implies

1Tk, Axi,Ux, vo5l7 = tlU%, A%, Ux,pp]

_ 2 T 2 T
- tr[AXZ'O UXiO pﬁUXZO] - trXiO [AXZO UXiO pB»XiO UXZO]

0 Xig
1
= Z pses > Dy Z e = [|Ax,, vl (4.93)
s=1 0 s=1

where the inequality used the fact that ps, &5 are given in descending order. Then, the minimization
problem of Y pses for ps, with the constraint p; > pp > p3 > -+ has a solution of p; =ps = -+ =
PDy. - Using the lower bound

20

[ Ax:, Vil = [[(Axi, = Adio) + Ao))VilllE 2 1A Go) Vil F = 14X, = Adig) [l (4.94)
we can reduce inequality (4.93) to
1Tk, Axiy Usiy VP31 F 2 1 AGo) vl E = A, = Agig) Il (4.95)

By combining the inequalities (4.87) and (4.95), we obtain the inequality (4.86) as follows:

1Tk, Aty Uiy vP5llE 2 10X, Axi, Uxiy /P53l = [ Aoy = Axt, |
> Aoy ville — 201 Agy) — Axi Il

To arrive at the final bound we use Claim 105. Fix

_1 T
) 8-47 -ay - <1+a27)
R= — 1o

a & 2
2 77 [ Agigy VIl P

in Claim 105. We get

1
1A Go) — AXiDH < ZHA(io)\ﬁ?HF (4.96)

Substituting as = O(1/5),a1 = O(1),7 = O(1), we find that we can ensure the condition (4.96) for
1 o(1)

R = diam(X;,) = (B log (HA(zo)\/ﬁ”F>> . (4.97)

O

The previous claim demonstrates that by applying local unitaries, the finite temperature variance
of A, can be related to || A;y) /7|l . Here, we use the discussion in Section 4.9.3 and Section 4.9.4

to prove that the rotated local variance HU;QO A(in)Ux,, /Pl F in Claim 109 is close to the variance
of A(;) and hence, can be related to the variance of the global operator A. By establishing this, we
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can obtain a lower bound on the variance of A (an in turn W) in terms of the infinite temperature
variance max;ea || A)/7||F. This is stated in the following theorem:

Theorem 110. Let 8> 0, H be a k-local Hamiltonian on the lattice A and pg = %. Let A be
a (71,a1, a2, ¢)-quasi-local operator (see Eq. (4.18) and Remark 103) where ay = O(1/8),a1 = O(1)

are constants and we assume ( =1, 7 <1 and tr[Apg] = 0. We have

1€EA

ﬁ@(l)
(A%) = tr(A%pg) > <max tr[A%i)n]> .

We remark that the theorem statement above hides several terms that depend on the lattice,
such as the lattice dimension, the degree of the graph and the locality of Hamiltonian (which we
have fixed to be a constant). Additionally, the assumptions as = O(1/5),a; = O(1) are suitably
made for the later application of this bound in Section 4.9.6, but we note that this theorem also
holds for other choices of a1, as, with small modifications to the proof.

Proof. Let U Xig be the unitary as chosen in Claim 109. Using Theorem 104, we obtain the following
upper bound for U;r(iOA(io)U Xig
2

UL, AUy vl < (14Ux,, vB3l + [ duUi)|AV U, 73l
<2 AU, y7l} + 2 [ du(Ui)| AV U, Vo5

Now, we can use Corollary 108 to upper bound [|AUx; , /p5|% and || AU;, Ux,,+/PsllF in the right
hand side, which yields

(1) X4, |5$>(1)/ﬁ

(&
1Tk, Aoy Uxiy vP51IE < 497 + . +O(1)]X;,(A2). (4.98)
Using Claim 109, we have
1
10k, Ao Uxy vP3IlF 2 511 4¢0) VTl (4.99)

Putting together the upper bound in Eq. (4.98) and the lower bound in Eq. (4.99), we have

1 <O(1
e e@(l)\Xlol(s’y( )/B

1
5 +O(1)|Xio|*(A%) = L[| Agio) vl (4.100)

By choosing as 7* = || A(;) /7| %/32 =: 7§, we obtain

O Xio| sOM)/5
T+ O(1)1 X4 |°(4%) > 1. (4.101)

70
This inequality implies that either

_ A
5o > (736 @(1>|XZO|)
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or

2
Combining with Eq. (4.78), we conclude that

, o, \FO) O(1)2
2y 2 (.3 —-0(1)|X;| 0l
() = min {53 (e 00l O

Eq. (4.97) ensures that

1 )@(1)
1 Aqo) vl 7

where we have used the assumption that lattice dimension D is ©(1). Plugging in this expression
for | X;,| with the choice of 7, we find

Xi| = O(1)RY = 3%V log

. o) - O A vl
tr(A%5) = (4%) > min { | Ayl O - e POl S0 P }
20

O(1
O(L)| Aoy vll 2"
o1 1 o1
B log (1 — 7m0

)
| o Ol Ay vl7
> min { | A illly B(eOanF j

e(1)
> || Aoy v71ll

Since we chose 49 in Eq. (4.85) such that [|A(;,)\/7llF = max; || A¢yy/7| F, this proves the theorem.
O

. (1)
> min { | A llly

4.9.6 Final step: Putting things together

We are now ready to apply the results of the past steps to prove Theorem 98. The bound in
Theorem 110 in the previous section is stated for a general quasi-local observable A. As discussed
in Remark 103, a special choice of A is when it is proportional to w— tr[p5W]]l where recall

that for an arbitrary v € R™, W = %" v;E; and W are the operators defined in Lemma 100. In
Section 4.10.4, we show that W is a (1/D, O(1), O(1/8), . *PT! (max;en |v;]))-quasi-local operator,
for ¢, = O(1). Thus, the following operator

3-2D-1 N
(W — trlps 1),

A= —
Cx maXien |vi
is (O(1),0(1),0(1/5),1)-quasi-local and satisfies tr[A*pg] = 0. We now apply Theorem 110 to
the operator A* to prove Theorem 98. We need to estimate max; tr[A’(" )77] Consider the following
equality obtained from the definition of A*:

4D -2
max (A7, )] = —— (maxtruw(i))?n]) |

€A c2 (max;en |v;])? \i€A
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The following lemma is shown in Section 4.10.5.

Lemma 111. It holds that

S RCIN ©@1) 2
r?ea/\x(tr[(w(z‘)) n]) = (Blog(B) + 1)2D+2 <r?e%\xvi> .
This implies
* \2 _ 6(1) 2 _ 1
T%%\Xtr[(A(i)) nl = B4D+2 (Blog(B) + 1)2P72 (maxsen [vi])? <I¥1€6}\X”z’> EEON

Using this lower bound in Theorem 110, we find
1774V a7 74 2 _ 24D+2 . ? *\2\ *\) 2
()2 = () = 28*P+ (max ] ) (((49%) - ((47))?)

9 ge)
=% (oo ) - (maxrl(ag, ]

(1SN

o1 1\ ?
Sa COMRCD
(1) o) 601 2 o) e,ﬁ(—)(l) )
= e . > . ‘
pOW e (rgeanw) > m \ 2]

where we used =91 > ¢=©(#) in (1). Putting together the bound above with Eq. (4.55), we find
that for every v € R™,

o1
675 (1 m

T 2 2 i o(1) 2
. log Z3(\)) - v > 8% Var|[W| > —_— c.
v (V og Zg( )) v > B°Var[W] > - ;_1 v;
This establishes Theorem 98.

4.10 Deferred proofs

4.10.1 Fourier transform of tanh(fw/2)/(5w/2)

We here derive the Fourier transform of

~ nh
Jalw) = BEEA2) 5506/2/2)’
which is
fal®) 1= oo [t

For the calculation of the Fourier transform, we first consider the case of t > 0. By defining C*
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Im(w)

Im(w)
Re(w) Re(w)
(a) Integral path C* of w for t > 0 (b) Integral path C~ of w for ¢ <0
Figure 4-3: Cauchy’s integral theorem for the calculation of the Fourier transform.
as a integral path as in Fig. 4-3 (a), we obtain
L[ et fa(w)dw = S et fig(w)dw
2 —c0 A 27 C+ g
© . ~
=9 Z Resy—irt2imn [ezwtfg (w)]. (4.102)

m=0

Note that the singular points of [¢/“! fﬁ(w)] are given by fw = im(2m + 1) with m integers. We can
calculate the residue as

467(2m+1)7rt/6 —q

Resﬁw:iﬂ'—l—%mﬂ [eth]?,B (W)] = BW om 1 (4103)

We thus obtain

(2m~+1)wt/B

L[>, 4 &
fﬁ(t)=27r/ ™" fa(w dw—57262m+1 : (4.104)

- m=0

for ¢t > 0.

We can perform the same calculation for t < 0. In this case, we define C~ as a integral path as
in Fig. 4-3 (b), and obtain

fa(t) = = /C e fa(w)dw = —i Z Resy——in—2imn € fa(w)]. (4.105)

2
ﬂ— m=0

By using
4e(@m+1)mt/B i
Br 2m + 1’

ReSy——in—2imn [’ fa(w)] = (4.106)
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we have

1 00 . 4 & 2m+1 )mt/B
t)=— e — . 4.107
Jo() 27r/_ faw ~ Br g_: 2m + 1 (4.107)
for ¢ < 0. By combining the above expressions for fz(t), we arrive at
4 & e~ (2m+1)x|t|/B
= . 4.108
falt 677 Z 2m+1 ( )

m=0

The summation is calculated as

o —(2m+1)z o0 1 1 T+1
e ’ ¢
—(2m+1)x dr' = — — dr=Z=1 4.109
Zo T / }Z:Oe @ / el =S log —— (4.109)

for > 0, which yields

9 emltl/B 4

fa(t) =

Since
emlt/B 41 2

O8 Sxltl/B _1 = enltl/B _ 1’

fa(t) shows an exponential decay in |¢|.

4.10.2 Proof of Claims 106 and 107

Proof of Claim 106. Recall that the goal is to show that for every X C A and arbitrary unitaries
UX?

_c2
1Q2Ux oal% < cr X167, (4.111)

where Qf =1- Pj‘ and PWA was defined in Eq. (4.76) and H' := H — %log Zg, which allows us to

write pg = e A" To prove this inequality, we start from the following expression:

lQUx vslE = || 3 @f ZHQ?UXPﬁWin (4.112)
meZ MmeZ
with
PI = 3" i)l (4.113)

J€;€(mm+1]

where |7) is the eigenvector of the Hamiltonian H’ with &; the corresponding eigenvalue. Note that
ez PH =1 and we have P = 0 for m ¢ [—||H'|, | H'|]]. For some A € N which we pick later,
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, 2
we now decompose ||QAUx PH as a sum of the following quantities
¥ m VP F

’ 2 ’ ’ ’ , 2
HQﬁUXPnI:LI vV pBHF = HQ’I}?(PEerA + mefA + P[gan,mﬁ»A})UXPnI;I vV pBHF ’ (4114>
where
. ’ ! . ! !’ . H/
Phoan= Y P, PE A= Y PN Plama= > Py (4.115)
m’'>m+A m/<m+A m—A<m/<m+A

Summing over all m € Z in Eq. (4.114) and using Eq. (4.112) followed by the triangle inequality
gives us the following inequality

1Q4Ux /p5l%
! ! 2
<2Z QP . NUxPH /o5 +2Z QL (PH i a+ PEL_A)UXPI /o5 - (1116
] F

=(1) =(2)
We first bound (1) in Eq. (4.116). Note that for every m,
i / 2 / / 2
HQ?P[gL_A,mJFA}UXPg \/PﬁH <Py /sl - HQ:?P[I;@—A,m—&-A}HF (4117
< e_ﬂm HQAPm Am+A] H

where the first inequality used Eq. (4.15). The expression in the last line can be upper bounded as

e HQAP fm— Am+A]H = [Qﬁp[g‘/ﬂ’m%}]
< e Amefmtatlly, [Qﬁp[fn;A,erA]pﬂp[fnlfﬁvm+Aﬂ
= SA+D) HQ?P[Z—A,MA]\/@Hi
where the inequality follows from
. 5(m+A+1)P[m Amia] = P[m Am+A]p,3P[m AmA+A]

Thus we conclude, from Equation (4.117), that

Q4P s s s P |, < " &0 | QAR 73],
SCRRID DI o

m/€lm—Am+A]
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So the first term (1) in Eq. (4.116) can be bounded by

po] EXUONCVE WP S I OV

meZm'€m—A,m+
@ s+ (2A + 1) Z HQAPH/\ﬁH
= (2A + 1)ePAHD HQwﬁHF (2A +1)P A5 (4.118)
where in (1) we use the fact that each m’ appears (2A + 1) times in the summation

ZmGZ zm’e[mfA,erA]'
We now move on to upper bound (2) in Eq. (4.116) as follows. We have

1Py v/pslE, (4.119)

@2 (Pthea + P2 ) UxBl Vi, < (P + PE s
where we use ||Q¢|| < 1. Using Lemma 85, we obtain
(P + PEL_AUXPE || < cemXa-1X0, (4.120)
where C' and A are universal constants. Plugging Eq. (4.120) into Eq. (4.119), we get
|@A(Pt o+ P )UXP a5, < CPe PO RS sl (a2

With this, we can bound (2) in Eq. (4.116) by

Z HQA PH’ +A+P<m A)UXP \ﬁH ZCQe—QA(A—\XDHPn];[/mH% 2026_2,\(A—|X\)’

MEZ mEZ
(4.122)

where the equality used the fact that > IPH" /55]|% = tr(pg) = 1. Putting together Eq. (4.118)
and (4.122) into Eq. (4.116), we finally obtain the upper bound of

1Q4Ux /palF < (4A +2)eP AT 4 202 2MATIXD, (4.123)

We let A = ¢~ 11og(1/4,), which gives

c2
1QAUx B33 < ere? ¥l (4.124)
for some universal constants ¢i, co. This proves the claim statement. O

We now proceed to prove Claim 107.

Proof of Claim 107. Recall that the aim is to prove that for every X C A and unitary Ux we have

e(1)|x|so1)/8 o(1)|X|°
+

AQAU 2 ¢ T
H Qv XMHF— ~ ~5

(4%)
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We let ¢5, A1, 71 be ©(1) constants as defined in Lemma 86 and ¢1,c2, A = O(1) be constants given
by Claim 106. For the proof, we first decompose Q:;‘ as

(=]

oo
A A A . A A A . A
Q7 =2 P Bhi= Py + Plinmsy B0 P (4.125)
s=1

where P[’;{b] is defined as P[Z‘,b} =Y <w<p1lo (where I1,, is the subspace spanned by the eigenvectors
of A with eigenvalue w). Using this notation, observe that ||AQ:;‘U x+/PgllF can be bounded by

l4@sUxys ] = S [APAUx ol < SO 1IAPA - [|PA0x o3
s=1 s=1
<23 (s + 1)? | PAUX /75 |3+ (4.126)
s=1

where we use ||[AP2|| < (s + 1) from the definition (4.125) of PA. The norm HPsAUX~/PBHF is
bounded from above by

[o.¢]
PAUX Y. PV

s'=0

1Pt /o3 =

oo
<3 [PAUXPL 7]l (1.127)
F '=0

where we use Y o P;,‘ = 1 in the first equation and in the second inequality we use the triangle

inequality for the Frobenius norm. Using Lemma 86 we additionally have
|PAUX P2 < 05|X|€_(/\”‘5_5"/|XD1/T1 for every s,s" > 0, (4.128)

where c¢5, A1 are given in Lemma 86. Using this, we have

| PrUx P s p = | PRUX P s PO R ol

_c2 \ 1/2
(2c1eA'X6§2+ﬂ) AU B ]2

A
IN=

A
A

x5\ parr papl/2 1/2
2c1eM 5y |PAUX P 1 /oal (4.129)

—
w
=

1/2
-1

IN

e N\ 1/2
<2016’\|X5§2+ﬁ> : (cS, X,e—@lwsvmnvfl)

1/2

—~
N

2 (012 (g X |emul1XDTT)

_cp
where inequality (1) uses HPSAUXPOAQ/ngF < 2010577 9 inequality (2) uses Eq. (4.15), in-
equality (3) uses Eq. (4.128) and the fact that ||,/pgllr = tr(pg) = 1 and equality (4) defines

9Since Qf} <lTand P! =1 — Qi?, we have

€2
Q1 Ux/pa | +0, < 2157277,

QUx(1 - @], <[ @iuxva], +@iuxetvas], <|

prvsriyr, <
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o
(5’7 = ZCleA‘X|5§2+B. Using Eq. (4.129), we obtain the following

(o] oo
> 1Pt Ux Pyl e < 1P UX P vl e + Y B U PR (|1 P2 vos ]
s'=0

s'=1

< §112CM2 X [1/2e= s XDV /2

oo
+ 3 sl x|emCalo=s1/xD/

s'=1

FEN (4.130

where the first term in the inequality was obtained from Eq. (4.129) and the second term was

obtained from Eq. (4.128). We now upper-bound the summation in the second term of Eq. (4.130)
by using the Cauchy—Schwarz inequality as follows:

S el XD P /gl
s'=1
=3 Qs KDY 2 (=l VXD /2 || A Y
s'=1

. 12 ;o 1/2
S (Z 6_()\17'3_8/'/')()1/"'1) (Z 6_()\1'Y|S—S/‘/|X|)1/Tl ‘Pﬁ\/ﬂ?”iﬂ)

s'=1 s'=1
(1) o 1/2
D 12 (Zpﬁe—um—s’/mﬂ/ﬂ) , (4.131)

s'=1

with £ = 2 + 21‘5' (271)™, where py = HPS‘?1 /pﬁHij and we used Fact 78 in inequality (1). Note
that Y o py = HQ‘;‘1 /p5l|% because of Eq. (4.125). We can obtain the following upper bound by

€2
where the first inequality used P:* < Q4 (s > 1) and the last inequality used ||Q4Ux/psllr < c1eMX155210 from
Claim 106.
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combining the equations Eq. (4.127), (4.130) and (4.131):
| P U7l
e 2
< (X Iptuxr vl )
s'=0
< (5/}/262/2‘X|1/267()\ws/\x|)1/r1/2 + Z 65‘X‘e*()\l’ﬂS*SlVle)l/Tl HPS‘?\/@HF)Q

s'=1

00 1/2
- / . 2
< (5@/%%/2|X|1/26—<MS/‘X|>” 2 os| X2 <§ pihe=Gurls=sI/1X DY 1) )
s'=1

[o.¢]
< esdl X |~ O o2 X2 (Zpﬁe-w‘s"/ 'X’m) |
Z:fl(s) S/:1

Z:fg (S)

Recall that the goal of this claim was to upper bound Eq. (4.126), which we can rewrite now as

9 o 9 o o
14Q4Ux /5| < 77D (s+ 1) [|PUx /P3| <77 Y (1) f1(s) 497 Y (s4+1)* fa(s). (4.132)
s=1 s=1 s=1
We bound each of these terms separately. In order to bound the first term, observe that

V23 (s + 12 f1(s) = 202050 X| S (s + 1)2eans/ XD
s=1

s=1

) T X\?  16¢50! | X |4 (37)3™
§272655/7|X|‘87'1-<(3Tl) | ) < et nisn)

A1y Aty 7

where inequality (1) uses Fact 78. We now bound the second term in Eq. (4.132) as follows

oo o o0 - S_S/ /T
VY (s +1)2fa(s) = 207G X7 (s +1)° (Zpge (Aurls=s'|/|X])* ) _
s=1 s=1

s'=1

o0 o0
— 22X Y pid (D (s 4 1) e XD
=1 s=1

(4.133)

o0

- — s—s' /T
< 22 BX2E ST ph(28) (D01 4 [s — o] 2 Ol XD

s'=1 s=1

W 3
< 22X €Y pi(28)?,

s'=1

. 3
with ¢ =2+16 (%}Y\Xl) , where inequality (1) follows from Fact 78. Further upper bound this
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expression by simplifying the pre-factors, we get

723 (s + 1)%fals) < 872X [%ee Zps
s=1
= 82| X |2¢e’ Z(w’)ZpA
= (4.134)
=8c2|x ¢ > ||(v) Pt /7|
s'=1

(2) >
< 82X [P’ S ||PA A 5 = 81X [Pee (A2),
s'=0

In inequality (2), we used (ys')P# < AP# from the definition (4.125) of P#. Note that |X|2¢¢/
is bounded from above by O(]X|®)). By combining the above inequalities altogether, we prove
Eq. (4.82). 0

4.10.3 Derivation of the sub-exponential concentration

Recall that the goal in this section is to prove the following lemma.

Lemma 112 (Restatement of Lemma 86). Let A be a (T, a1, az,1)-quasi-local operator with T < 1,
as given in Eq. (4.18). For an arbitrary operator Ox supported on a subset X C A with |X| = ko
and ||Ox || = 1, we have

|P2, 1, Ox P2, < 5 koexp (= Oy /o)™, (4.135)
where 11 1= % — 1 and c5 and A1 are constants which only depend on a1 and as. In particular, the
ag dependence of cs and A1 is given by c5 x ag/T and A\ x a2_2/T respectively.

Before proving this lemma, let us elaborate upon the method. Recall that

P, => "M, Pl =) T, (4.136)

w<lz w>y

where II,, is the projector onto the eigenvalue w eigenspace of A. One way to prove the upper bound
in the estimation of the norm (4.135) is to utilize the technique in Ref. [AKL16] (i.e., Lemma 85).
The argument proceeds by considering

A A A —vA VA —vA VA pA
[P0y Ox Pl = | PLyyye ™ e Oxe ™ e" PL, ||
< 1PLayye™ - e Oxe™ | - [l PZ, |

< e | e"A0xe A, (4.137)

which reduces the problem to estimation of the norm ||e*4Oxe™4||. Additionally, by definition
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of A in Theorem 110 we have
A= Z e Ay, (4.138)
/=1

where Ay is k-local and gy is sub-exponentially decaying function for ¢ (as made precise in Eq. (4.18)),
namely g; o exp(—O({¢7)). In this case, for v = O(1) in (4.137), the norm of the imaginary time
evolution can be finitely bounded only in the case D = 1 [Kuw16]. That is, the norm |e*4Oxe "4 ||
diverges to infinity for 7 < 1. However, our main contribution in this section is that we are able to
prove the lemma statement without going through the inequalities in (4.137) (which in turn used
earlier results of [Kuwl16, AKL16]). We now give more details.

Proof of Lemma 112

In order to estimate the norm, we need to take a different route from (4.137). Recall that A is a
(7, a1, az, 1)-quasi local operator. Let I be any interval of the real line and PIA be the projector onto
the eigenspace of A with eigenvalues in I. Using the operator inequality

PL(A—wl)™ = (z —w)" P4,
we obtain
(A - wl)"Ox P{|| > | PE(A - w)™Ox P{| > (2 — w)™|| PE.Ox P{, (4.139)

hence

I(A — w)"Ox P

A A
|1P£.Ox Pr|| < TR (4.140)
Our strategy to establish Eq. (4.135) will be to expand
oo
=0
for carefully chosen intervals I; := (x — a1(j + 1),z — a1j] (the term a; is as given in the statement

of Lemma 112). Towards this, let us fix an arbitrary w and an interval I := (w — a1, w], and prove
an upper bound on ||P§M+QOXPIA|| (for all #). We show the following claim.

Claim 113. Let A be a (7,a1,a2,1)-quasi local operator as defined in (4.18). There is a constant
cg such that

1
|P24gOx PP < = exp | —[0) (ecsko) /™ +1] (4.142)

The claim is proved in subsection 4.10.3. Let us use the claim to establish the lemma. In the
inequality (4.141), we need to estimate ||P§x+yOXPI‘;‘|| with I; := (z — (j + 1)a1,x — jai]. Setting
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w=2a — ja; and 8 =y + ja; in Claim 113, we have

A A < 1 y+a1j 1/m
P4 Ox Pl < Zexpq — (L0 1. (4.143)

In order to complete the bound on Equation (4.141), we need to take summation with respect to j.
We have

1

> e N\ 1/ 1/7
1 -1 k
Z\|P§x+y0XPﬁH SZGXP{— <W> —i—l} < —e 2<ecgko> (14_66607-1(271)1/71) 7
= T
J=0 j=0

€Cq ko aq

\]

(4.144)

where in last inequality we used Fact 78 (3) with ¢ = (ecgko/a1)~"/™, p =1/ and a = y/a;. This
gives the form of (4.135) and completes the proof.

Proof of Claim 113

From Equation (4.140), it suffices to upper bound [|(A — w)™Ox P{||. Abbreviate A := A — w1.
Introduce the multi-commutator

ad%(Ox) :=[4,...[4,[4,0x]]..].

~~

s times

Consider the following identity,

Aoy Pt =Y <7:) ad?,(Ox) A" P}, (4.145)
s=0

This shows that
Am A = m s Am—s pA = m m—s s
IAmOx P <) o ) adz (Ox)I| - [|A™ 7P| < > o ladz(Ox)l, (4.146)
s=0 s=0

where we use |A™ 5P| = ||(A —w)™ P < a"* for I = (w — a1,w]. The remaining task is to
estimate the upper bound of || ad%(Ox)| = || ad} (Ox)||. This is done in the following claim.

Claim 114. Let A be a (7, a1, a2, 1)-quasi local operator as defined in (4.18). Then, for an arbitrary
operator Ox which is supported on a subset X (|X| = ko), the norm of the multi-commutator
ad’ (Ox) is bounded from above by

2s

) <(s™)* for s<m, (4.147)

ad,(Ox)|| < ) (2Ro)%e” ( 2

T asT

where the constants a1 and ay have been defined in Eq. (4.18).
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By applying the inequality (4.147) to (4.146), we obtain

IA™Ox P < Z
s=0
>

s=0
_ (4a1)m(2€]:-0)m . (;_) 277" . (mTl)m = % [8ea1k0[2/(a27')]2/7mﬁ}m-

Therefore, setting z = w + 6 in the inequality (4.140), we obtain

IA"Ox P1|
9m

N e

T1]™M
1P4,400x P < searhl2/ (e (4,149

71\ ™M
(CGk%m ) , (4.149)

where cg := 8ea1[2/(az7)]?/7. Let us choose m = /1 with 77 the minimum integer such that

<

Cg k()”ﬁlﬁ

<1/e. (4.150)
The above condition is satisfied by m™ < 6/(ecgkp), which implies
m = [[9/(606160)]1/”J : (4.151)

where |-] is the floor function. From this choice, the claim concludes.

Proof of Claim 114

As stated in Claim 114, we let A be a (7, a1, az, 1)-quasi local operator as defined in (4.18). Recall
that we need to show, for an arbitrary operator Ox which is supported on kg sites, the norm of the
multi-commutator ad’ (Ox) is bounded by

2s
| ad%,(Ox)|| < (2a1)°(2ko)%e® <2) T [(s™)° for s<m.

T asT

We start from the following expansion:

ady(Ox) = > GGk ho[ Ak, [Ar,ys- - [Ak,, Ox] -],
k1,k2,...,ks

By using Lemma 3 in Ref. [KMS16| and setting ¢ = 1 (see Definition 80) we obtain

[ Akes [Aky_ys - [Ary, Ox] -1l < 2%ko(ko + k1) (ko + ky + ko) -+ (ko + k1 + ko + -+ - + ko—1),

(4.152)
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where we used that A is a (7,a1,a2,1)-quasi local operator. Recall that we set [|[Ox| = 1 and
|X| = ko. The norm of ad’ (Ox) is bounded from above by

| ad’ (Ox)|

< Z QSgklgkz-~-gksk0(/€0+k1)(k}0+k1+k2)---(k0+k1+k2+-"+k5_1)
k1,k2,....ks=1

:Z Z QSgklng---gksko(k0+k1)(ko+k1+k2)~--(/€0+/€1+/€2+"'+k5_1),

K>s kitkot..+ks=K
k1 >1ka>1,. ke >1

(4.153)

where the summation over K starts from s because each of {k;}7_; is larger than 1. Now, using the
inequality log[gk/al] —agk™ with 7 < 1, we have > °7_, log(gk; /a1) < 10g(gk,+ky+-+k./a1). This
follows from Z] 1 KT > (k1 + ko + -+ ks)". Thus, using k1 + kg + - + ks = K, the summand in
the inequality (4.153) is upper—bounded by

gklng-'-gksko(ko+k1)(ko+k1+k2)---(ko+k1+k‘2+ ko 1) (gK/al)k‘o(k‘o—i-K)s 1
(4.154)

where we use the inequality k1 + ko +--- +k; < K for j = 1,2,...,5 — 1. By combining the two
inequalities (4.153) and (4.154), we obtain

lad%(Ox) < > (2a1)*(gx /ar)ko(ko + K)*~!

K>s kitko+..+hs=K
ki>1,ko>1,.. ks>1

(D

<5 (0, ) et et + 1y

K>s
K-1 B
- ( 1 ) (2a1)*(9x /a1 )ko(ko + K)*
K>s s
(2) . (2ko)® SKS .
<(2a1) 5 Z e (9 /a1)(K)
K>s
(%)W : 1 Z KQS 1 _G‘QKT W . 1 Z K?s—le—tZQKT
s 55 5
Kzs K>0
@) (2a1)* (2ko)®e® [ 2s = (2a1)* (2ko)*e* 5 \ 2 -
JayRhofet (2507 Qa) ket (27 2y
s°T a7 T asT

where in (1), () denotes the multi-combination, namely () = (ner*l), in (2) we upper bound

n—1

(Kil) < €K% po + K < 2koK, in (3) we use the sub-exponential form of gx in Eq. (4.18) and in

s—1 ERA
(4) we use Fact 78. Since 71 = % — 1, this proves the statement.
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4.10.4 Quasi-locality of w

We here aim to obtain (7, a1, as, {)-quasi-locality of the operator W, where {7, a1, a2, (} defined in
Definition 80. This is used in Section 4.9.6. In particular, we will show that

(roansaz.) = (1/0.0(1),00/8).0(57) (mao; )

JEA
suffices to prove the quasi-locality of W. Recall the definition of W

W —/ fa(t) e W ettt

where
) emlt/B 1

fﬁ(t) - ﬁiﬂ_ IOg eﬂ'w/ﬂ 1

and
€A
We write -
W=> v / fa(t) et E; eHlat

i —00

Abbreviate

Eji(t) = et B

and recall that F; = > fs(t)Ei(t). Moreover, (with some abuse of notation) let B(r,i) C A denote
the ball of radius r such that: the centre of B(r, i) coincides with the the center of the smallest ball
containing F;. We assume that r ranges in the set {m;,m; + 1,...,n;}, where m; is the radius of
the smallest ball containing F; and n; is the number such that B(n;,i) = A. Define

EY(t) = trpe [ Bi(t)] ©

i.e., EI(t) traces out all the qudits in E;(t) that are at outside the B(r,i)-ball around Ef. From
[BHVO06], we have

|Ei(t) = BF (1)) < || Bl min {1, cqrP—temealrmemounlth {
which in particular implies
|E7 () = B~ (0)]) < 2min {1, cgectmepP—lemeatrmonlD ],

where we use || Ej|| = 1, vpr is the Lieb-Robinson velocity (as defined in Fact 81) and c3, ¢4 are con-
stants. We note that the 2min{1, -} is derived from the trivial upper bound ||E}(t) — EI 1 (t)]| < 2.
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This allows us to write the following quasi-local expression:
n;
Eit)= Y (Bi() - E7'0).
r=m;
Using this, we can now write the quasi-local representation of E; as follows.

|50k, dt/'m 3 (o -E70).

mg

To see that it is quasi-local, observe that the term with radius r has norm

/ fﬁ )Er Er 1 )H
< 2czemipPL (e—w / ectonll fo (t)dt + / fﬁ(t)dt>
[t|<r/(2vLr) [t[>7/(2vLR)

o 2
< 2cgec4mi7,D—1 . 6—04r/2/ fg(t)dt +/ B _ﬂlt‘/’Bdt
—o0 [t|>7/(2vLR) 71-’ ’

< 2¢gecamipP—1 (@—047’/2 + 4BuLr e_”/(w’”LR))

Tr /B
. D1 — 46%0 R 4 _ o
:2036047”17"[) 1 (6 041“/2_’_727, Lo wr/(2BVLR) < C57’D le cr
T

with ¢j = min(cs/2, 7/(2BvLR)), where ¢; = O(?) is a constant which does not depend on 7, and
we use [ fz(t) = f3(0) = 1 and fs(t) < 28/(x|t|)e™I/5. Note that ¢, = O(1/B). Define

anay =<4 [ o) (BX0) - B).

Here, the operator ap(,; is supported on the subset B(r,i). Then, from |B(r,i)| = O(rP), the

quasi-local representation of W' is given as

W ZUz Z € c4r/2aB (ry3) Z Z —OB( r2)|D UzaB(rz)a

€N r=my €N r=m;

NS
—O(Br)IP) decaying sub-exponentially with rate 7 = 1 /D, for all i € A. We also obtain the

parameter ¢ in Eq. (4.18), which can be calculated for a fixed r. For an arbitrary r, we have

D—1 —chr/2 2D—1_—clr/2
> villapeyl < esr > w2 < <maj§v ) esepriPlemar/

Je
rj:B(r,j)3i J:B(r,5)>i

with e

< QBT <maxvj)

JEA
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where we define cp such that |B(r,j)| < cpr” and we used ¢ = O(B?). This completes the
representation and shows that W is a (1/D,O(1), O(1/8), O(8*’*1) (max;e v;))-quasi-local.

4.10.5 Proof of Lemma 111

Recall that the goal in this section is to prove that for W defined in Lemma 100 we have

= o)
e (W)l = (Blog(8) + 1)?PF2 (%aAXU$> ’

where 7 is the maximally mixed state. In this direction, we will now prove that

max ||W; P> max(|v;]), 4.155
i Wi v (Blog(B) + 1)PT1 ied (i) (4159
for a constant ¢; = O(1). For convenience, let us define argmax;cs|v;| = iy, or equivalently

|vi,| = max;ep |vi]. In the following, we prove the inequality (4.155) for HW(H)\/WF instead of
max;ep [|[Weyy/1llF. By using the inequality maxien [Willr > |W,)llF, we obtain the main

statement. We denote the ball region B(r,i4) by B, for the simplicity, where r is fixed later. Let
us consider W[B,] which is defined as follows:

W(B,] = / h fo)e W (B, e dt, W(B,] = vE;. (4.156)
0 i€Br

Since W[Br] is obtained from W[B,] in an equivalent manner as W is obtained from W, the following
claim follows along the same lines as Theorem 102. We skip the very similar proof.

Claim 115. It holds that

—~ Da
WB|3 > v,
|| [ ]HF 65[610g(7")+1]2 ZEZBT

where cs5 is a constant of O(1).

Since the new operator W[Br] well approximates the property of W around the site i+, as long
as r is sufficiently large, we expect that W[B,]
below makes this intuition rigorous:

i) and W, ) are close to each other. The claim

Claim 116. It holds that
HW(M) - W[BT}(H)H < Cl’”uwDeiCQr/B? (4.157)
where c1,cy are constants of O(1).

This claim implies that the contribution of all the terms in W(i ) Which are not included in the
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B, ball around i decays exponentially with r. Hence,
Wi llr = Wiy = WIBlay + WIBriyllr = [IW[Briplle — Wiy — WIBr e
> [WIBr i lle = VDallW ) = WIBH
> |W[B, (i) lr — v/Dacilvi, |BPe/P, (4.158)

where we use HW@” — W[Br](i”HF < \/DA||/WV/(i+) - WN/[BT](Z»+)|] in the second inequality. Second,
we consider the approximation of W[Br] by W[BT, B,/] which are supported on B,.:

—~ — ﬂB(,
W[BT,BT/] = trBi/(W[B ]) d|BC -

(4.159)

Because of the quasi-locality of W, we expect W[BT, B,/ ~ W[BT] for v’ > r. This is shown in the
following lemma:

Claim 117. The norm difference between W[B,, By and W[B,] is upper-bounded as
IW[B,) = W[By, By]|| < ealoi, [rPBecl=71/8 (4.160)
and

IW[B, )i,y — WIBy, Bl |l < 2¢slvi, [rP Be=cslr =178, (4.161)

(i+)
where c3,cq are constants of O(1).

The claim reduces the inequality (4.158) to

Wi lle > IWI[B o llF — /Dacalvi, |3Pe=er/?
> |W([Br, Byl llr — VDA|WI[B — W[BT7BT’](1'+)|| — \/Dyerlv;, |BPe2/B
> |’W[BTaBr’](i+)HF -V DACl’Uz‘HﬁDe car/B _ 2«/7)1\03!1)@4!TDﬁefc‘*(TL’”)/ﬁ. (4.162)
Next, we relate the norm of W[Br’ Br'](i+) to that of W[Br, B,/] using Claim 87. By recalling that

W[BT, B,/](;,) is supported on B, this gives

IWI[By, Br]iip)llr = IW[B:, Blr, (4.163)

!BI

which reduces the inequality (4.162) to

Wi lle >| |\|W[BT,B Mr — v/ Dacilvi, |8Pe™2/P — 2y/Dyesv, [P Be=ca' =718
| B, |HW[ JllF — VDacilvi, |8Pe="/8 — (24 1/|B,|)\/Dacslvi, [rP Be=es"=1)/8,

(4.164)

where in the second inequality we apply Claim 117 to HW[BT, B,/]||r. Finally, we use the lower
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bound given in Claim 115 and the inequality Y, 5 v? > vi2+ (since i+ € B;) to obtain

cs[Blog(r) + 1]2 "+

This reduces the inequality (4.164) to the following:

IW(B]|I% >

Wi llr - |vi |
VDy s ()P e5[Blog(r) + 1]

— erfvi, |BPe /B — 3egluy, |rP Bem e )/

)

where we used |B,/| < ¢s ('), for some constant cg. By choosing /' = 2r and r = ©(1)- DS log(8) +
1, we have

HWZ+ I3

C7”UZ' ’
= |[Wg IF > : : (4.165)
vD EVIIE = 5 1og(3) + 1)PF
for some constant c;. This completes the proof. [
Proof of Claims 116, 117
Proof of Claim 116. Recall that the goal is to prove
Wiy — WIB iyl < cilvi, |BPe2r/?
for constants cj, co. We start from the integral representation of W(Z- L)
Wiy =W — / du(U;, U] WU, (4.166)

where ;1(Uy, ) is the Haar measure for unitary operator U;, which acts on the i4th site. This yields

Wiy = WIB

it

= W15~ [ duv U] WU, (4.167)
We thus obtain

Wi,y — WIBJall < s I[Us,, WIB|

14
/ Fa(6) 3 ol sup (U, e~ e
JEBE U
<feloigl Y / f5(t) min(e=e(distlie.)=mi—oLrt) 1)y, (4.168)
jeEBSY

where we use |v;| < |v;, | and the Lieb-Robinson bound (Fact 81) for the last inequality, and m; is
the radius of the support for E; (see also Sec. 4.10.4). Because the function fg(t) decays as e~©/#)
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and dist(i4,j) > r for j € By, we have

o
i | Y fem / f5(t) min (e~ st =0LRD 1) gt < ¢y v, [P/, (4.169)
JEBE e
This completes the proof. O

Proof of Claim 117. Recall that we wanted to show
IWIB] = W(Br, Bylll < eslo [rPpees" =117,
In order to prove this, we also utilize the integral representation of V[N/[B,., B,
W|(B,, By/] == /dM(UBg,)U;;,W[Br]UB:,, (4.170)
which yields an upper bound of ||/VI7[BT] - W[Br, B,/]|| as
IW[B,) = W[B,, By]|| < / du(Upe, )| [W(By], Ups, ]| (4.171)

From the definition (4.156) of W[B,] and the Lieb-Robinson bound (Fact 81), we obtain

/ dp(Use ) I[W[B,], Use, || < / dp(Upe,) / T a0 S Jul - e B U |

JEBy
o0 /
< fmaX(Supp(Ej))]vi+]/ fs(t) Z min(e ¢ 7T TURY 1)t
J€Br —o JEB,
< chlviy| - |By| - Bem el I/E, (4.172)

with ¢4 a constant of O(1), where Supp(E;) mf = O(1) is the support of E;. Since |B,| o< 77,

we obtain the main inequality (4.160). Now, since

WiB i) = WIB = [ duUs U] W(BIU

it

and

W|(B,, By)i,) = WI[By, By - / du(U;, U], W(B,, By|Us, .
we obtain the second inequality (4.161) due to
IW[B:](iy) = WIBr, Brlayll < 2(|WI[B,] = W[By, Bu]|.-

This completes the proof. a
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Chapter 5

Thermal phase transition versus
computational hardness

Chapter summary: In this work, we study two related problems regarding quantum many-body
systems: developing approximation algorithms for the partition function of these systems, and
characterization of the thermal phase transition.

(1) We extend the scope of a recent approach due to Barvinok for solving classical counting
problems [Barl6a| to quantum many-body systems. This allows us to find a deterministic
quasi-polynomial time classical algorithm that estimates the partition function of quantum
systems at temperatures above the phase transition point. We also find an algorithm for the
anisotropic XXZ model in the ferromagnetic regime at any temperature over arbitrary graphs.
Previously, a randomized algorithm was known only for the ferromagnetic XY model [BG17]
using different techniques.

(2) We show that the partition function of a geometrically-local Hamiltonian does not have any
complex zeros near the real axis above a constant temperature which depends only on the
geometric properties of the Hamiltonian.

(3) We prove that in a system of n qudits at temperatures above the phase transition point, where
the complex zeros of the partition function are far from the real axis, the correlations between
two observables whose distance is Q(log(n)) decay exponentially. We can improve the factor
of log(n) to a constant when the Hamiltonian has commuting terms (which includes classical
Hamiltonians) or is on a 1D chain. These results build on a work of Dobrushin and Shlosman
on translationally-invariant classical spin systems [DS87].

This chapter is based on:

[HMS20] Aram W. Harrow, Saced Mehraban, and Mehdi Soleimanifar. Classical algorithms, cor-
relation decay, and complex zeros of partition functions of quantum many-body systems. In
Proceedings of the 52nd Annual ACM SIGACT Symposium on Theory of Computing (STOC),
pages 378-386, 2020.

5.1 Introduction

In thermal equilibrium, a quantum system characterized by a local Hamiltonian H is in the Gibbs
(or thermal) state p = exp(—BH)/Zz(H), where [ is the inverse of temperature and Zg(H) =
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trlexp(—pH)] is the partition function of the system. Many useful statistical properties of the
system including the free energy and entropy can be obtained from the partition function and its
derivatives. However, exactly evaluating the partition function is known to be #P-hard. This
motivates devising efficient algorithms that approximately evaluate this quantity.

Our starting point for finding such approximation algorithms is based on the observation that
the phenomenon of the thermal phase transition is an obstacle for finding efficient algorithms.
Consider a quantum many-body system that consists of n qudits interacting according to a local
Hamiltonian H. As the temperature of this system increases, meaning 8 — 0, the Gibbs state
p approaches the maximally mixed state 1/d"™. Thus, in this case, finding the partition function
is trivial since Zg—o(H) = d". On the other hand, this problem becomes significantly harder at
lower temperatures. In particular, as § — oo, the Gibbs state approaches the ground space of the
Hamiltonian H and the free energy Fg(H) = —1/8log Zg(H ) approaches the ground energy which
is known to be QMA-hard to estimate. Hence, we see that the computational hardness of estimating
the partition function (or equivalently the free energy) depends on the inverse temperature 8 and
goes through a transition from being trivial to QMA-hard as [ increases.

In statistical physics, however, another transition occurs as 8 increases, namely, the transition
in the phase of the system. At the thermal phase transition point, certain physical properties of
the system undergo an abrupt change. Does the computational hardness of estimating the partition
function also undergo an abrupt change at the same transition point? This question has been studied
in classical Ising or hard-core model, and the answer is known to be affirmative. For these systems,
there are efficient algorithms for estimating the partition function when g < . [Wei06, SST14]
whereas by a result of Sly and Sun [SS12, Sly10] the same problem is NP-hard under a randomized
reduction for 8 > (..

Hence, it appears that the thermal phase transition poses a barrier to obtaining efficient al-
gorithms, and we need a framework for characterizing this phenomenon. There are at least two
methods for such purpose. One, which is the basis of our algorithm, stems from analyzing the locus
of the complex zeros of the partition function. Another seemingly different method involves the
decay of correlations in the Gibbs state of the system. In this work, we study the interface between
these two methods and their algorithmic implications for interacting quantum systems.

5.1.1 Our main results
Approximation algorithm from the complex zeros of quantum partition functions

In general, the partition function can be written as Zg(H) = ), exp(—BE}), where each Ej, is
an eigenvalue of the Hamiltonian H. If § is real, the terms exp(—fE})) are all strictly positive,
and hence the partition function Zg(H) is strictly positive itself. However, this changes when /3
is allowed to be complex. In that case, the terms exp(—pEj) acquire complex phases that when
added together might cancel each other and make the partition function zero. We call the solutions
of Zg(H) =0 for § € C, the complex zeros of the partition function.

The significance of these zeros becomes more clear if one looks at the free energy Fg(H). The
zeros of Zg(H) are the singularities of log Zg(H) = —BFg(H). Since Zg(H) # 0 when /3 is real, we
see that all these singularities are located in the complex plane and the free energy is analytic near
the real axis. As the number of particles n grows, the number and location of these points change.
Perhaps rather surprisingly, some of these singularities approach the real axis in the limit of a large
number of particles, n — co. The first point on the positive real axis where these zeros converge in
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the large n limit is called the critical inverse temperature and denoted by 3. (see Figure 5-1). This
critical temperature separates different phases of matter and important quantities such as the free
energy become non-analytic in the vicinity of .. The study of these complex zeros in connection
with the phase transition phenomenon in classical Ising models was initiated by Lee and Yang [LY52]
and later extended by Fisher [Fis65]. This approach is one of the few rigorous methods available in
the theory of phase transitions.

One can go beyond partition functions and consider complex roots of high-degree polynomials
that appear in combinatorics such as estimating the permanent of a matrix. Recently, there has
been a surge of interest in studying these complex zeros in theoretical computer science due to their
algorithmic applications. In particular, a new approach based on the truncated Taylor expansion
introduced by Barvinok [Barl6a] directly connects the locus of the complex zeros to approximation
algorithms for counting problems. In this work, we extend the scope of this method by applying it
to quantum many-body systems.

We first state the condition on the location of zeros that we use in our approximation algorithm.
Under this condition, it is guaranteed that the inverse temperature 5 at which the partition function
is estimated is connected to S = 0 by a path in the complex plane that avoids the complex zeros
along its way with a significant margin. Even though this algorithm works for any such path, we
restrict our attention to the physically-relevant case when this zero-free region contains the real
(-axis. Hence, we define:

Definition 118. The J-neighborhood of the interval [0, 3] for some B € RT is a region of the
complex plane defined as Q55 ={z € C: 32" € [0,5],|z — 2| < 6} (see Figure 5-1 for an example of
such a region).

Definition 119 (Analyticity condition, informal version of Conditions 1’ and 1). For a system of
n particles with a local Hamiltonian H, we define:

1. A 6-neighborhood Q5 5 of the interval [0, 5] (see Definition 118) is called zero-free if 6 is some
constant and V3" € Q5 5 the partition function Zg (H) # 0 and moreover, |log Zg (H)| < O(n).

2. Equivalently, the free energy Fg(H) is called 6-analytic along [0, 5] if Qs g is a zero-free region.

While the condition |log Zg(H)| < O(n) is satisfied on the real 3 axis, it may not hold in the
complex plane close to the zeros of Zg(H). If the partition function is a polynomial, which is the
case for the classical Ising model, this condition follows when [ is constantly far from the complex
zeros. In general, though, we need to include this as an independent assumption.

We now state our first result which shows that the framework of the truncated Taylor expansion
[Barl6a] can be naturally extended to also estimate quantum partition functions.

Theorem 120 (Informal version of Theorem 136). There is a deterministic classical algorithm that
takes a local Hamiltonian H and a number ¢ as inputs, runs in time n°18/9) " and outputs a value
within e-multiplicative error of the partition function Zg(H) at inverse temperature 3 as long as the
free energy is d-analytic along the [0, B] line (see Definition 119) for some § = O(1).

Given the result of Theorem 120, the main challenge is to find the zero-free region or the critical
point B, for a Hamiltonian H. This can be achieved in certain systems such as the classical Ising
model by using their specific structure [LSS19a, BS17a]. In general, though, it is a hard problem
to exactly find this region given an arbitrary Hamiltonian. One can compare this with when a
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Figure 5-1: The location of complex zeros of the partition function, the critical point 3., and the
zero-free region near the real axis (as in Definition 119). The free energy is analytic in this region.

1D quantum system is assumed to have a constant spectral gap. Under this condition, there is an
efficient algorithm for estimating the ground energy. However, it has been shown that validating
this condition, i.e. determining if a Hamiltonian is gapped or not, is undecidable in the worst case
[CPGW15].

In our next result, we show that for any geometrically-local Hamiltonian H, there exists a zero-
free disk of radius Sy around 5 = 0 for some constant Fy < 8. which depends only on the geometric
parameters of H. Here, we say a Hamiltonian is geometrically local if the local terms in H act on
neighboring qudits that are located on a D-dimensional lattice A C ZP.

Theorem 121 (Informal version of Theorem 137). There exists a real constant By such that for all
p € C with |B] < Bo, the partition function Zg(A) of a geometrically-local Hamiltonian H does not
vanish, and furthermore, |log|Zg(A)|| < O(n).

As mentioned earlier, without focusing on a specific family of Hamiltonians, improving the zero-
free region in Theorem 121 seems implausible. Hence, an alternative approach is to show the absence
of zeros at a given B by assuming the validity of other conditions such as the decay of correlations.
This along with other results in this direction is the subject of the next section.

The decay of correlations in the Gibbs state

Another signature of the thermal phase transition is the appearance of long-range order in the
system. In the example of a magnetic system, below the phase transition in the ferromagnetic
phase (also called the ordered phase), distant spins are correlated and point in the same direction,
whereas in the paramagnetic phase (also known as the disordered phase), the correlations between
disjoint parts of the system decay exponentially with their distance. More precisely, we define the
exponential decay of correlations as

Definition 122 (Correlation decay condition, informal version of Condition 2). The Gibbs state
ps(H) of a geometrically-local Hamiltonian H at inverse temperature [ exhibits an exponential
decay of correlations if for any two disjoint observables O1 and O2 and any region B such that
supp(01),supp(O2) C B there exist constants & and ¢ such that

| tr [ps(H)0105] — trx [ps(H)Ou] tr [pg (H)O2] | < ¢ BJ|O1[|Ozle™=HOrO2)/%, (5.1)
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What is the relation between the decay of correlations and the complex zeros of the partition
function? Note that the former involves correlations in the system at a real temperature while the
latter concerns the complex temperature features of the partition function. Could it be that these
two apparently distinct characterizations are indeed equivalent?

Besides its physical significance, the correlation decay property is also crucially used in many
approximation algorithms both in classical [Wei06] and quantum [BK16] settings. Hence, we see that
there are different approaches for estimating the partition function: using the absence of complex
zeros versus relying on the decay of correlations. A third approach is to use Markov chain Monte
Carlo (MCMC) sampling algorithms for this purpose. An important question is whether the range
of temperatures that these widely different approaches cover is the same.

The equivalence between the exponential decay of correlations (fast mixing in space) and fast
convergence of MCMC algorithms (fast mixing in time) has been established before for classical
systems [DSVWO04, Wei04]. Here, we consider the equivalence between the absence of complex
zeros and the exponential decay of correlations. This question has been recently raised in [LSS19a]
where one direction of this equivalence was proved for the special case of the classical Ising model
[LSS19a].

We study this question in the context of quantum many-body systems, but as a special case,
our results apply to classical systems. We build on a work of Dobrushin and Shlosman [DS87] who
proved this equivalence for arbitrary translationally-invariant classical systems. We are not aware
of any application of the proof techniques in this paper or [DS87] that appear in the recent results
on counting problems. Hence, the methods developed here might be of independent interests.

In our next result, we show that the absence of complex zeros around some real § implies the
exponential decay of correlations at that (.

Theorem 123 (Informal version of results in Section 5.5). Let pg(H) be the Gibbs state of a
geometrically-local Hamiltonian at inverse temperature 3 in the zero-free region Qs 5 (given in Defi-
nition 119) for some constant § . This state has the decay of correlation property as in Definition 122
in any of the following cases:

(i.) The distance between the observables O1 and Oy is at least Q(logn)?,
(ii.) The Hamiltonian H is the sum of mutually commuting local terms, or
(iii.) The Hamiltonian H is defined on a 1D chain.

The class of commuting Hamiltonians includes important examples such as stabilizer Hamilto-
nians like the Toric code, Color code, or Levin-Wen model [LW05].

Proving the converse of Theorem 123 turns out to be more challenging. Nevertheless, we can
give evidence for this direction by generalizing the result of [DS87] to classical systems that are not
translationally invariant, and also quantizing certain steps in the proof. By fully establishing this
equivalence, one could rigorously confirm the physical intuition that a quantum system enters the
disordered phase at the point where the free energy becomes analytic.

Theorem 124 (Informal version of Theorem 153). Let H be a geometrically-local Hamiltonian of
a classical spin system, i.e. the local terms H; are all diagonal in the same product basis. For this
system, the exponential decay of correlations given in Definition 122 implies the absence of zeros
near the real axis as in Definition 119.

In other words, we bound the correlation between O and Oa by cn|O:]|Og|e4st(O1:02)/¢
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Two-local Hamiltonians and Lee-Yang zeros

For our last result, we switch gears and focus on a specific family of 2-local Hamiltonians. We
again use the idea of extrapolation, but this time, our extrapolation parameter instead of 3 is
the strength of the external magnetic field applied to the system in the z-direction. The physical
motivation is that when the system is subject to a large external field in a specific direction (the
z-direction in our case), all spins align themselves in that direction, and estimating the properties of
the system becomes trivial. On the other hand, as we move to smaller fields, the other interaction
terms between the particles gain significance, making the problem non-trivial. Our result is an
approximation algorithm for the quantum XXZ model with the following Hamiltonian:

Definition 125. The anisotropic XXZ Hamiltonian on an interaction graph G = (V, E) is given
by

H(p)=— > (Ji(XiX; + YY)+ J5Z:Z;) —p > Zi. (5.2)
(i,5)eE eV

We find an approximation algorithm for this model. This is stated in the following theorem.
This model is outside the family of ferromagnetic systems considered previously in [BG17] and to
the best of our knowledge no efficient algorithm was previously known for estimating its partition
function.

Theorem 126 (Informal version of Theorem 169). There is a deterministic algorithm that runs
in nC0g(/9) time and outputs an e-multiplicative approzimation to the partition function of the
anisotropic XXZ model (see Definition 125) in the ferromagnetic regime, i.e. when Ji7 > |J;;|, and
W is an arbitrary constant.

5.1.2 Technical contribution and sketch of our proofs

Sketch of the proof for Theorem 123 The technique used in the proof of Theorem 123 is
inspired by the extrapolation idea of Theorem 120 and also the proof of the similar statement for
the classical systems due to [DS87].

One major issue that appears in the proof of this Theorem and Theorem 124 is the handling of
entangled boundary conditions. To address this, we consider the Gibbs state after a subset of spins
have been measured. This means we work with partition functions of the form trlexp(—8H)N] for
some positive semi-definite operator N. We then define a function f(/5) that measures the correlation
between disjoint observables O; and Osy. This function is defined in a slightly different way than
the covariance form in (5.1) and is tuned to have specific properties. In particular, we show that at
B = 0, the value of this function is zero, i.e. f(0) = 0. This is expected intuitively since the system
is in the maximally mixed state at § = 0 and particles are distributed independently at random.
However, we further show that the low order derivatives of this function up to O(dist(O1,02)) are
all zero at 5 =0, i.e.

d*f(B)
dpk  lp=o0

Hence, this function looks very flat around the origin. Additionally, we prove that f(/3) is an
analytic function in the zero-free region. Finally, we show that this together with the constraints on

=0, fork=0,1,...,0(dist(O1,02)). (5.3)
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the derivatives imply that the value of f(8), which shows how correlated O; and O are, remains
exponentially small when moving from the origin to a constant .

This gives us an upper bound o n exp(—dist(O1, O2)/€) on the amount of correlation. The extra
factor of n makes this bound exponentially small when dist(O;, O2) = Q(logn).

Remark 127. Fven with the extra factor of n, our bound remains useful for algorithmic applications
such as in [BK16]. There one needs to split the system into computationally tractable smaller pieces
and solve the problem for those pieces locally. The error of this strategy can be bounded using the
exponential decay of correlations. To keep this error less than 1/ poly(n), one needs to choose the
distances to be O(logn) which is the regime that our result covers.

In classical systems, one can remove the constraint dist(O1, O2) = Q(logn) by using the Markov
property of the Gibbs states. This property is known not to (exactly) hold in the quantum case.
We can get around this issue in certain instances. This includes when the Hamiltonian consists of
commuting terms or when it is defined on a 1D chain. In both cases, using either the commutativity
of local terms or quantum belief propagation [Has07b| (refer to Proposition 131 in the body for the
precise statement), we show that by removing the interaction terms acting on particles that are
far from the observables O1 and Os, the correlations between O7 and Oy do not change by much.
Hence, the system size reduces to the number of particles in the vicinity of the two observables.
This number replaces the prefactor n we had before and is negligible compared to the exponential
factor exp(—dist(O1,02)/§). Thus, for these systems, the decay of correlations holds even when
dist(O1,03) is a constant. In higher dimensions, using quantum belief propagation results in an
error proportional to the size of the boundary which restricts its application for our purpose.

Sketch of the proofs for Theorem 121 and Theorem 124 We first introduce a core idea which
plays a central role in the proofs of both Theorem 137 and Theorem 123. For ease of notation, we
denote the partition function of a geometrically-local Hamiltonian H defined over a D-dimensional
lattice A C ZP by Zg(A). The particles are located on the vertices of this lattice.

In Theorem 121, our goal is to show that Zg(A) # 0 inside a disk of radius fy, i.e. for § € C where
|B] < B for some constant By. We consider a series of sublattices ) = Ag C A1 C A2 C - C A=A
such that each sublattice A; has one fewer vertex than A;1. By convention, we let Zg()) = 1. As
long as the sublattice A; has only a constant number of particles, we can always ensure Zg(A;) # 0
by choosing 3 to be a sufficiently small constant. One might worry that by adding more particles,
the partition function vanishes.

Our main contribution is to prove this does not happen. We do so by showing that the partition
function after involving new particles does not become smaller than a constant fraction of the
partition function before adding the particles. In other words, we show there exists a constant ¢ > 1
such that

1Zs(Aig1)| > ¢ Zs(Ny)|, i€{1,2,...,n—1}. (5.4)

By repeatedly applying this bound, we obtain the following exponentially small (yet sufficiently
large for our purposes) lower bound on the partition function of the whole system

1 Zs(M)] = 7" Z(A1)]- (5.5)

This leads to the bound given in Theorem 121. This lower bound is obtained using a method
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known as the cluster expansion. Since the local terms in the Hamiltonian of a quantum system
do not necessarily commute, applying this method becomes quite technical. The cluster expansion
that we use is due to Hastings [Has06, KGK 14|, which represents the operator exp(H) as sum of
products of local terms H;. This allows us to express Zg(A;+1) in terms of Zg(A;) plus some small
correction terms that account for the interaction terms acting on the added particle. This by itself
does not lead to a bound on the partition function. Our technical contribution is to use an inductive
proof to connect such a decomposition to the lower bound (5.4) (see the proof of Theorem 137 in
the body for details).

A similar strategy is used in the proof of Theorem 124 which is based on the result of [DS87]
for translationally-invariant classical systems. We essentially show a similar bound to (5.4) on
how much the partition function can shrink after adding new particles. Here, instead of cluster
expansions, we use the exponential decay of correlations to show such a lower bound. However,
notice that the decay of correlations is a property of the system at a real 3, whereas we want to
bound the absolute value of the partition function at some complex B. There are multiple steps in
the proof before we can get around this issue.

One crucial step is to reduce the proof of the analyticity of the free energy to a condition that
roughly speaking (see Proposition 155 for the details) states that changing the value of a spin in the
system only causes a small relative change in the partition function of the system even for complex
B [DS87]. This is proved by isolating the effect of this spin flip from the rest of the system using
the decay of correlations. This requires removing the imaginary part of 5 for all the interactions in
the vicinity of the flipped spin and bounding the resulting error.

This overall approach involves a subtle use of the boundary conditions in the spin system. In the
quantum case, this means applying local projectors (or more generally a positive operator) to the
Gibbs state before evaluating the partition function. These projectors can in general be entangled
which makes using this proof technique more challenging for quantum systems.

Sketch of the proof for Theorem 120 The basis of our algorithm in Theorem 120 is the
following observation. It is computationally easy to find the partition function and its derivatives
at = 0. Note that in a system of n qudits, Zg—o(H) = d" and its derivatives are

deB(H ) k k
—_— = (—=1)"tr|H"]. 5.6
e Y (5.6)
Since the local Hamiltonian H equals Y " | H; for some m = poly(n), its kth power H is also
the sum of n°*) many local terms, i.e.

nO(k)

k
g =% H]< ), (5.7)
j=1

(k)

where H](k) is a product of k local terms H;. Each of the new terms H;™ acts on a region that is at
most k times larger than the support of the original terms H; which is still some constant. We can
find tr[H*] by adding n°*) many terms like tr[H ](k)], which allows us to compute the derivatives
(5.6) in time bounded by n®®).

How can the solution at 8 = 0 be used to estimate the one at some non-zero 57 We use a
technique due to Barvinok [BarlGb, Barl5| that has been applied to similar counting problems.
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The idea is to extrapolate this solution at f = 0 to find Zg(H) at some non-zero S where the
problem is non-trivial. The extrapolation is done simply by using a truncated Taylor expansion of
log Zg(H) at 8 = 0. Since our goal is to find the partition function with some e-multiplicative error,
it is sufficient to estimate log Zg(H) within e-additive error.

The main barrier to the reliability of this algorithm is establishing the fast convergence of the
Taylor expansion. Such a Taylor expansion is only valid when log Zg(H) remains a complex-analytic
function, meaning the extrapolation is done along a path contained in the zero-free region. This is
precisely the condition stated in Definition 119. Under this assumption, the Taylor theorem along
with the bound |log Zg(H)| < O(n) that we get from being in the zero-free region give

K-1
d*log Z5(H
log Z(H) — 3 47108 5(H)

1
—— ] | <ene @K 5.8
Za BT dpt ‘,8:0 = ane (58)

for some constants c1,ca (see Proposition 135 in the body for details). The running time of com-
puting the terms in this expansion is dominated by that of finding the derivatives which, as men-
tioned earlier, takes time n®S). To get an additive error of ¢ for log Zg(H), it suffices to choose
K = O(log(n/e)) resulting in a quasi-polynomial time algorithm.

The running time of this algorithm depends exponentially on the distance between the zeros
and the extrapolation path. This allows us to clearly see why our algorithm fails beyond the phase
transition point. If we try to extrapolate to 8 > 3., we need to find a zero-free region that avoids
the “armor" of zeros that are concentrated around the real axis at (.. This results in a zero-free
region with a vanishing width. Hence, the running time blows up, which matches our expectation
from the NP hardness result above g, [SS12].

Sketch of the proof for Theorem 126 Thus far we have only considered complex zeros of the
partition function as a function of 5. These are often called Fisher zeros [Fis65]. One can, however,
fix B and consider the partition function as a function of other parameters in the Hamiltonian.
When that parameter is the strength of the external magnetic field denoted by pu, these zeros are
called Lee-Yang zeros [LY52]|. In a pioneering result, Lee and Yang showed that for ferromagnetic
systems, the locus of these zeros can be exactly determined and they are all on the imaginary axis
in the complex p-plane.

A generalization of this theorem has been proved for a class of 2-local quantum systems including
the anisotropic Heisenberg model [SF71]|. The result follows by mapping the quantum system to a
classical spin system and applying a Lee-Yang type argument to the classical model.

Knowing the location of the complex zeros, we use the extrapolation algorithm to estimate the
solution at a constant p by finding the low-order derivatives of the partition function at u = 0. We
can apply this to the quantum XXZ model given in (5.2).

5.1.3 Previous work
Classical statistical physics and combinatorial counting

The Gibbs distribution and partition function appear naturally in combinatorial optimization, sta-
tistical physics, and machine learning. In particular, the classical Ising model has been studied
extensively within these areas. These studies have cultivated in various probabilistic and determin-
istic approximation algorithms for this model and its variants. In the following, we summarize some
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of these results.

Most notable and the first rigorously proven efficient algorithm for the Ising model is the result
of Jerrum and Sinclair [JS93] that uses a Markov chain Monte Carlo (MCMC) sampling algorithm
to estimate the partition function in the ferromagnetic regime on arbitrary graphs. More generally,
it has been shown that one can set up Markov chains for sampling from the Gibbs distribution that
mix rapidly if and only if the correlations decay exponentially. This is known as the equivalence
of mixing in time and mixing in space [DSVWO04, Wei04].

Another approach uses the decay of correlations in the Gibbs distribution. This property es-
sentially allows one to decompose the interaction graph of the system into smaller computationally
tractable pieces, and then combine the results of the computation on those pieces to find the overall
partition function. In contrast to the MCMC approach, algorithms based on the decay of correla-
tions can be deterministic. This approach, for instance, has lead to efficient deterministic algorithms
for the hard-core model up to the hardness threshold [Wei06] and the antiferromagnetic Ising model
[SST14].

There is a recent conceptually different approach to estimating the partition function, which is
the basis of this work. This approach views the partition function as a high-dimensional polynomial
and uses the truncated Taylor expansion to extend the solution at a computationally easy point
to a non-trivial regime of parameters. Since its introduction [Barl6al, this method has been used
to obtain deterministic algorithms for various interesting problems such as the ferromagnetic and
antiferromagnetic Ising models [LSS19b, PR18] on bounded graphs.

The question of the relation between the analyticity of the free energy and the decay of cor-
relations was recently considered in [LSS19a| where the authors show that the correlation decay
implies the absence of Fisher zeros near the real axis. A more general statement has been proved
by Dobrushin and Shlosman [DS87] for translationally-invariant classical systems.

Quantum many-body systems

The problem of estimating the partition function and correlation decay in quantum systems has
also been studied in the past. We review some of these results here.

There are various results (e.g., [PW09, CS17]) that estimate the partition function by sampling
from the Gibbs state using a quantum computer (also known as quantum Gibbs sampling). The best
known bound on the running time of these algorithms is exponential in the number of particles.
This running time can be reduced if we assume other conditions. For example, [KBal6] shows
that a strong form of the decay of correlations implies an efficient quantum Gibbs sampler for
commuting Hamiltonians. If in addition to the decay of correlations, we add the decay of quantum
conditional mutual information, then this result can be extended to non-commuting Hamiltonians
[BIK16]. Turning these quantum algorithms into classical ones results in an nP°¥1°8(") running time.
Although we cannot directly compare these results with our algorithm due to different conditions
that are imposed, the n@{ogn) running time that we achieve outperforms that of these algorithms.

Considering the success of approximation schemes for the classical statistical problems, it is
desirable to import those results to evaluate the thermal properties of interacting quantum many-
body systems. This indeed can be done for some models like the quantum transverse field Ising
model [Bral5] or the quantum XY model [BG17] in the ferromagnetic regime using what is called
the quantum-to-classical mapping. However, this approach only works for a restricted set of Hamil-
tonians known as stoquastic Hamiltonians in which all off-diagonal matrix elements are real and
non-positive. This set is known to be restricted in many ways. For example, estimating the ground
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state energy of a general quantum Hamiltonian is QMA-complete but the problem is in AM when
we restrict to stoquastic Hamiltonians.

Establishing the decay of correlations in the Gibbs state has also been studied in quantum
settings. In particular, it has been shown that the Gibbs state has this property in the 1D
translationally invariant case [Ara69] or above some constant temperature in higher dimensions
[KGK"14]. Thus, in these regimes, there exist efficient representations for the state of the system
using a tensor network ansatz like matrix product states or projected entanglement pair states
[Has06, KGK 14, MSVC15]. However, this does not necessarily imply an efficient algorithm that
finds and faithfully manipulates these tensor networks.

The decay of conditional mutual information is another property of the Gibbs state that has
been rigorously proved for 1D systems [KBal9b] and conjectured for higher dimensions. This result
has been used to find algorithmic schemes for preparing the Gibbs state on a quantum computer
[BK16] or estimating the free energy in 1D [Kim17, KS18]. A recent result of [KKBa20| uses cluster
expansions along with a technique very similar to the one we use in Theorem 123 (i.e. showing
the low-order derivatives of the correlation function are zero) to establish the decay of conditional
mutual information above some constant temperature.

5.1.4 Discussion and open questions

Our work raises many questions that we leave for future work. Here we mention some of them.

1. Perhaps the most immediate problem is to fully establish (or refute) the connection between
the decay of correlations and the absence of zeros. There are at least two directions to pursue.

(a) It would be interesting to prove the exponential decay of correlations in the zero-free
region of non-commuting Hamiltonians in higher dimensions. Currently we can only
show this when the distance of the observables is Q(logn). It seems for this to work, the
region of applicability of certain tools such as quantum belief propagation needs to be
extended to the complex regime.

(b) Establishing the absence of zeros in quantum systems when the correlations decay expo-
nentially is also open. A first step might be to prove this for commuting Hamiltonians
or 1D chains. In Section 5.6, we have already extended some parts of the proof of this
statement for the classical systems to commuting Hamiltonians, but it seems to complete
the proof, a more careful analysis of the entangled boundary conditions is required.

2. While we focus on the covariance form of the correlations (5.1), one can also consider quantum
conditional mutual information (qCMI) as a measure of correlations. Using the absence of
zeros to prove the decay of qCMI is another interesting question. This would extend the result
of [KKBa20] to lower temperatures down to the phase transition point. Since the approach
of [KKBa20] resembles some of the techniques we use, this looks like a promising direction.

3. Is there some range of temperatures or Hamiltonian parameters that a quantum computer
cannot efficiently sample from the Gibbs state but the extrapolation technique still works? At
least, when the parameter of interest is temperature, this depends on the fate of the previous
questions we mentioned, i.e. showing that the decay of correlations and qCMI are necessary
for the absence of zeros. The result of [BK16] implies an efficient quantum sampler under the
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same conditions. Are there other parameters besides temperature for which one can show a
separation between these notions?

4. Is it possible to improve the lower bound we obtained for the critical point 5. in Theorem 121
without using other conditions such as the decay of correlations? In general, what is the
computational hardness of determining the thermal phase transition point 5.7

5. Can the running time of our algorithm be improved for specific systems to polynomial time?
This has been achieved for the classical Ising model [LL.SS19b, PR18| by relating the derivatives
of the partition function to combinatorial objects that can be efficiently counted.

6. Can we use the extrapolation idea to avoid the sign problem? The easy regime, which includes
the starting point of the extrapolation, could be a regime of parameters where the Hamiltonian
is sign-free and MCMC algorithms yield a good estimate, whereas the end point is where the
sign problem exists. A candidate parameter for extrapolation is the chemical potential. There
are important physical systems such as lattice gauge theories for which at zero chemical
potential the partition function is sign-free while there is a severe sign problem for non-zero
chemical potentials.

7. Barvinok’s approach has been used to obtain approximation algorithms for other problems
related to quantum computing [EM17, MB19, BGM21]|. Are there other relevent applications
for this method?

5.2 Preliminaries and notation

5.2.1 Local and geometrically-local Hamiltonians

Consider a D-dimensional lattice A C Z” containing n sites with a d-dimensional particle (qudit)
on each site. The Hilbert space is H = ®Z-€ A Hi where H; is the local Hilbert space of site ¢. For a
region A C A, we denote its size by |A| and its complement by A. The diameter of A is defined to
be diam(A) = sup{dist(z,y) : x,y € A}. The interaction of these particles is described by a local
Hamiltonian H that has the following form:

H=) Hx. (5.9)

XCA

Each term Hy is a Hermitian operator with operator norm at most h that is acting non-trivially
only on the sites in X. We denote this by writing supp(Hx) = X. The local terms Hx do not
necessarily commute with each other. Similarly, we define H4 = )" v 4 Hx to be the Hamiltonian
restricted to a region A C A. We denote the number of local terms in the Hamiltonian by m and
often also write H = ;" | H;. The 1-norm of an operator O is denoted by ||O|, and its operator
norm by [O].

In order to impose geometric locality on the interactions between the particles, we consider the
interactions that satisfy the following condition.

Definition 128 (Geometrically-local Hamiltonians). A Hamiltonian H = )y, Hx such that
|supp(Hx)| = 0 when diam(X) > R or |X| > & is called a (K, R)-local Hamiltonian. We call k the
locality and R the range of H. We use the words geometrically-local and (k, R)-local interchangeably
when k, R are kept constant.

154



This should be contrasted with the case where |supp(Hx)| = 0 when |X| > x but there is no
restriction on diam(X). In order to distinguish between these two, we use the terms geometrically-
local versus local throughout this paper. We also focus mostly on geometrically-local Hamiltonians
with a finite range R, but most of our results also apply to Hamiltonians with interactions that
decay fast enough, for example, with some exponential rate.

Remark 129. In general, the locality k of a geometrically-local Hamiltonian on a D-dimensional
lattice A can be bounded as k < O(RP), which is the size of a ball of diameter R. Nevertheless, we
treat both k and R as independent parameters in this paper.

For the Hamiltonians we consider, the sum | me{m}#@ Hx|| is bounded from above by a con-

stant like O(hR*P) for any x¢ € A, but in general, this is a loose bound and we introduce the growth
constant as an independent parameter such that:

Definition 130 (Growth constant). Given a geometrically-local Hamiltonian H , the growth constant
g is defined such that |ZXO{$0}7$@ Hx| < gh for all sites o € A.

Given a (k, R)-local Hamiltonian H, we denote the boundary of a region A C A by dA and
define it as 0A = {v € A\ A: I € A, dist(v —v’') < R}. Defined this way, the boundary of A is a
subset of A.

For local Hamiltonians with k = 2, we define an interaction graph which is an undirected graph
G = (V, E) with a qudit on each vertex v € V and an edge (i,j) between any two vertices 4, j that
are acted on by a local term in the Hamiltonian. For qubits, d = 2 and such a Hamiltonian is of
the following form:

H=- Z ijbaa ® op — Z hica, (5.10)
(i,5)EE 1%
a,be{x,y,z} ae{z,y,z}
where ijb ,h € R are the interaction coefficients and o, € {X,Y, Z,1} are Pauli matrices.

5.2.2 Quantum thermal state and partition function

The free energy of state p at inverse temperature g is defined as

1
Fa(p) = tx(Hp) — BS(/)),
where S(p) = —tr(plog p) is the von Neumann entropy of p (here and throughout this paper, we
assume log denotes the natural logarithm). In thermal equilibrium, the free energy of the system is
minimized. Using the non-negativity of the relative entropy S (p\]%) > 0, one can see that

mpinFB(p) = mgntr(Hp) - ;S(p) (5.11)
— 5 lo5(Zs(1)
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where Zg(H) = trlexp(—fH)] is the partition function of the system at inverse temperature /.
When dealing with spin systems on a lattice, we often denote the partition function of the system
by Zg(A) rather than Zg(H).

Furthermore, the state that achieves this minimization, known as the Gibbs (or thermal) state,
is given by

_ exp(—SH)

ps(H) = “Zs(H) (5.12)

We often need to consider the Gibbs state after some measurement has been performed on a local
region of the lattice. The post-selected state pg(H|N) associated with a positive operator N is
given by

VN exp(=BH)VN.

PotHINY = = foxp(CBH)N]

(5.13)

5.2.3 Quantum belief propagation

Suppose certain local terms in Hamiltonian H are removed and consider the Gibbs state before
and after this change. We would like to relate these Gibbs states by applying a local operator on
the old state to obtain the new one. This has been addressed before in [Has07b| under the name
quantum belief propagation. We only mention this result without the proof and refer the reader to
[Has07b, KBal9b] for the derivation and more details.

Proposition 131 (Quantum belief propagation). Let H be a geometrically-local Hamiltonian on
lattice A. Consider a sublattice C C A. We denote the terms in H acting on both C' and C by Hyc.
There exists a quasi-local operator n such that

e PH = pe=BH-Hoc)t (5.14)

where |n| < exp(B/2|Hac|). Moreover, there exists a truncation of n denoted by ny supported
non-trivially only on OC and sites within distance £ from OC' such that for some positive constants
i, a2,

[n—mne| < eo110C —azt, (5.15)

5.2.4 Tools from complex analysis

Given a function that is analytic in a region of the complex plane, i.e. it is complex differentiable,
we are interested in approximating the function in that region with a low-degree polynomial. Con-
ventional methods in complex analysis allow us to achieve this using a Taylor expansion around a
point inside that region.

Definition 132 (Taylor expansion of analytical functions). Given a complex function f(z) that
is analytic in a region A, the Taylor expansion of f(z) around a point zo € A is a power series
S o ak(z — 20)*, where for Vk =0,1,. ..

1d"f(z) 1 flw)
X ;

Tk dF T 2m w — 2g)kt1

ag (5.16)
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for an arbitrary contour C around zy inside the region A.

In Section 5.7, we map the partition function of a quantum system to that of a classical system.
As we increase the precision of the mapping, we get a family of classical systems with increasing
size that in the limit of an infinite number of particles have the same partition function as the quan-
tum system. The following theorem guarantees that the zero-free region of the classical ensemble
coincides with that of the original quantum system.

Theorem 133 (Multivariate Hurwitz’s theorem). If a sequence of multivariate functions
f1, f2, f3, ... are analytic and non-vanishing on a connected open set D C C™ and converge uniformly
on compact subsets of D to f, then fis either non-vanishing on D or is identically zero.

The proof can be found in standard complex analysis textbooks [Gam03].

5.3 Algorithm for estimating the partition function

In this section, we provide more details about the approximation algorithm that we presented in
Section 5.1.

Definition 134. An approzimation algorithm for the partition function Zg(H) takes as input the
description of the local Hamiltonian H, the inverse temperature B, and a parameter € and gives an
estimate Zg(H) with e-multiplicative error, i.e.

Zg(H) — Zg(H)| < eZs(H). (5.17)

This is, up to unimportant constants, equivalent to finding an e-additive error for log Zg(H) or
Fs(H).

We now make a connection between analyticity of functions and approximation algorithms
precise. Similar propositions were first proved by |Barl6a| for bounded degree polynomials.

Suppose we want to estimate the value of a complex function f(z). We consider two cases. One
is when there is an upper bound on the absolute value of the function in the region that f(z) is
analytic. The other is when the given function is f(z) = log(g(z)) for a polynomial g(z) of degree n.
The latter is used in Section 5.7.2 when studying the XXZ model. We need the former version since
as we will see in Theorem 136, the partition function of quantum (or even some classical) systems
is not always a polynomial in exp(8.J).

Proposition 135 (Truncated Taylor series for bounded functions and polynomials). We denote a
disk of radius b centered at the origin in the complex plane by Ay, that is Ay = {z € C: |z| < b}.

(1) Let f(z) be a complex function that is analytic and bounded as |f(z)| < M when z € Ay for
a constant b > 1. Then the error of approximating f(z) by a truncated Taylor series of order
K for all |z| <1 is bounded by

K
‘f(z) =) apt
k=0

< 2] < 1. (5.18)

_M
bE(b—1)’ =
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(2) Assume b is fized and there is a deterministic algorithm that finds the coefficients ay in time
O(NF¥) for some parameter N. Then there exists a deterministic algorithm with running time
NOWsM/e) that outputs an e-additive approzimation for f(z).

(3) [cf. [Barl6a]] Let f(z) = log(g(z)) for some polynomial g(z) of degree N that does not vanish
when z € Ay. The error of approzimating f(z) by a truncated Taylor series of order K for
|z| <1 is bounded by KLHW}—U'

(4) [cf. [Barl6a]] Assuming b is fized, there exists a deterministic algorithm with running time
NOUWeWN/€) that outputs an e-additive approzimation for log(g(z)).

Proof. The proof of (1) is a basic result in complex analysis based on the Cauchy integral theorem
for analytic functions. Let C’ be a circle of radius b that contains both z and z = 0. We have

1) =gz st = g T (1 5)
- f“(z <5>’“+<5>K“ (1-2) )
K

f(k)(o)zk+i f(w )( )Kﬂdw,

k! 2w Jorw —z

in which we used Eq. (5.16) to get to the last line. We can now bound the remainder as

(k
- < f O (12])

b 1 K+1

where the last line follows from the fact that |w — z| >b—1, |z| <1, and |f(w)| < M on C".
The proof of part (3) is similar to that of (1). The degree N polynomial ¢g(z) has at most N
complex roots {(x}4_, such that |x| > b. Thus, g(z) = g(0 IV, (- Z) and

log(g(2)) = log(g(0)) + Zlog <1 - ) Vz: |z| < 1. (5.20)

We can expand each term like log(1 — Z) as

Kk
log (1 - Cz) Z e + qu(2), (5.21)

k=1
where similar to part (1), we see that gy(z) is a term that can be bounded by

1
lge(2)] < K+1bK(b—1)

(5.22)
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Hence, the remainder term in the Taylor expansion of log(g(z)) up to order K is ¢(z) = Zévzl qe(z),
which is bounded by [q(z)| < KLHW}—U as claimed in part (3).

In order to find the algorithms of part (2) and (4), we need to evaluate the Taylor coefficients
of f(z) up to some degree K. Since we want an e-additive approximation of f(z), one can see from

parts (1) and (2) that it is sufficient to keep the Taylor expansion until order K = O(log(%)) for
part (2) and K = O(log(g)) for part (4). To be able to evaluate the derivatives G e express

dzk
them in terms of the derivatives of g(z), i.e. % 2. This can be done by noticing that
k—1
d* k— 1\ dg(z) dF=*
dz = 4 dz dzr—
. dkg(z) dF f(z2) . . c
so if we have access to =5, we can find === by solving the system of equations in time poly (k).
The important step, however, is to estimate %. This by assumption takes time NO®*) for the
kth derivative. Thus, evaluating the Taylor expansion in parts (2) and (4) can be done in time
NOUog(M/e)) anq NOUos(N/e)) regpectively. a

Theorem 136 (Extrapolation algorithm for estimating the partition function). There ezists a
deterministic classical algorithm that runs in time n®18/e) and outputs an estimate within e-
multiplicative error of the partition function Zg(H) at some constant (3 in the zero-free region s 3
(see Definition 119).

Proof of Theorem 136. We apply the truncated Taylor expansion. To use that result, we first
need to specify the zero-free region and then bound the running time of computing the kth derivative
by nC®).

We can without loss of generality assume that the zero-free region {)s g is a rectangular region of
constant width and size depicted in Figure 5-1. The result of Proposition 135, however, holds when
the zero-free region is a disk of radius b. To match these domains, we can compose the partition
function with a function ¢(z) that maps a disk of radius b to the rectangular region €25 3 such that
»(0) = 0 and ¢(1) = B and b is constant depending on J. It is shown in Lemma 2.2.3 of [Barl6a]
that one can find such a ¢(z) which is a constant degree polynomial. Hence, the composed partition
function is non-zero and bounded on this disk and we can apply the bound (5.18) on the error of
the truncated Taylor expansion.

As mentioned in Section 5.1.2, for a system of n qudits, we can compute the order k derivatives
of Zg(H) in time n®®). Similarly, we can evaluate the derivatives of Zg(H) composed with the
constant-degree polynomial ¢(z) using the same running time. Keeping only & = O(log(n/¢)) many
terms results in a quasi-polynomial algorithm with multiplicative error €. O

5.4 Lower bound on the critical inverse temperature

In this section, we show that at high temperatures, there are no complex zeros near the real axis.
More precisely, we prove that there exists a disk of constant radius Sy centered at 5 = 0 that does
not contain any zeros and the free energy is analytic inside it. The radius 8y depends only on the
geometric parameters of the Hamiltonian such as the growth constant.

*We are using the same definition f(z) = log(g(z)) for the function in part (1) as well.
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Theorem 137 (High temperature zeros). Let H be a gometrically-local Hamiltonian on qudits
with range R, growth constant g, and local interactions with norm at most h (see Definition 128
and Definition 130). There exists a real constant Sy = 1/(5eghk) such that for all § € C with
|B] < Bo, the partition function Zg(A) of H does not vanish and log(Zg(A)) is analytic and bounded
by |log|Zs(A)|| < (e*gh|B| + log d)n.

This gives a lower bound By < 5. on the phase transition point .. Also, as outlined in Theo-
rem 136, if we can establish an upper bound like |log|Z3(A)|| < O(n) for small enough complex 3,
we can devise an approximation algorithm for the partition function. Hence we get

Corollary 138 (Approximation algorithm for the partition function at high temperatures).
There exists a quasi-polynomial time algorithm with running time n®°8/e) that outputs an e-
multiplicative approximation to the partition function Zg(A) of a geometrically-local Hamiltonian H

when |B| < Bo.

Before getting to the proof of Theorem 137, we need to gather some facts and lemmas. Given a
lattice A C ZP with n sites, we consider a series of sublattices Ag C A; CAs C Ay C --- C A, =A
such that each sublattice A; has one fewer vertex than Aj;; and Ag = (). The partition function of
Ay is assigned to be Zg(()) =1 for any complex (. Therefore, we can write

n—1 ]
Zs(A) = d" JHO <;Z§:(\g)1)> , (5.24)

where the factors of d are added for later convenience and to account for the dimension of the
removed sites. In order to show [log|Zg(A)|| < O(n) for a f € C, we just need to bound the
logarithm of each of the terms in Eq. (5.24) by a constant, i.e.

1Z5(Aj1)

log | =
R

H <0(1). (5.25)

This bound tells us how much the partition function changes after removing a single site from the
lattice. We later prove this by induction on the number of sites. However, as shown in the following
lemma, this inequality is always satisfied when (3 is real.

Lemma 139 (Site removal bound). The following bound holds for any X C A and 8 € R*:

1 Zg(A)
log ‘cﬂXZﬁ(A \ X)

| < anisix. (5.26)

Recall that h is the maximum norm of the local terms Hx in H and the growth constant g is chosen
such that | 3- xrrzor20 Hx| < gh for all sites zo € A.

Proof. Given any X C A, we partition the Hamiltonian H into two parts: Hpear
ZX'cA:X'mX;A(ZJ Hx: and Hgay = Hp\x where Hy\ x corresponds to the terms in the Hamiltonian
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acting on the remaining sublattice A\ X. We have

Zg(A) = tra [e—B(HfarJanear)} < try [6—5Hfar€—5Hnear}
S trA [e_ﬁHfar] —BHnear

e

S d‘XI t’rA\X [6_5Hfar:|eHBHnear

< Zg(A\ X)dXlegnlBIXT, (5.27)

where we used the Golden-Thompson inequality in the first line and the Holder inequality to get to
the second line. The factor d/¥! is added since the original trace is over the Hilbert space of A and
not A\ X. Similarly, one can show dXZz(A\ X) < Z5(A)e"BIIX]. These bounds together prove
the lemma. O

Theorem 137 extends bound (5.26) to the case where § is a small complex number. We prove
this in two steps.

First step: In contrast to the proof of Lemma 139, the Golden-Thompson inequality can no
longer be used in the complex regime. Hence, to compare the partition function before and after
removing a site xg, we need to find another way of separating the contribution of the terms in the
Hamiltonian that act on zg. We achieve this using a cluster expansion for the partition function
that expands the operator exp(—FH) into a sum of products of local terms in H. The idea of
using cluster expansions to study high temperature properties of classical or quantum spin systems
has been widely applied before [KP86, Dob96, Par82, Gre69|. Here, we use a particular version of
that expansion which is tailored for our application. This was first introduced in [Has06] and later
improved and generalized in [KGK™14]. In Section 5.4.1, we modify the result of [Has06, KGK " 14]
and adapt it for complex partition functions.

Second step: Our next step is to use the cluster expansion and show that in the partition function,
the contribution of the sites acting on xy compared to the rest of the terms is bounded by a constant.
We show this in Section 5.4.2 by induction on the number of sites. This is our main contribution
and lets us prove the bound (5.26).

5.4.1 The cluster expansion for the partition function

When using the cluster expansion, we often need to consider products of local terms like H§:1 Hx,,
but since the local interaction terms Hx, do not necessarily commute with each other, we set an /-
tuple (X1,...,X/) to indicate the order of multiplication. We also need to decompose the sequence
(Xq,...,Xp) into the union of connected components. Let us define what we mean by connected
more formally.

Definition 140 (Connected sets). Fiz a site zg € A. A collection of sublattices such as X =

{X1,Xo,..., X} is called a connected set containing xo with size |X| = k if the following conditions
hold

i) All the sublattices X1, Xa, ..., Xy have bounded size and diameter. That is 1 < |X;| < k and
diam(X;) < R.
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Figure 5-2: The sets X}, X5 are connected, contain x, and have size |X;| = 1, |Xs| = 4. However,
the set ) is not connected, does not include zg, and has size || = 2.

ii) For any sublattice X; in X, a series of other members of X connect this set to the site xg. See
Figure 5-2 for an example. More precisely we have: for any X; € X, there exists I C [k]| such
thati €I andVj eI, 30 €1 : X;# X, yet X; N X; # 0, and moreover, xg € Ujer X;.

Although X consists of sublattice of A and not individual sites, in a slight abuse of notation, we
specify a set X that contains the site xg by xg € X. We denote all the sites that a connected set X
includes by supp(X).

Remark 141. In Definition 140, we include an upper bound on the size and diameter of the subsets
in X, i.e. |X;| <k,diam(X;) < R. This is because for geometrically-local Hamiltonians, |[Hx|| = 0
for | X;| > k, diam(X;) > R, so we do not need to consider those sets.

In the upcoming proofs, we need to have an upper bound on the number of the connected sets
X that contains a specific site g € A. This is stated in the following lemma.

Lemma 142 (Cf. [KGK"14]). The number of connected sets X of size | X| containing the site xg € A
is upper bounded by g'*! where g is the growth constant of the Hamiltonian H (see Definition 130).
In particular, for a D-dimensional lattice and k = 2, we have g < 2eD. We note that these bounds
are in general loose and can be improved for specific Hamiltonians.

The next lemma achieves the first step in our proof by setting up the cluster expansion for the
partition function.

Lemma 143 (High temperature expansion). For any xo € A, the partition function of the lattice

Zg(A) admits the following decomposition for |3| < m:
Zs(A) =d-Zg(A\ Xo)+ Y Ws(X)Zs(A\ supp(X)), (5.28)
X:ixgeX

X is connected

where Xo = {zo} and we define Wg(X) as

W)= S C 0SS i [T Fx)). (5.29)
j=1

p:|X| ’ (le-n:Xp)
Vie[p]: X;€X
X:U?zl{Xi}
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The last sum in (5.29) is over all p-tuples (X2, Xo, ..., X,) that one can form from members of X
by repeating them at least once.

Proof. We start by Taylor expanding exp(—(SH). The notation used here is set so that when A is
replaced with a sublattice, a similar bound holds. We have

_ — (=B)* s
Zg(A) =tra [ Y 1 (> Hx)"]

k=0 XCA
o ok

:trA[Z( ]5) ( Z Hx + Z HX)k]
k=0 T XCA\Xp XCA:XNXo#A0
= (=) ‘ = (-B)" :

=t [y (> B +m D > [[Hx] (5-30)
k=0 " XCA\Xo =1 (X1,...,Xp)  J=1

Vi€ []: X;CA
HXZXlﬁXo;é@

where the trace is over the Hilbert space of A as usual. The first term in the last line is just the
Taylor expansion of d - Zg(A \ Xo). As in Eq. (5.27), the factor d is included because the original
trace is over A and not A \ Xy. The last term, however, does not have a closed form, and involves
summing over all the products of the local interaction terms Hx, such that at least one of the terms
has non-empty overlap with the site xzy. We can simplify this term by partitioning the sequence
(X1,...,X)) into two parts. The first part forms a connected set X' that contains the site zo. The
second part contains all X; that do not intersect with this connected set X. We then change the
order of the summation in (5.30) by first summing over all X; not connected to a fixed X and then

varying the set X. Define the coefficient ¢, q = (¥ ;q) ((_p@:;q’ we have
= (=) :
> 2 (] Hx]
=1 (X1,0.,X7) Jj=1

Vie[€]: X;CA

HXiZXiﬂX()#Q)

oo D pt+q
= Z Z Cp,q( Z Wsupp(x) [HHXJ} Z LA \supp() [ H HXj])'
.XI$0€X plelquO (le“'vXP) Jj=1 (XP+17--'7XP+‘Z) Jj=p+l1
X is connected Vie[p]: X;€X Xp+iNsupp(X)=0
qule{Xi}

The coefficient (p +q) in ¢p 4 counts the number of ways we can distribute our choices of X; € & inside

the tuple (X7i,..., Xp4+q). The last sum in the right side term vanishes for ¢ = 0. We can restate

(—l?)p (—ﬁ')q
p! qa

this sum in terms of the Taylor expansion of Zz(A\supp(&X')). Using the fact that ¢, 4 =

163



we get the following equality

X (-B)! ‘
Z /) Z tra [H ij]
=1 j=1

(X1yeees Xy)
Vie[€]: X; CA
HX--X-mXO;A(z)
P
= > Z Do trauppy) H 1)Zs (A \ supp(X))
X 1SX cggr?e)gted p=1¥| V(z)é[;]kxg.))( e
x=U_ {X;}
= ) Ws(X)Zs(A\ supp(X)), (5.31)
X:ixgeX

X is connected

which by plugging into Eq (5.30) gives us the expansion (5.28). Note that since we manipulated
infinite series, we still need to prove the convergence of the expansion (5.28) for small enough complex
B. We show the absolute convergence of this expansion by first bounding the infinite series W3(X)
and then the expression (5.31). A similar expansion for a different purpose has been considered
before in [Has06, KGK™14] where an upper bound for Ws(X) is obtained. In particular, Lemma 5
in [KGK'14] implies 3

X
[Wp(X)| < dlswPpl)] (eW'h - 1)‘ g (5.32)

By using the result of Lemma 142, we see that

o0

Wi(X)] - | Z5(A\ supp())] < s 3™ (gr) 1 (doin 1) (5.33)
| |- |

X:ixgeX | X|=1
X is connected

in which we used the upper bound |Zz(A \ supp X)| < dn—Isupp(X)eghlBln that can be shown using
the Holder inequality. This right-hand side of the inequality (5.33) is finitely bounded when

gr(elflh —1) <1, (5.34)

which along with the inequality e < 1 + (e — 1)z implies an upper bound on the size of the
admissible 3

18] < glm(in' (5.35)
Hence, we get
> [Ws(X)] - | Z(A N\ supp(X))| < dres Pl gr(d?" — 1) (5.36)

[Blh — 1)’
Ximex L —gr(ellh —1)
X is connected

3Note that compared to [KGK™ 14| we pick up the extra factor d/**PP(*)| when bounding |tr [TTHx,]|-
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which for a fixed n, shows the absolute convergence of (5.28) and completes the proof of the lemma.
O

Having this lemma, we can now proceed to the second step of our proof of Theorem 137.

5.4.2 A zero-free region at high temperatures

Proof of Theorem 137. As explained in the beginning of Section 5.4, to show the partition func-
tion does not vanish for small enough |3|, and moreover |log Zg(A)| < O(n), it is sufficient to prove
the bound in (5.25). More specifically, for any site g € A and Xy := {xo}, we prove

‘1 ‘1 Zs(N)
d Zg(A\ Xo)

H < RghlBl, VB < fo = (5.37)

Seghk
The proof of this bound is by induction on the number of lattice sites n.
For the base of the induction, we assume Zg()) = 1 for all complex 3. The induction hypothesis
is the bound (5.37). Thus, our goal is to assume (5.37) for lattices of size n — 1 and show that the
same bound holds for lattices of size n. By using the “telescoping product” as in Eq. (5.25) along

with the induction hypothesis, we obtain the following bound for all lattices of size at most n — 1
including A \ Xo,

o 1 Zg(A\ Xo)
S| dlsupp(\Xa)l Z5(A\ X)

1 < Pgh|B||supp(X \ Xo)l, 18] < fo. (5.38)

where X C A is an arbitrary non-empty set. According to the decomposition of Zg(A) obtained in
Lemma 143, we have

1 Zg(A) <1 Zg(A\supp(X))>
_—— s =14 Ws(X) | = . 5.39
d Zg(A\ Xo) X;Oex S5 Zs(A\ Xo) (5.39)
X is connected
Thus, we get
1 Zﬁ(A) ‘ (1 Z@(A\SUPP(X)))
log|—-———+——|| = |log |1 + Wsa(X) [ =
’ ‘dzﬁ(A\Xo) Mzo:ex S Z3(A\ Xo)
X is connected
1 Zg(A \ supp(X))
< - - = :
<cloxf1- S | (5.40)
XixgeX
X is connected
<-log|1- Y (aﬂlh - 1>'X' e IBllsupp(X)] | (5.41)

X:xgeX
X is connected

where we used the following inequality to get to Eq. (5.40): for all ¢ € C,|¢| < 1, we have
{log 11+ CH < —log(1l — [¢]). The last line (5.41) is obtained by plugging in the bound in (5.32)
and the induction hypothesis (5.38).
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It remains to show that Eq. (5.41) is bounded from above by e?gh|B]. To get the desired
upper bound on (5.41), it is sufficient to prove the following bound which we separately prove in
Lemma 144:

X
S (1) el < e~ 1)gnigl, 18] < Ao (5.42)
XixgeX
X is connected

The reason this implies the claimed upper bound on (5.41) is that we have

X1 .
“log|1- Y (elﬁ\h _ 1) egheIBllsupp()] | < oo (1 — e(e — 1)gh|B|)

X o€ X
X is connected

< e2ghlB. (5.43)

To get to the last line we used the inequality —log(1 — %y) <y, Yy € [0,1] with y = €2gh|3|.

Notice that Sy = E)egﬁ, which means y = e?gh|f| < 1 for |B] < fo.

This concludes the induction step and also the proof of the theorem. O

Lemma 144. Consider the same setup as Theorem 137. The following bound holds for any xo € A:

X
R 1)' | a1 uep()] < (e — 1)ghlBl, 18] < Fo. (5.44)

XixgeX
X is connected

Proof of Lemma 144. Since for a connected set X, both its size |X| and the size of its support
| supp(X)| show up in the summation, we need to take extra care in finding a proper upper bound.
We achieve this for any lattice size |A| = n, this time by induction over the size of |X|. It is not
hard to check that the bound (5.44) holds for connected sets of size |X| = 1. Next, we assume by
induction that (5.44) holds for connected sets X with |X| < a — 1 for @ > 2, and derive (5.44) for
connected sets |X| < a. To this end, we begin with restating the sum in (5.44) in a different form.
This includes adding the contribution of all connected sets X’ that contain a site xg in the following
order.

First, we consider the contribution of a fixed set X C A with size and diameter at most x and
R that contains zg. We then sum over all the connected sets that include a site x € X. It is not
hard to see that by selecting all possible choices of X and performing the addition in this way, we
overcount the number of connected sets X that contain zg, and therefore get an upper bound on
the original sum in (5.44). More formally, for any xop € A and connected sets X of size at most
a > 1, we have
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> (e 1)"“‘ (9he?|8]] supp()

XixgeX
X is connected
X|<a

> (ewmh _ 1) WX T (1 3 (e\mh _ 1)‘*‘ oohe?| 8] supp()|

X:zxpeX rzeX X'xeX!
| X<k X’ is connected
diam(X)<R [x<a—1

< Z <(e’8|h - 1) eghe?IBIIX] H (I+e(e— l)gh!ﬂ\)>

X:xgeX zeX
IX|<r
diam(X)<R

< g (el —1) (8 (14 e(c — 1)ghla| ) (5.45)

< (e — 1)g| B|hecemDorlPl (5.46)
<e(e—1)g|B|n, (5.47)

where we used the induction hypothesis (which assumes (5.44) holds for the connected set X’ with
|X’| < a—1) to get from the second to the third line. Eq. (5.45) follows from the definition of the
growth constant g which gives an upper bound on the number of sets X containing xy with size at
most . To get to Eq. (5.46) and (5.47), we use the fact that 1 +y < e¥, e —1 < (e — 1)y for

5.5 Analyticity implies exponential decay of correlations

In this section, we show that the exponential decay of correlations is a necessary condition for
the free energy to be analytic and bounded close to the real axis. Our bounds are stronger for
commuting Hamiltonians on arbitrary lattices and non-commuting Hamiltonians on a 1D chain and
slightly weaker for generic geometrically-local cases.

Similar to the rest of this paper, our general strategy uses extrapolation between different regimes
of the inverse temperature parameter. We know that at 5 = 0, the Gibbs state is just the maximally
mixed state, so the decay of correlations property trivially holds. Additionally, we show that at
B = 0, the low-order derivatives of a function that encode the amount of correlation between two
regions are zero. This combined with the absence of singularities coming from the analyticity
condition puts an exponentially small bound on how fast this function (i.e. the correlations) can
grow with 5.

The proof is reminiscent of the one for classical systems first shown by [DS87]. As explained
earlier, the essence of the proof is the following simple lemma from complex analysis.

Lemma 145 (cf. [DS87]). Let f(z1,...,2m) be a complex function that on a bounded connected
open region @ C C™ is analytic and |f(z1,...,2m)| < M. Let ky,...,ky, be non-negative integers
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summing to K. Suppose that f(z1,...,2m) and its following derivatives are zero at some (o € Q:

dx . .
mf(zlwwzm) ‘@ =0 if {fiem]:k>1}<L-1, (5.48)
that is, unless we take the derivative with respect to at least L distinct variables z;, this derivative

is zero at Co. Then, for any (z1,...,2m) € Q, there exist constants ci,co depending on (y and
(21, ..., 2m) such that | f(z1,...,2m)| < ctMe2L.

Proof of Lemma 145. Without loss of generality, we can restrict ourselves to the single variable
case, m = 1, by defining a path parameterized by z € [0, 1] that connects ¢ to any point (21, ..., zm)
of interest. We denote the function on this path by f(z). Region €2 in this case is just a region in
the complex plane around [0, 1] that has a small imaginary part such that f(z) remains analytic
and bounded.

Using conformal mapping similar to what we did in Theorem 136, we can map the unit disk onto
2, which is the set of z € C such that |z| < 1. Hence, without loss of generality, we assume f(z) is
analytic on the unit disk. It is also not hard to see that Eq. (5.48) implies the first L derivatives of
f(2) vanish at the origin. Thus, the Taylor expansion of f(z) converges and we have

VzeQ, f(z)= Z apz® = 2 Z apz" L, (5.49)

k>L k>L

but >, a2 is itself an analytic function, so it is either a constant or attains its maximum
absolute value on the boundary. It follows from |f(z)| < M that in either case |}, ; apz"*| < M.
This implies V|z| < 1, |f(2)| < M|z|*, which in turn proves the theorem. O

The connection between Lemma 145, the decay of correlations, and the analyticity condition
becomes clear once we substitute our choice of function f(z1,...,2y) and region Q. We begin by
defining Q. Fixing our choice of function f(z1,..., zy) is postponed until after we discuss the precise
statement of the analyticity condition and the decay of correlations.

Region 2 corresponds to the region near the real 8 axis where the partition function does not
vanish. Given a local Hamiltonian H = ", H;, we define complex variables z1, ..., zp, such that
each z; roughly equals 8 plus some small complex deviation. Hence, instead of working with functions
of BH such as exp(—(H), we consider functions of ", z;H; as in exp(— Y ", z;H;). For a fixed
inverse temperature $ and maximum deviation J, we denote the set of such tuples (z1,...,2m,) by
I's 3. By varying 8 from zero to some constant 8 and taking the union of corresponding I's g, the
set {15 g is obtained. More precisely, we have the following definition.

Definition 146 (The vicinity of the real § axis). Let I's g be the set {(z1,...,2m) : Vi € [m],z €
C, |z — B < 0}. We define Q5.5 to be Qs 5 = Ugcr+ Ts -
B'<B
We also define the perturbed Gibbs state as follows.

Definition 147 (Complex perturbed Gibbs state). The §-perturbed Gibbs state of a local Hamilto-
nian H = %" H; at inverse temperature f3 is defined as

e~ 2iz1 ziHi

= ——q Z=(21,.., r 5.50
sy = Cue ) €T (550
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where I's g is defined in Definition 146.

The analyticity condition we consider here is stronger than the ones derived in Section 5.4 in
the high temperature regime or used in the approximation algorithm in Section 5.3. Previously
we only included systems with open boundary conditions in our analysis, but here we also need to
allow for other boundary conditions. This is not restricted to the quantum case, and Dobrushin and
Shlosman use similar conditions in their proof for classical systems [DS87|. The precise statement
of our condition is the following:

Condition 1 (Analyticity after measurement). The free energy of a geometrically-local Hamiltonian
H is §-analytic at B if for any local operator N > 0 with |N| = 1, there exists a constant ¢ such
that V(z1,...,2m) € Is g,

’10g (tr [e_ ZglziHiND‘ < cn. (5.51)

The free energy is said to be §-analytic along [0, 5] if the bound (5.51) holds for V(z1,...,2m) € Qs

To see the motivation for this condition, first note that when restricted to classical systems, this
condition reduces to the one used in [DS87]. There the operator N sets the boundary conditions
which fixes the value of certain spins in the system before computing the partition function, or more
generally, finding the Gibbs distribution. A natural question then is how varying these boundary
conditions affects the distribution. In particular, the uniqueness of the Gibbs distribution refers to
the case that in the limit of a large number of particles, changing distant spins has a negligible
effect on the distribution of spins on a finite region. Hence, a unique Gibbs distribution can be
defined for such systems. This condition is not satisfied at all temperatures, and below the critical
temperature, multiple Gibbs distributions exist. Thus, it seems natural to include the boundary
conditions in the partition function when studying its complex zeros and the critical behavior of
the system in general.

For quantum systems, one can think of fixing the boundary spin values by projecting them onto
a specific state or more generally by post-selecting after a local measurement has been performed.
Hence, trlexp (— > %, ziH;) N] is the partition function of the normalized Gibbs state after con-
ditioning on the measurement outcome associated with IN. Notice that, in principle, the state of
the spins after post-selection can be entangled. As we will see, this causes technical difficulties in
extending the classical results to the quantum regime.

Finally, we note that the validity of Condition 1 can be shown in the high temperature regime
(8 < Bp) by a slight modification of the argument in Section 5.4.1.

Our goal is to show that Condition 1 on the analyticity of the free energy implies the exponential
decay of correlations. This condition is stated as follows.

Condition 2 (Exponential decay of correlations). The correlations in the Gibbs state pg(H) of a
geometrically-local Hamiltonian decay exponentially if for any local Hermitian operators O1 and Oq
and any region B such that supp(O1),supp(O2) C B, there exist constants & and ¢ such that

| tr [p5(H)0102] — tr [ps(H)O1] tr [pg(H)O2] | < ¢| BI|O1[[| Ol HHO1-02)/%, (5.52)

We first prove a slightly weaker version of Condition 2 assuming Condition 1. We then improve
our bound for commuting and 1D Hamiltonians.
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Theorem 148 (Analyticity implies exponential decay of correlations). Suppose the free energy of a
geometrically-local Hamiltonian is §-analytic along [0, 5] as in Condition 1 for some 6 = O(1). Then
the correlations between any two operators Oq, Oz with dist(O1, O2) = Q(logn) decay exponentially
in the range [0, 8]. More precisely,

| tr [pg(H)O10,] — tr [pg(H)O1] tr [pg(H)Oo] | < cne~dst(01:02)/%, (5.53)

Proof of Theorem 148. We can without loss of generality assume |Oq],[|O2| < 1. Let A; =
supp(Oq) and Ay = supp(O3). Each of the observables O; and Oy can be decomposed into two
positive semi-definite (PSD) matrices: O; = Of — 07 and Oy = O; — O, , where o, OF include
the positive eigenvalues of 01,02 and —O;, -0, include the negative ones. We can write the
covariance in Eq. (5.52) as

|t [pg(H)O102] — tr [pg(H) O] tr [p3(H) O2] |

=| > ay(trlps(H)OF03] — tr[ps(H)OT] tr [ps(H)O3])

aye{£}
<4 max - |(tr[ps(H)NaN1] = tr [pa(H)Na tr [ ()N ) (5.54)
IN2[ [N <1

where supp(N2) = Ay and supp(/N1) = Az. Recall that the post-selected state pg(H|N) is defined
by

VN exp(=BH)VN

PotHINY = = fexp(CBH)N]

(5.55)

The bound (5.54) can be rewritten as

|(tr [pg (H) NaN1] — tr [pg (H) Na] tr [ps(H) N1])| = [tr [pg(H ) Na]| [tr[pg(H|Na) N1] — tr [pg(H[1) V]|

< Jtrlop(HIN)N)] — tr[ps(HIDN][. (5.56)
Hence, our goal is to show
[brlp(HIN2)N] — tr [ps (HIL)N,]| < ceO(0102)/¢, (5.57)
We instead show
tT[P,B(H|N2)Nﬂ>’ —dist(01,02) /€
< ce” MHPLER)/S 5.58
poe (S mm )| < >:5%)

To see why this implies (5.57), we can further upper bound the right-hand side of (5.58) using
the inequality z < —log(l — z) for x < 1 and choosing x = cexp(—dist(O1,02)/&). Then, by
exponentiating both sides of (5.58) and using the fact that tr(pg(H)N1) < 1, we arrive at (5.57).
We can prove a similar bound even when instead of 1 there is any other PSD operator in the
denominator. One way to interpret these bounds is that a local measurement on region As is
undetected from the perspective of local operators on region Aj.

The proof follows from Lemma 145. We first consider a perturbed version of (5.58) using
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Figure 5-3: To study the correlations between regions A, As, we can restrict the Gibbs state to
region B while adding an operator on the boundary 0B to include the effect of the rest of the
lattice. Regions G, ..., G5 show up when studying the derivatives of the correlation function. See
the proofs of Theorem 148 and Theorem 149.

Definition 147. We define f(z1,...,2m) as

tr[Pz(H|N2)N1]>
tr[pz(H 1) N1]

fz1,eo0 zm) :log<

Lo [ tEle” = NN trfe” Sz s (5.59)
=lo = = . :

O\ Ttefe SEAENG] trfe S s

This function is our choice for f(z1,...,2y) in Lemma 145. In particular, we prove that assuming
Condition 1 is satisfied, f(z1,...,%n) is analytic in Qs 3, has a bounded absolute value, and has
vanishing derivatives at z; = --- = z,, = 0. Let us begin with the analyticity and boundedness.

Analyticity and boundedness: From (5.51) we see that for any positive operator N, the post-
selected free energy is analytic and there exists some constant ¢ such that

’log (tr [e_ ZglziHiND‘ < ¢cn, (5.60)
By using a proper choice for N, we see that f(z1,. .., zn) is a sum of analytic functions and therefore
is itself analytic. We also get an upper bound on |f(z1,..., zy)|, that is,

V(21,0 2m) € Qg |f(21,...,2m)] < ‘log (tr[e‘ Z;ilziHiNgNl])’ + )log (tr[e_ ZglziHiNg])‘

+ ‘log (tr[e_ 2t ZiHiNl])) + ‘log (tr[e‘ ElﬁlziHi]) ‘
< 4cen. (5.61)
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Vanishing derivatives: It remains to show that certain derivatives of f(z1,...,z,) are zero at
the point 8 = 0, which is inside €25 3. The derivatives of f(z1,...2y) are combinations of terms like

dK

—deZi o log (tr [ef iy ZiHiN2N1i|>

. (5.62)
where k; > 0 and K = 2111 k;. Notice that we are including the z; that are not in the derivative by
letting k; = 0. We claim in certain instances that these terms are either zero or cancel each other.
Consider all the local terms H; that we are taking a derivative with respect to their z;, i.e. k; > 1.
We denote the union of the support of these terms by G. Recall that Ay, As are the support of
O1, Oq, respectively. Region G fits into (a union of) one of the following cases.

Case 1: G is not connected and does not intersect with A; U Ay (see Gy in Figure 5-3 for an
example). In this case, the terms in the derivatives are

dK

=0 dk Zieo. dkmzm

dK

—dkl P dkmzm IOg (tI‘ |:67 iy ZiHiN2N1i|)

log | tr[Na] tr[Nq] H tr [e*ZiHﬂ
Z‘Zk’i>1

2=0

dK
~ Zi...dkmz,,
a® —ziH;
D e vt G
itk >1

— 0. (5.63)

log (tr[Na] tr[Nq])

z=0

In the first line, we used the fact that sublattices A, Aa, and supp(H;) with k; > 1 do not intersect.
The last line follows because tr[Na] tr[N1] is a constant, and tr [e~*1] only depends on z; and its
derivative with respect to other z; is zero.

Case 2: G is connected but does not intersect with A; U Ag (see Gy in Figure 5-3 for an
example). Similar to (5.63), we can still separate tr[Na] tr[N1] from the remaining terms and their
derivative is zero. Hence, we obtain

—dK log <tr [e_ it ZiHiN2N1]> = —dK log (tr [ef 2isk;1 ZHD
dkiz; .. dFmz,, =0 dFiz;...dFmz,, 2=0
(5.64)
Although this term does not necessarily equal zero, the derivatives of f(z1,. .., zp) are combinations

of terms like Eq. (5.64). These terms are all equal as we can separate traces involving Ny and Ny
using the same argument as above, but they appear with opposite signs and thus cancel each other.
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More precisely, we have

dK
Ty dm =0
= o (1 (i [ o 1) g (ol [e” Zon 1))

—log (tr[Nl] tr {e_ k21 ZZH’D + log (tr [e_ ki1 ZzHZD ) o

= 0. (5.65)

f(z1,. 0y 2m)

Case 3: G is connected and intersects with A; or Ag, but not both (see G3 or G4 in Figure 5-3
for an example). Similar to Case 2, the derivatives of f(z1,...,zy,) consist of equal terms with
opposite signs and therefore vanish. Here, we show the case where G only intersects As. The other
cases similarly follow.

dK
mf(zl, ey Zm) -
= dklszdkmz ( log (tr[Nl] tr [e’ Dlitk;>1 ZiHiN2:|) —log (tr {ef ikt ZiHiNQ])

—log (tr[Nl] tr [e_ ik >1 Z’HZD + log (tr [e_ i1 ZZHZD ) -

=0, (5.66)

in which the first two and last two terms cancel each other.

A similar argument shows that if the set G is a union of any of the above cases, the derivatives
vanish as well.

Case 4: G is connected and intersects with both A; and As (see Gs in Figure 5-3 for an
example). Here, the cancellation that appeared in the other cases does not happen. Thus, this is
the only situation in which the derivatives are non-zero.

The important observation is that for Case 4 to happen, G needs to be long enough to touch
both A; and As. Hence, if the number of z; with k; > 1 is less than roughly dist(Oq,O3), their
corresponding derivative vanishes. Having all the criteria needed for applying Lemma 145, i.e
analyticity, boundedness, and zero derivatives, we can get the following bound on |f(z1,...,zm)]
for some constant ¢ and &:

(B, B)] < cne” HO1O)/E, (5.67)
which as explained before implies
|t [ps(H)0100] — tr [pg(H)O1] tr [pg(H)Os] | < cne~4ist(01.02)/¢, (5.68)

Due to the extra factor of n in front of this bound, it implies the exponential decay of correlations
only when dist(O1,02) = Q(logn). O
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5.5.1 Tighter bounds for commuting Hamiltonians

Here we show how using the commutativity of H enables us to remove the extra factor of n in the
bound (5.67) that we derived for general Hamiltonians. We state this in the following theorem.

Theorem 149. Suppose H is a geometrically-local Hamiltonian with mutually commuting terms
that satisfies Condition 1 for along [0, 5]. Then the correlations between any two operators Oy, Oq
decay exponentially in the range [0, 8] as in Condition 2.

Proof of Theorem 149. The proof of this theorem follows similar steps to that of Theorem 148.
A crucial difference, which is the only part where we use the commutativity of local terms H;, is
the following. The Hamiltonian H in states pg(H|N2) and pg(H|1) involves terms acting on all n
sites in lattice A. In our analysis, we can essentially neglect the contribution of sites that are far
from both region A; and As. In other words, as shown in Figure 5-3, let B C A be any region that
encloses the support of both A; and As. We restrict the Hamiltonian and states pg(H|Na), pg(H|1)
to this region and include the effect of other sites by an operator acting on 0B, the boundary of
this enclosing region. We prove (5.58) for this smaller region. Without this step, we end up getting
an upper bound like cnexp(—dist(O1, O2)/€), which has an extra factor of n, the number of sites
in A, whereas with the restriction to the enclosing region, this factor is | B|, the number of sites in
B. For the example in Figure 5-3, the size | B| = O(dist(O1, O2)”) which is negligible compared to
the exponential decay factor e~45t(01.02)/€  More formally, since H is a commuting Hamiltonian,
we have e BH = ¢=FHpe=B(H-H5) Hence, we get

tr[e_BHNgNl]
tr[e—BH Ny
trple P15 trgle AH-HB)| Ny N1 ]
- trgle PHB trz[e~BH—HB)] Ny]
trgle PBo Ny Ny |
Tt [e=PHB g Ny]
— tr]ps(HploN2) N, (5.69)

tr[pg(H|Na)N1| =

where

trB[e—ﬁ(H—HB)]
ﬂ(H—HB)]

= (5.70)

trgusple”
is a state acting on the boundary 0B *. Thus, we can replace the operator Ny by o ® Ny acting on a
larger region O BUA5 and restrict our attention to region B. We can now repeat the argument of The-
orem 148. Let the perturbed Hamiltonian restricted to region B be Hp(Z) = ZHi:supp(Hi)CB zi Hj,
where for simplicity, the number of local terms in Hp is denoted again by m. By plugging (5.69)

4Based on our definition of the boundary of a region, the boundary B is inside B.
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into (5.59), we see that the function f(z1,...,2m) is
tr[ﬂs(HB\UNz)N1]>
Z1,...2m) = lo
e &7y

1 trfe PG G Ny Ny | tr[e PHB(E)g]
=1lo = =
& trleHe(E)gNy]  trle=FHB(E) g Ny]

(5.71)

The rest of the proof of Theorem 148 applies to this function. In particular, assuming Condition 1
holds, this function is bounded and analytic in Qs g, i.e. |f(z1,...,2m)| < ¢|/B|. Similarly, one can
see that the low-order derivatives of f(z1,...,zy,) are zero. Since the distance between 0B and A;
is still O(dist(O1, O2)), Lemma 145 implies |f(8,...,5)| < ¢|B|exp(—dist(O1,02)/&). Hence, we

have
[ [0 (H)O105] — tr [p (H)O4] tr [ps(H) 03] | < | Ble~T1(0102)/¢ (5.72)

O

5.5.2 Tighter bounds for 1D Hamiltonians

Theorem 150. Let H be a geometrically-local Hamiltonian on a 1D chain that satisfies Condition 1
along [0, 8]. Then, the exponential decay of correlations given in Condition 2 also holds for this
Hamiltonian in the range [0, 3].

Proof of Theorem 150. The proof is similar to that of Theorem 148 and Theorem 149. Recall
that an important step is to introduce boundary states ¢ that include the effect of terms in the
Hamiltonian H that are acting on the boundary or outside of some region B. Region B encloses
the support of operators whose correlations we want to bound. There, we use the commutativity of
H to find the boundary states ¢ which does not hold in general. Here, we show how, by using the
quantum belief propagation operator 1 we introduced in Proposition 131, we can achieve the same
boundary state in 1D.

We do not go through all steps of the proof of Theorem 148 again. Instead, we directly show
that by restricting the Hamiltonian to region B and adding the boundary terms, the covariance
in (5.52) changes negligibly. Then we apply bound (5.53) to this restricted covariance. Since the
number of particles inside B is constant, instead of the extra factor of n, we get a constant prefactor
as desired.

Recall that using the belief propagation equation (5.14) and the bound (5.15), we can remove
the boundary terms Hyp acting between B, B from the Gibbs state and get

trlpg(H)0102] = [WUPE(H - HBB)UT0102]
[ H HaB neps(H — HBB)W20102]
[Zﬁ nep/a(H — Hyp)(n' — 77§)01Oz]
[ZB H H o8) (1 —ne)ps(H — HaB)ﬁT0102] , (5.73)
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where in the second line, we replaced n with the truncated operator 7,. To simplify this equation,
we absorb the coefficient Zg(H — Hpp)/Zg(H) into the operators 1,7, and define

_ (Z,B(HHBB)>1/2 = (Zﬁ(HHaB)>1/2m

n= Z:(H) Z(i) (5.74)

Hence, we have

tr[pa(H)0102] — tx [iips(H — Hop)7{0102]| < [tx [iips(H — How) (@ — 7)0102]|
+ |ox [(7 = ) (H — Hop)i 0105 | (5.75)
According to (5.15), we have | — 1| < e®10Bl=a2l and ||| < P/21Ho5l . Also, Lemma 139 implies
Zs(H — Hpp)/Zs(H) < €398l for some constant a3 that depends on the details of H. Using these

bounds as well as the Cauchy-Schwarz and Holder inequalities, we get the following bound for some
constants ¢’ and ay:

tr [pg(H)O102] — tr [ﬁzpﬁ(H - HBB)ﬁ;[0102H < 2[O[|O2[lIn = nelln]
< et (5.76)
To arrive at the last line, we used the fact that |0B| in 1D is just a constant that depends on
the range of H, and we assumed the truncation length ¢ is sufficiently larger than |0B|.

Note that since we removed the boundary terms Hpp, the Gibbs state decomposes into pg(H —
Hpp) = pg(Hpg)ps(Hp), which allows us to write

tr ﬁgpg(H — HBB)ﬁzOlog = tr [,O/g(HB)5330102] N (5.77)

in which we assume region B is chosen to be wide enough so that both O1, Oy are sufficiently far
from the boundary 0B compared to length ¢. This means 7, does not overlap with O1, O2. We also
define the unnormalized boundary state 6gp by

0oB = ﬁzﬁf trB\supp(ng) [pﬁ (HB)] : (578)

Notice that Ggp is a PSD matrix. To see why, we use the fact that trg\guppe,)[Ps(Hp)] is a PSD

matrix and hence can be written as WIWT for some operator W supported on supp(n¢) N B. Then
it is not hard to see that for any state |¢), we have

dim(supp(W))

(Bloonle) = D @WH(SlalaWli)|g) > 0. (5.79)
i=1
Overall, we have
‘tl" [pg(H)Olog] —tr [pg(HB)5330102” < Cle_a4£. (5.80)

Similarly, we can replace tr[pg(H)O;] with tr[pg(Hp)GspO;] up to an exponentially small error in
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ltr [ps(H)O;] — tr [ps(Hp)Gap04]| < de ™ ie {1,2}. (5.81)

We can now plug these expressions into the covariance (5.52). Since | tr[pg(HpB)daopO;]| is just a
constant, we see that there exist constants ¢’ and a5 such that

| tr [pg(H)O105] — tx [ps(H)O1] tr [ps(H)O2] |
= | (tr 10s(Hp)5550104] + c'e—w) - (tr [0s(Hp)5o501] — c'e—w) (tr [0s(H)G5505] — c’e_aM) |
< | tr[pg(Hp)5op0102] — tr [pg(Hp)GapO1] tr [ps(H)Gap0s] | + e, (5.82)

Using a similar approach that led to the bound (5.53) proved in Theorem 148, we get
|tr [ps(Hp)5950102) — tr [ps(Hp)Gap01] tr [ps(H)5op0s] | < c|Ble~distO1:02)/¢, (5.83)
Combined with (5.82), we have
| tr [ps(H)0100] — tr [pg(H)O1] tr [ps(H)Oo] | < | Ble™ st O1:02)/¢ 4 et (5.84)

Since all the coefficients in the bound on the right-hand side are constants, it suffices to choose ¢
large enough so that it is negligible compared to the ]B\e*diSt(Ol’OQ)/ € term. This is possible because
we assumed OC is sufficiently (but still only constantly) far from O, Oz. This allows us to get a
bound that does not depend on n as before, hence finishing the proof. O

Remark 151. Recall that from (5.15) we know that the error of truncating the belief propagation
operator 1 is

I — | < eorlOPImeet, (5.85)

In our setting, the dependence of the error bound on 1Bl makes this result only be applicable when
A is a 1D lattice. Otherwise, since |0B| is proportional to diam(B)P~', we cannot choose length ¢
small enough compared to diam(B). Hence, we do not get a local operator as required.

5.6 Exponential decay of correlations implies analyticity

In this section, we focus on the converse of Theorem 148. In Section 5.5, we showed that the
exponential decay of correlations is a necessary condition for the analyticity of the free energy. In
this section, we ask if this condition is also sufficient for the analyticity. This was first established for
classical systems by Dobrushin and Shlosman [DS87]. It appears that the quantum generalization of
that proof requires the development of new tools. The goal in this section is to identify these tools.
Our contribution is to extend the result of [DS87| to classical systems that are not translationally
invariant and express the proof in a language that is suitable for the quantum case.
Here, for clarity, we consider a simpler version of Condition 1 that is stated below:

Condition 1’ (Analyticity of the free energy). The free energy of a geometrically-local Hamiltonian
H is §-analytic at inverse temperature 3 € RY if for all f' € C such that |8’ — B| < 4§, the free
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energy is analytic and there exists a constants ¢ such that
‘log (tr [e*ﬁ/HD‘ < cn. (5.86)

Recall that in Condition 1, we assumed that the free energy of a post-selected state is analytic
and bounded. In comparison, Condition 1’ only includes partition functions with an open boundary
condition. For algorithmic purposes, like the one in Section 5.3, this version is sufficient. How-
ever, with small modifications, the same proof can be adapted to show Condition 1 with arbitrary
boundary conditions.

Our goal is to derive Condition 1’ assuming that the correlations in the system decay exponen-
tially. We restate this condition for convenience.

Restatement of Condition 2. The correlations in the Gibbs state pg(H) of a geometrically-local
Hamiltonian decay exponentially if for any local Hermitian operators O1 and Oy and any region B
such that supp(O1),supp(O2) C B, there exist constants & and ¢ such that

| tx [ps(H)O010s] - tr[ps(H)O1] tr [p5(H)O2] | < e| BJO1][|Osfle4O102)/¢. (5.87)

Remark 152. Technically, we use a stronger version of Condition 2 in our proof which is often
called strong spatial mizing. Under this condition, when we set two boundary conditions, their effect
on a distant site decays exponentially with the distance from the part of the boundary where the two
different boundary conditions differ rather than with the distance from the whole boundary.

Although we consider classical systems, we find it more convenient to continue using quantum
notation. This also makes it easier to point out where the proof breaks for quantum systems. The
reader, however, should note that the terms in the Hamiltonian are all diagonal in a product basis
and the projector operators we use basically fix the value of classical spins.

More formally, we prove the following theorem in this section.

Theorem 153 (The decay of correlations implies analyticity for classical systems). Let H =
>t H; be a geometrically-local Hamiltonian of a classical spin system, i.e. the local terms H;
are all diagonal in the same product basis. For such a system, the exponential decay of correlations
given in Condition 2 implies analyticity of the free energy in Condition 1°.

We prove this theorem in multiple steps that are formulated in Propositions 154, 155, and 157.
An outline of the proof is given in Figure 5-4. It turns out that Proposition 154 and Proposition 155
continue to hold for commuting Hamiltonians, so we give their statements and proofs for these
Hamiltonians. However, for reasons to be highlighted in its proof, Proposition 157 only holds for
classical systems.

Proof of Theorem 153. The proof is immediate from the combination of Proposition 155, Propo-
sition 154, and Proposition 157. O
5.6.1 Step 1: Condition 1’ from the complex site removal bound

Our first step, stated in Proposition 154, is to show how a variant of the complex site removal
bound that we discussed in Section 5.4 allows us to find an upper bound on the absolute value
of the free energy as in Condition 1’. Compared to the bound (5.25) in Section 5.4, this variant
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Condition 1’
Analyticity of the free energy

Proposition 154

[ Complex site removal bound (5.88) ]

Proposition 155

Small relative phase with
different boundary conditions (5.99)

Proposition 157

Ezxponential decay of correlations

[ Condition 2 ]

Figure 5-4: The structure of the proof of Theorem 153. We follow a series of reductions to show
Condition 1’.

includes setting a non-trivial boundary condition after removing a subset of lattice sites. To avoid
subtleties arising from entangled boundary conditions and projectors, we need to give a slightly
different proof compared to what we did before (5.24).

Proposition 154 (Condition 1’ from the complex site removal bound). Let H = > " | Hy be a
geometrically-local Hamiltonian with mutually commuting terms on lattice A. Let P be a projector
acting on OA where A C A is a region of constant size®>. We denote the terms in H acting on A or
OA by H' and the real and imaginary parts of 3 € C by B, and B;. Suppose when |B;| < & for some
sufficiently small &, there exists a constant ¢ such that

‘log ( trauale” ] >' <e (5.88)

trqu94 [e =P P]

Then,

1. The observables supported on A like H o have bounded expectations with respect to the complex
perturbed Gibbs state pg(H). That is, there exists a constant ¢ such that |tr [Hapg(H)]| <
NHal.

1. Condition 1’ holds for this system.

Proof of Proposition 154. By using Lemma 139, we have |log(tr[e™?H])| < O(n). Hence to

®Recall 4 is the boundary of A and is inside A. For a (k, R)-local H, 9A = {v € A\A: I’ € A, dist(v—2') < R}.
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show (5.86), it is sufficient to show that
trfe=PH]

The difference between the numerator and denominator of (5.89) is the addition of the complex
perturbations 5, H = > ;" | f;H, to the exponent of the numerator. Instead of adding these terms
all together, we can add local terms [; Hy, step by step. We do this by setting up a telescoping series
of products such that in each fraction, a new term (;H}, is added. We have

tr[e_fBH] tr[e—ﬁrH—iﬁi o Hk] tr[e—ﬁrH—iﬁi st Hk] tr[e—ﬁv-H—iﬁiH1] £ 90
tr[e—ArH] a tr[e_BTH_i/Bi St Hk} tr[e—BrH—iﬁi iy Hk] T tr[eArH] (5.90)
Hence,
1 J+1
tr[ m H—if; 371
‘log < L )‘ il (5.91)
tI‘ =0 tr BrH—if; Zk:() k]

in which we set Hy = 0. Since for interactions considered in this paper m = O(n), we can derive
the bound in (5.99) by showing for any 7,

(st
log ‘ < O(1). (5.92)
tr

[e_ﬁT'H_Zﬁl Zk:o Hk]
To do so, we define ~;(t) for t € [0, 1] to be
75(t) = log (trfe =10 Ko Himibiti 1)) (5.93)

Then, the left hand side of (5.92) can be written as

] tr[ —if3; Z]+1 ] ’ (1) (0)’
1) — . A

d;(t)
T tefo,1] | dt
tr[H e~ tBiH 1 p—BrH—iB; o Hy
= |3;| max e —— ] (5.94)
tE[O 1] tr[ _Ztﬁz j+16 ’I’ _7151' Zk:O Hk]

For aregion A C A, let H4 and H' be parts of the Hamiltonian acting on A and AUJA, respectively.
One can see that for any choice of j and ¢, finding an upper bound like the one in (5.94) is equivalent
to bounding a local expectation term like

_ﬂH/

te[Hoaps (H)] (5.95)

: e
tr HAe—(ﬁr-i-ztﬁi)HA
[ Zs(H)

for some suitable choice of A. We also assume, without loss of generality, that all local terms in H’
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are complex perturbed. Using the Holder inequality, we get

—BH’ (e—BH
—(BotitBVH A € (BoitBVH A T AlE ]
tr HA@ (ﬁr“l‘ltﬂl)HA — tI'A HA@ (6r+ltﬂz)HA A
[ Zs(H) Z3(H)
Al tr *[e*BH/]
< | HaleP1Hal gloAl Aiﬂ (5.96)
Zp(H)

Since |A| = O(1), we only need to upper bound the largest singular value of trz[e™?H']/Z5(H),
whose support is only on A, by a constant. Let |u) and |v) be the left and right singular vectors
associated with the largest singular value. We claim that there exists a rank 1 projector P supported
on JA such that

‘trA[e_ﬁH ] H = try4 tigle 7] |u) M]
Zs(H) Zs(H)
e‘ﬁH’
< (24 V2) |trau9a Zﬁ(H)P] ' (5.97)

This can be derived by noting that |u)(v| can be decomposed as sum of rank 1 projectors as follows

) ol = 2 (R + o) ol) + il ™| + ) (] (5.99)

where |wT) = %(|u> +|v)) and |w™) = %(|u> +i|v)).
Finally, using the premise of this proposition given in (5.88), we get both (154) and Condition 17,
which concludes the proof. O

5.6.2 Step 2: The complex site removal bound from the small relative phase
condition

Proposition 155. Consider the same setup as that of Proposition 154. Let P and @Q be projectors
acting on OA. Let 0(5) be a complex function depending on H, P, and Q, but constant in n such
that for any positive constant ¢, c|0(6)| > § for sufficiently small §. We can, for instance, assume
10(8)| = V8. Suppose when |B;| < & for some sufficiently small 5, we have

trﬁuaA[eil:'BiH/Pﬁr (H'|P)]
tr 104l pg, (H'|Q)]

Then, the complex site removal bound (5.88) given in Proposition 154 holds, i.e.

log fraua [eiﬁH]
trqu94 [e= PP

Before getting to the proof of this proposition, we first state and prove a relevant lemma.

=1+ |0A|6(). (5.99)

<ec. (5.100)

Lemma 156. Consider the same definitions as in Proposition 155. The ratio of the unperturbed
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partition functions (with real B) with different boundary conditions can be bounded as

tr 1004 [e_ﬁTH/ Q] .
<c (5.101)

log 7 =
tr 4,04 [e~P 1" P]

for some constant ¢ depending on |0A|.

Proof of Lemma 156. Let Hz be terms in H' that are acting solely on A. That is, the sup-
port of Hj; does not overlap that of P and (). This means for instance, trj 54 [efﬁTHAQ} =
trz [e7PrH4] tr[Q]. We have

tavon [ Q) inysiq) tavon [P 1Q g s [errtap)
travpale Pl trpaPltraupa e P HaQ) trapale P

(5.102)

The first ration on the RHS of (5.102) can be bounded as |log(tr[Q]/tr[P])| < O(|0A|). For the

remaining two ratios we have

: T Au04 [G_BTH/P}
og — - =
tr 1094 [6 ﬁTHAP]

/01 dt% log <trAuaA [e—ﬁr(HA‘H(H’—HA))p} ) '

tr a0 | By (H' — Hg)e SrULatti'=H) p)
< max

- tE[O,l] trAUaA [efﬁr(HA‘Ft(H/*HA))P]

tr 1004 [—&(H’ — Hg)e—%(Hﬁt(H’—HA))Pe—%T(Hﬁt(H’—HA))}
< max

T t€[0,1]

tr 4004 | T A =HA) pe=fF (LattH ~H)]

< ||Be(H' — Hy)| < B,0(|0A|)h (5.103)

Similarly, we can exchange the role of P and @ to get a similar bound for ). All these bounds
together imply the bound (5.101). O

Proof of Proposition 155. We show how assuming equation (5.99), we can derive a lower and
an upper bound for

trx e PH
Aua | H,] . (5.104)
tr 4up.4 e~ P]
We decompose the expression (5.104) into two parts denoted by Ly and Lo as follows
_ | e—BH'
traoa [e ] try | e—iBeHa—BrHa b {e }
tr 4ug. e~ P] tr 4ug. e~ P

= L1 + Lo, (5.105)
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where

_ BrH tra [6_5H,}
1=t —hritA 5.106
R tr4uga e M P ( )
- iB; H BrH tra {eiﬁHq
Lo=1t WA )T PrHaA ; 5.107
2 =tra (e Je tr 194 e~ PH' P (5.107)

All the complex perturbations acting on A are moved to the second part Lo which is analyzed later
and shown to have only a small contribution.

Let {|tx)} be the set of eigenstates of the operator H,4 that span the Hilbert space of A. The
term L1 can be written as

raua e P ) (e

triupa e PH'P]

Ly =) (tle A lyy)

k

B tr iU 4 [6_5 Htr 0 |¢k><¢kq
B zk: ek tr 404 e PH' P

AUOA

_BH'
> tras0a ¢ Q]
- err ik — 7 P
Gk ! trAu(?A [6 pH P]

(5.108)

where the first line follows from {|¢)} spanning the Hilbert space of A. In the second line,
we denoted (¢y|e Prfalyhy) by positive coefficients ej. In the last line, we used the fact that
tra\9.4 [¥k) (k| s a density operator on OA and can be decomposed into a convex combination of
projectors @, supported on 0A with positive coefficients 7. In other words,

tr ay08 [0R) Wkl =D 75k Qjike (5.109)

J

From the assumption of the theorem given in (5.99) we get

trau0a ¢ Q)

trqu94 [e P P]

= ajs; (14 10A410;%(9)) , (5.110)

where

trauoa [ Qs

p = ; 5.111
P (5.111)

is the ratio of the real partition functions, and according to Lemma 156,
|log aj | < O(|0A]). (5.112)
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Hence, we get the following expression for Lj:

L, = Zajvkrjvkek (1 + |6[1|9j7k(5)) . (5.113)
7,k

This allows us to find a lower bound on this term. Since all coefficients o i, 7k, and e are positive
constants, Eq. (5.113) is sum of complex numbers with various magnitudes that have small complex
phases at most proportional to |0A|6;x(5). The absolute value of the sum of these complex numbers
is at least the sum of their real parts. In particular, since A is a region of constant size, by choosing
a sufficiently small 6 such that §|0A| < 1, we can ensure that the real parts are all positive and
add up to some non-zero value. More precisely,

Li] > [ D ajarjrer | cos (¢"|0A[6(5)) > Q(1) for & < |OA. (5.114)
7.k

We can also get an upper bound on |L;| using the expression (5.113). We have

|L1| < (1+[04]) Zaj,ij,kek <0(1) (5.115)
ik

Now, we look at the second term Lo. Similar to the previous bound, we can find a projector Q
and a constant ¢’ such that

trz {e‘ﬁHl}

tr 1094 [e =P P]

| a [,
|tr 1091 [ PH' P]|

L] = |tra | (7500 — m)e il < e n — e

< G| Ha|dlP AL (5.116)

We used a bound similar to (5.110) to get to the last line.

All bounds (5.114), (5.115), and (5.116) depend on |A| which is a constant. Also, as J is made
smaller, (5.116) becomes negligible compared to (5.114) or (5.115). Hence, if § is chosen to be
sufficiently small yet still a constant, we get the desired bounds:

tr 5 [e_ﬂH,]

trqupa le P P]

O() > |L1| +|L2| > > |L1| = |L2| = ©(1). (5.117)

5.6.3 Step 3: The small relative phase condition from Condition 2

Proposition 157. Let H = )" | H; be a geometrically-local Hamiltonian of a classical spin system.
Suppose the correlations in this system decay exponentially as in Condition 2. Then, the bound given
in (5.99) holds for this system.

Proof of Proposition 157. The proof is by induction. The lattice A is already divided into
regions A and A according to Propositions 154 and 155. We further split the region A U 9A into
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a constant region B and its complement B. For reasons that will become clear shortly, it suffices
to fix an arbitrary site  on A and choose region B such that dist(0B,z) > £, where ¢ is the
correlation length in Condition 2. We assume inductively that (5.99) holds for B. Then, using the
decay of correlations, we show that even after adding the contribution of region B, Equation (5.99)
still holds for the region A UJA = B U B.

Since we are considering classical systems, the projectors P and @) set the value of the boundary
spins, each of which attains d distinct states, to some fixed values denoted by strings s, and s,
where s, or 4 € [d]I?4. Hence, P = |s,)(sp| and Q = |s,)(s,|. Assume s, and s, differ on ¢ sites.
Consider a series of strings s, ..., s; such that s; = s, s; = s4, and s; and s;; differ only on one
site. Denote the corresponding projectors by Py, Ps, ..., P;. We can set up a telescoping product
for (5.99) as follows:

tr qupale” P pg, (H'|P)]

trgupale 4 pg, (H'|Q)]

_ travoale™ " pg, (H'|\P)] trauoale ™™ ps, (H'|Po)]  traupale™ "™ ps, (H'|Pr—1)]
travpale™ " pa, (H'|P2)] tr qupale™ P pg, (H'|P3)]  traupale P pg, (H'|P)]

(5.118)

One can see that to get the desired bound in (5.99), it is enough to show the following bound on
these ratios:

tr qupale P pg, (H'|P)]
tr qup.ale = pg, (H'|Piy1)]

=1+6(5) (5.119)

for () satisfying the conditions given in Proposition 154. This is why we define region B around
a single site on JA.

To simplify the notation, we keep using P, @) instead of P;, P; 1 for the rest of the proof bearing
in mind that they differ on one site. In order to show (5.119), we change the left-hand side to a
slightly different expression that makes it easier to see the connection to the decay of correlations.
We have

B H (i H npy _ .
travoale” " pg, (H'|P)] _ - trau04 |€ (P@(H |P) = ps, (H'|Q)) | (5.120)
tr qupale "% ps, (H'|Q)] traup. [e= 0 pg, (H'|Q)]

To derive (5.99), we can alternatively show

tr 404 [efwiH (ps, (H'|P) = pg, (H’!Q))]

traup4 [e= P ps, (H'|Q)]
The steps that we take to prove this equation are very similar to the ones in the proof of Proposi-
tion 154. Recall that H’ consists of the terms in H that act on A U JA. Similarly, let H” be part

of H' that acts on B UdB. We also define T to be a projector (which again assigns a value from
[d] to the boundary spins) supported on 95.

We divide both the numerator and the denominator of (5.121) by trz sgle %" ps, (H"|T)].
This does not change the fraction but allows us to use the induction hypothesis. Similar to what
we did in (5.105), we split the numerator into two parts, denoted by M; and My, such that the

= 0(5). (5.121)
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complex perturbations acting on B are all moved to M. We get

tr 4004 [~ (o, (H'|P) = s, (H']Q)|
trpuap e~ pg, (H"|T)]

= M7 + Mo, (5122)

where
tr 1004 [fwiH" (pp, (H'|P) — pg, (H’!Q))]
trpuap le = " pg, (H"|T)]

| i [e-iﬂiH"(e—iﬂi(H'—H’” — 1) (ps, (H'|P) — pg, <H'|Q>>]
2 trp005 [P pg. (H"|T)] '

M, =

(5.123)

Now we use the crucial fact that pg (H'|P or @) is a classical probability distribution that has the
Markov property. In other words,

Lemma 158. For any diagonal operator O supported on B U OB, we have

tr 40940 pa, (H'|P)l = > trpugp [0 ps, (H"|P.)] trz094[Ps ps, (H'|P)), (5.124)
s€[d]19B

where s denotes the state of the spins on OB and Py is the corresponding projector.

This equality follows from the law of total probability. The term tr g 54[Ps ps,(H'|P)] is the
probability of the boundary spins being in state s while trz 55 [O ps,.(H"|Ps)] is the expectation
value of O conditioned on the state of the boundary spins. The fact that we only need to condition
on the value of the boundary spins follows from the Markov property of the Gibbs distribution. We
postpone a more detailed proof of Eq. (5.124) until after the end of this proof.

Using (5.124), the term M; can be written as

tr3008 [e—iBiHN 05, (H”|P3)]
M, = g — 1| traupalPs ps, (H'|P)
se%:aB trpuapg [P pg, (H|T)] AuaalPs pg ]

o [ U] N
—iBH" - T Au0AlLs PB,
rauon 6P pg, (H'|T)] LoALTs 5

se[d]‘ag‘

tr5005 [e_iﬂiH” pp, (H ”IPS)]

= Z trBuaB [efiﬂiH“pﬁ (H”’T)] -1 (trAUaA[Ps PBr (H/’P)] - trAuaA[Ps PBr (HI‘Q)]) .
se[d]‘aé‘ "

(5.125)

For later convenience, we added and subtracted 1 in the first equality. We can now use the induction
hypothesis and the exponential decay of correlations property to bound M;. From the induction
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assumption (5.99) we see that for sufficiently small §

trpuap e P Pﬁr(H”|Ps)}

- =1+ |0B|6(6). 5.126
tpoan [ P ps, (HVTT)] 19B16( (5.126)

Moreover, we let © € B be the site on which P and @ differ. Then, the assumption of the exponential
decay of correlations (5.52) implies

trvo5los, (H'|P)] = tra\o5l0s, (H'|Q)]| < cemstIBI/E, (5.127)
Overall, (5.126) and (5.127) show that |M;| can be bounded as follows:
M| < c0(5)||0B|e =B/, (5.128)

Similarly, one can show that

My =
trpu05 [e_wim ps, (H ”!Ps)} o
- T 5 a —Zﬁi(H—H)i]]- P, 7'p) — 7
dwmmwwwmen]’mmw )Ps (ps, (H'|P) — ps, (H'|Q))],
(5.129)
which again by using (5.99) and Ese[d]\Bl 2 1,941Ps ps, (H'|P)] = 1 can be bounded as
|Ms| < "6|Hp|(1 + |0B]|6(5)]). (5.130)

We next analyze the denominator of (5.121) that similar to the numerator is first divided by
trguon [e‘iﬁiHﬁpﬁr(H”T)}. We can follow similar arguments to Section 5.6.2 to show that for
sufficiently small §, we can lower bound this term by a constant:

tavos [ 05 (1Q) > (1) (5.131)
trguap e pg, (H"|T)] — ' '

Finally, we can insert these bounds in (5.121) to get the following upper bound for some constants
c1 and c¢g:

tr g0 |€ P H (pp, (H'|P) — pa. (H'|Q))

o P s (0] < al0(8)|[0Ble” OBV + cad] Hs (1 + 0B0(0)).
U v

(5.132)

Since #(8) can be chosen as /9 for instance, for a fixed dist(z,dB), we can always choose ¢ small
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enough such that

c2d|Hp|| (1 + |0B]]0(9)])
S disi(@dB)/E = 5.133
110(8)||0B|e—dist(=0B) /€ = €3 ( )

for some constant c3 < 1. We can also choose dist(x, 9B) sufficiently large enough so that
c110(5)||0Ble~ s @0B)/E < |g(5)|. (5.134)

Without the term e~4st@9B)/€ that originates from the decay of correlations property, we could
not ensure that the bound |0(0)] is recovered after the induction step. O

Here, we prove Lemma 158 that we mentioned during the proof of Proposition 157. We restate
the lemma for convenience.

Restatement of Lemma 158. Consider the same setup as in Proposition 157 in which we restrict
ourselves to classical Hamiltonians. For any diagonal operator O supported on B U OB, we have

tr 4004[0 ps. (H'|P)l = > trpuep [0 ps, (H"|P)] trzpalPs ps, (H'|P)], (5.135)
se[d]\f’g\

where s denotes the state of the spins on OB and Py is the corresponding projector.

Proof of Lemma 158. We have

1,01 [0 s, (H'IP)] = tra 1 |O P
T A9 =1tri,9i BLOR
AUBA PBr AusAd |YBuaB £ 10 [G—BTH’ Pl
Dot E e PPy P PHTTHIP trp pple M Py
= TAuoA |YBuoB —BH" —Br H'
o V95 trpuaple 1 Py tr 4up. (671 P]
s€[d]I9Bl L
r _BT‘H”P _BH/P
e s e
= trzuas |OBuon —H triu04 | P —ZT
se%':f’m TP trpuaple PP | AR traggale P
= > trauos [Opuos s (H'|P)] tr 4,94 Ps ps, (H'|P)], (5.136)
se[dﬂaB'

O

Remark 159. A first step in generalizing the proof of Theorem 153 to the quantum case would be
to consider commuting Hamiltonians. While some parts of the proof already apply to these systems,
the one in Proposition 157 does not immediately go through. One issue is that the decomposition
(5.118) does not have a quantum counterpart. In particular, when comparing the effect of two
entangled boundary projectors, we cannot write a telescoping product that reduces this to comparing
local projectors. Perhaps by using the commutativity of the terms in the Hamiltonian, we can find
a structure in the projectors that allows us to overcome this problem. We leave this for future work.
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5.7 Extrapolating from high external fields and Lee-Yang zeros

In this section, we study spin systems whose interactions are described by two- or one-body terms.
For qubits, such systems are generally described by Hamiltonians of the form

Hp)=— Y Jloa@o,— Y (hfX;+hlY; + phiZ;), (5.137)
(i,j)eE icV
a,be{z,y,z}
where Ji“jb, h¢, 1€ R and o, € {X,Y, Z, 1} are Pauli matrices. The interaction graph, as usual, is

denoted by G = (V, E) with |V| = n and |E| = m. Physically, the two-body interactions Jiajb are
due to the coupling between the spins of the particles on adjacent sites, whereas the one-body terms
h{ characterize the interaction of spins with some external magnetic field.

Remark 160. For later convenience, we introduce an extra factor p before the Z; terms in (5.137).
One can think of u as the maximum strength of the external field in the z-direction. As explained
below, this parameter plays the same role as B in the extrapolation algorithm of Section 5.3.

In Section 5.3, we developed approximation algorithms for the partition function of a quantum
many-body systems by extrapolating from high to low temperatures. In this section, we again use
the idea of extrapolation, but this time our parameter of interest is p, the magnitude of the one-
body terms in the z-direction. The physical motivation for this approach is that when the system
is subject to a large enough external field in a specific direction (the z-direction in our case), all
the spins align themselves in that direction, and estimating the properties of the system becomes
trivial. However, as we move to smaller fields, the other interaction terms between the particles
gain significance, making the problem non-trivial.

In order to apply the extrapolation algorithm in Section 5.3, we need to know the locus of
the complex zeros of the partition function as a function of the external field u. As mentioned in
Section 5.1, these are called Lee-Yang zeros. We can exactly determine the locus of these zeros when
the Hamiltonian (5.137) describes a ferromagnetic system, i.e. when the neighboring spins tend to
align along the same direction. This is a result of Suzuki and Fisher [SF71]. There, by generalizing
the result of Lee and Yang [LY52]|, they show that all the complex zeros lie on the imaginary axis
in the p-plane. Theorem 163 covers this result.

The key step is to map the quantum system to a classical spin system using the quantum-to-
classical mapping (see for example [SE71, Bral5| ). Then, by the result of Theorem 133, instead of
studying the zeros of the quantum system, we can focus on the zeros of a classical system.

The classical spin system that we obtain involves 1-, 2-, and 4-body terms in its Hamiltonian.
We represent the terms in the Hamiltonian with functions Vi ;, Va;, and Vj; ; that assign possibly
complex numbers to their input spins. The indices of these functions refer to the number of particles
that they act on and the coefficients of the original quantum Hamiltonian that they depend on.

Proposition 161 (Quantum-to-classical mapping, cf. [SF71]). Consider a 2-local Hamiltonian H as
in Bq. (5.137). Let z; = eP*5/m and e = B/n. This Hamiltonian can be mapped to a 4-local classical
spin model involving n' = nn spins s € {£1} with the interactions of the form Vi,; : {£1} — C,
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Vou (1) o €, and Vi < {21} C such that exp(Vig(sa)) = #° and
1 hZ+ihY
Z exXp (V2,z'(sav sp)) |sa)(sp| = (E(hfﬂ'hf) o 1 Z)) ?
Sa,spE{£1}

> exp (Va,ij(8a; 8by Sars 1)) [8ay Sar) (Sbs S| =
8a35b,S 4! »Sp! e{£1}

IteJ7? e(—iJ ) +JI5") e(—i 7 +JT57) e(JHF =Py —id Y —id )"
(i} +IFF) 1—eJ7? e(JEP TP i) —id )T (i} —JE7) (5.138)
(Y +TE) e(JEF T =i T i) 1—eJz? (i) —J5F) )
e(JEP =T iV i YT e(—id Y —JE7) e(—id; ) —=J5") I4eJ 7

The partition function of this classical system is of the form

Zao(w)= Y exp| > Viilsa)+ > Vai(sa,sp) + > Vaij(Say Sbs Sary S17) |

S1,..,8n€{£1} icV icV (t,j)€EE
! acky, (a,b)EEs,; (a,b,a’,b’)€E47i,j

(5.139)

where E1;, Fa;, and Ey;; are certain unordered subsets of vertices that depend on the choice of
i,7 (see the remark below), and we included the effective temperature of the classical system in the
coefficients V14, Vo i, and Vy; j. Moreover, in the limit n — 0o, the partition function of the classical
model uniformly converges to that of the quantum system.

Remark 162. The details of the interaction (hyper)graph of the classical system in Proposition 161
is not tmportant for our purposes. We can think of this graph as n copies of the original interaction
graph G = (V, E) stacked on top of each other. These copies are coupled together by the application
of Vi,i,Va,i, and Vy; ;. While the interaction terms like Vi ; apply to all vertices, the terms Vo ; act
on a vertex in one of the copies of G and its clones in the neighboring graphs. The set Eo; denotes
the set of all such two vertices that Va; acts on. Similarly, the set Ey; ; corresponds to all four
vertices that interact through Vy; ;.

In Proposition 161, the dependency on p only appears in the 1-body terms V; ; and parameters
z;. Also, since we do not rely on sampling algorithms, we do not restrict ourselves to stoquastic
Hamiltonians as in [BDOTO08| or [BG17|, but we later put constraints on the coefficients Jiajb to
make the Hamiltonian ferromagnetic.

5.7.1 Complex zeros of ferromagnetic systems

We now state a generalized Lee-Yang theorem that characterizes the locus of the complex zeros of
certain classical spin systems.

Theorem 163 (Generalized Lee-Yang theorem, cf. [SET71]). Consider the classical spin system
described in Proposition 161 or more generally one that satisfies the following conditions:
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(1)
Va,i(—Sa, —8p) = Vai(Sa, Sb)

‘/47i7j(_sa7 —Sb, —Sa/» _Sb/) = VZ’L'J(SG7 Sbs Sa’s Sb/) (5140)
(ii)
1
lexp (Va(+1,+1)) | = 7 > fexp (Vai(si s9)) |
Sa,spE{£1}
1
[exp (Vaij(+1, 41, +1,4+1)) | > 5 > | exp (Vaij(Sas Sty Sars 7)) |- (5.141)

Sa,Sb,Sgr,Spr €{E1}

Let Z.o(1) be the partition function of this system as a function of p for a fized 5. Then, the zeros of
this partition function, i.e. the solutions of Z.(u) = 0, are all on the imaginary axis in the complex
w-plane, that is, Re(u) = 0.

Proof of Theorem 163. Refer to [SE71] for the detailed proof of this proposition. Here we only
sketch one of the main ideas in their proof.

For simplicity and in order to roughly see why conditions (i) and (ii) are sufficient for the zeros
of the partition function to lie on the imaginary axis, we neglect the Vj; ; terms and focus on the
Vi, and Vo ; interactions. Recall that z; = PR/ and exp(Vi,i(sq)) = 2. Then, Z;;j(z,2;) =
Zsa,sbe{il} ze zjb exp(Va,i(si,55)) is proportional to the partition function of the system when all
spins except s, and s, are fixed to some certain values {sy }rza,p-

Consider the solutions of Z;;(z;,2;) = 0. It is shown in [SF71| that if such a solution satisfies
|zj| > 1 and |2| > 1, then we can find another solution such that |z;| = 1 and [z;| > 1 (a similar
result holds for |z, |z;| < 1).

Here, we show that when |z;| = 1, we also necessarily have |z;| = 1. Since z; and z; depend on g
through z; = ePHhi/m we see that the partition function can only vanish when Re(p) = 0. Although
we do not show it here, it turns out that this condition is actually sufficient to show that the whole
partition function, without any fixed spins, also has complex zeros only on the imaginary axis.

We have
Zij(2i, 25) = Z ;" exp (Va,i(+1, ) | 2 + Z 23" exp (Va,i(—1, sp)) z7t. (5.142)
sp€{£1} spe{x1}
Using the condition (i) in (ii) we see that
lexp(Vai(+1,41))| > |exp(Va,(+1,—1))]. (5.143)

If we consider |z;j| = 1, this implies >, o113 27" exp(V2,i(+1, sp)) # 0. We use this in Eq. (5.142)
to find the solutions of Z;;(z;, zj) = 0 for some |z;| = 1. We get

| 2 seqay 25 exp (Vai(—1,85)) |

5 , 5.144
oo 27 oxb (Vai(+1,%))] (5.144)

|2 =
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but another application of condition (i) implies |z;| = 1 as desired. The rest of the proof for the
whole partition function involves a recursive use of this conclusion and shows that the location of
the zeros remains on the imaginary axis when different interactions are summed over in the partition
function. O

Remark 164. Instead of u, it is common to consider the partition function as a function of e*.
In this case, the complex zeros are located on the unit circle in the e”-plane. Hence, the Lee-Yang
theorem is often called the circle theorem.

The connection between Theorem 163 and quantum ferromagnetic systems is established through
the following theorem.

Theorem 165 (Zeros of ferromagnetic systems, cf. [SF71|). Let H(u) be a 2-local Hamiltonian as
in Bq. (5.137) with Ji7, JEF, J77, J = 0 defined over an arbitrary interaction graph that is not
necessarily geometrically local. Suppose h? > 0, and additionally, the following constraint is satisfied

by the coefficients:
s (o) (e )] (e ) (- )] e

Then, the partition function of this system only vanishes when Re(u) = 0.
When ijy = ijx =0, this condition simplifies to

JE > I, I > ]I (5.146)

This characterizes the ferromagnetic Heisenberg model given by

H=- )" (J;;vain + JIYY; + JffZiZj> = (WX + WYY + phiZ;) (5.147)
(i.))EE 2%

Proof of Theorem 165. The proof follows by applying Proposition 161 to map the quantum
system (5.137) to the classical system in (5.138). One can see that if the quantum system satisfies
(5.145), then the corresponding classical system satisfies the conditions (5.140) and (5.141). Hence,
the generalized Lee-Yang theorem in Theorem 163 shows that the zeros of the classical system are
located on the imaginary axis. As the error € in the mapping goes to zero, we get a family of
classical partition functions that approach the quantum partition function. Theorem 133 implies
that the complex zeros of the quantum and classical systems coincide in the limit of € — 0. Thus,
the complex zeros of the quantum system are also located on the imaginary axis. O

Remark 166. One can extend the result of Theorem 163 to include interactions between spins
greater than spin 1/2. It is shown in [Suz69] that the partition function of the Heisenberg model
with spin s particles can be mapped to that of a spin 1/2 Heisenberg model as in (5.147). Therefore,
the Lee-Yang theorem holds for these systems too.

5.7.2 An algorithm for the anisotropic XXZ model

In Section 5.7.1, we studied the location of the complex zeros of a 2-local Hamiltonian when the
external magnetic field p is varied. Here, we focus on a specific subclass of those Hamiltonians
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for which we can find an approximation algorithm. Particularly, we consider the anisotropic XXZ
model which has the following Hamiltonian:

zZ /'L
H(p) = — § (Jij (X X; + YiY;) + JE Z;Z;) — 3 § (Z; +1). (5.148)
(i.J)EE eV

Compared to the Heisenberg model, the XXZ model assigns equal coefficients to the X;X; and Y;Y
terms and does not include X; and Y; terms. An important property of this model that we use in
our algorithm is that

H _
H(p), 5 Z(Zi +1)| =0. (5.149)
eV
To see this, notice that [X;X; +Y;Y;, Z; + Z;] = 0.
Let |s1,$2,...,5,) be an assignment of spins 41 to all the vertices. Any such vector is an
eigenstate of 1/2>"" | (Z; + 1), that is,
1 1<
52(@ +1)[s1,82,...,8) = 5(2 si+n)|s1,89, ..., 5n). (5.150)
=1 =1

Let Hj, denote the eigenspace of 1/2>"" | (Z; + 1) that corresponds to the kth eigenvalue. This
subspace is spanned by the binary strings of length n with Hamming weight k. We have:

n

23z + D) = k). (5.151)

Vo) € His 5
=1

We can partition the Hilbert space of the n vertices H into H = @xHy. The dimension of each of
these subspaces dim(#y,) is (). Since (5.149) holds, the partition function of this model can be
written as a polynomial in z = exp(Spu).

Lemma 167. The partition function of the anisotropic XXZ model with p < 0 given in (5.148) can
be written as

Zg(H(p) = ar, (5.152)
k=0

where z = ePF and the coefficients qi, are defined by

g = tryg, [ef Zaren (XXt ¥V H I 2.25) | (5.153)
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Proof of Lemma 167. We have

Z(H(p)) = trple P ®)]

— trgy e T en (XX YY) 4T 225) o 6u/2 Y ey (Zid D) |
n
_ Z eﬁuk tryy, [86 Z(i,j)eE(Jij (Xin+3Q3/j)+JiZjZZiZj)]

k=0
n
=2 a
k=0
O

Remark 168. In Lemma 167 and what follows we assume for simplicity that p < 0 and Taylor
expand in z. If u > 0 we can pull out a factor of 2™ and expand in 1/z instead.

Now, we are ready to state an algorithm for this model.

Theorem 169 (Approximation algorithm for the partition function of the XXZ model). There
is an algorithm that runs in nCU8/E) time and outputs an e-multiplicative approzimation to the
partition function of the anisotropic XXZ model in the ferromagnetic regime, i.e. when Jii = | Jij]
and [ is an arbitrary nonzero constant.

Proof of Theorem 169. By Lemma 167, the partition function is a polynomial of degree n given
in (5.152). The location of its zeros is given by Theorem 165. Hence, we can apply the truncated
Taylor series of Proposition 135 to obtain an approximation algorithm for Zg(H (u)).

According to Lemma 167, the partition function of this system is

Za(H () = 3 ax".
k=0

The running time of the extrapolation algorithm is dominated by the calculation of the coefficients
qr of the Taylor expansion, where g is

g = trp, [ Tioep (X YY)+ I 225), (5.154)
and dim(Hy) = (Z) In general, we can decompose the Hilbert space of the system as H = ®pHy.
The local Hamiltonian H is block diagonal in this basis. Since H is sum of local terms, it takes time
nP®) to compute the entries of H and diagonalize it in the block corresponding to the subspace Hj.
Then we can find the trace of the exponential of this block also in time n°®). Since we only need

k = O(log(n)) in the truncated Taylor expansion, we achieve an overall running time of n©{°8(?/2)),
O

Even though Theorem 165 applies to a broader class of 2-local Hamiltonians such as the Heisen-
berg model, our method does not immediately give an algorithm for those Hamiltonians. The reason
is a technical difficulty in representing the partition function of these models as a polynomial in
exp(Bu) (or exp(—pBu)) . This turns out not to be an issue for the XXZ model since the 1-body
terms ), Z; commute with the rest of the Hamiltonian.
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One might wonder why we could not use the extrapolation algorithm directly for the classical
system that we get after the mapping in Proposition 161. After all, the partition function of this
system is also a polynomial of degree poly(n) and the location of its zeros is the same as that of the
quantum system. It seems that at least naively applying this idea does not work. This is because
the point that we want to extrapolate to in the classical system is /7 instead of p. For the error of
the mapping to be 1/ poly(n), we need 1 to be poly(n). Thus, the ending point of the extrapolation
is vanishingly close to the imaginary axis where the zeros are located. This makes the running time
blow up and become exponential instead of quasi-polynomial.

Note that sampling algorithms like the ones used in [Bral5, BG17] do not encounter this prob-
lem. The running time of these algorithms remains efficient even if the parameters of the classical
Hamiltonian scale with the number of particles n. There are unfortunately no randomized algo-
rithms based on sampling known for the 4-local classical Hamiltonian obtained in the mapping
of Proposition 161. We leave extending our result to cover all the Hamiltonians considered in
Theorem 165 as a challenge for future work.
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Chapter 6

Improved approximation algorithms for
bounded-degree local Hamiltonians

Chapter summary: The low-temperature properties of interacting quantum systems are believed
to require exponential resources to compute in the general case. Quantifying the extent to which
such properties can be approximated using efficient algorithms remains a significant open challenge.
In this chapter, we consider the task of approximating the ground state energy of two-local quantum
Hamiltonians with bounded-degree interaction graphs. Most existing algorithms optimize the energy
over the set of product states. We propose and analyze a family of shallow quantum circuits that
can be used to improve the approximation ratio achieved by a given product state. The algorithm
takes as input an n-qubit product state |v) with variance Var,(H) and improves its energy by an
amount proportional to Var,(H )2 /n. In a typical case, this results in an extensive improvement in
the estimated energy. We extend our results to k-local Hamiltonians and entangled initial states.
This chapter is based on:

[AGMKS21] Anurag Anshu, David Gosset, Karen J. Morenz Korol, and Mehdi Soleimanifar. Im-
proved approximation algorithms for bounded-degree local Hamiltonians. Phys. Rev. Lett.,
127:250502, Dec 2021

6.1 Introduction

Quantum computers are capable of efficiently computing the dynamics of quantum many-body sys-
tems [L1096], and it is anticipated that they can be useful for scientific applications in physics,
materials science and quantum chemistry. The extent of the quantum advantage for other impor-
tant simulation tasks, such as computing low temperature properties of quantum systems, is still
unknown. In this chapter we consider the task of approximating the ground state energy of local
Hamiltonians. Here it is natural to expect some improvement over classical machines which cannot
even store the state of such systems efficiently. Indeed, classical methods such as the mean-field
or Hartree-Fock approximations do not capture the entanglement structure present in the true
ground state.

Motivated by small quantum computers that may be available in the near future, there has
been increased interest in devising algorithms that consume few quantum resources and can be
implemented across a wide range of hardware platforms. In this vein, heuristic algorithms for ground
state preparation have been proposed based on variationally minimizing the energy over the output
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states of shallow (low-depth) quantum circuits [PMS* 14, FGG14, KMT*17]. Although variational
algorithms have been rigorously analyzed for specific problems and some limitations are known
[MBST18, FGG20, BKKT20, BGM21|, no general treatment of their efficacy exists. Characterizing
the advantage offered by shallow quantum circuits and variational quantum algorithms stands as a
pressing challenge.

In this chapter, we derive rigorous bounds on the performance of shallow quantum circuits in
estimating the ground state energy of local Hamiltonians. For simplicity, we state our results for
a system of qubits with two-local interactions. Later in Section 6.3.5, we discuss extensions of our
results to k-local Hamiltonians.

To begin, let G = (V, E) be a graph, and consider a Hamiltonian

H= > hy (6.1)

{i,j}€F

with n = |V/| qubits and nearest-neighbor interactions h;; that act nontrivially only on qubits {¢,j}
at vertices connected by an edge. We assume without loss of generality that ||h;;|| < 1. We are
interested in the problem of approximating the ground energy or smallest eigenvalue Apin(H) of
the Hamiltonian. It will be convenient to instead approximate the largest eigenvalue Apax(H);
this convention matches the one used in classical optimization and is without loss of generality,
since Amin(H) = —Amax(—H). In the worst case, the problem of estimating the largest eigenvalue
Amax(H) of Eq. (6.1) to within an additive error scaling inverse polynomially with n is believed to
be intractable for quantum or classical computers '. Here we consider the approximation task where
the goal is to compute an estimate e for max(H) such that the approximation ratio r = e/A\pa2(H)
is as close to 1 as possible. We will also be interested in efficient quantum algorithms that prepare
states [1) with good approximation ratios.

Besides describing local interactions encountered in physics, Hamiltonians of the form Eq. (6.1)
can encode notable cost-functions considered in computer science and thus provide a physically
motivated extension of the classical approzimation algorithm setting [Vaz13]. For example, one may
consider an Ising Hamiltonian for which h;; = (I — Z;Z;)/2, where Z is the Pauli operator. This
Hamiltonian is classical—that is, diagonal in the computational basis—and computing its maximum
eigenvalue is equivalent to finding the Max-Cut of the graph G, a well-studied classical optimization
problem. More generally, two-local quantum Hamiltonians may involve noncommuting terms such
as Heisenberg interactions h;; = 1/4(1 — X; X; —Y;Y;— Z;Z;) (with Pauli X,Y and Z operators); the
resulting optimization problem can be viewed as a quantum analogue of Max-Cut [GP19]. Quantum
approximation algorithms aim to estimate the largest eigenvalue of such Hamiltonians and have
been studied in several previous works. This includes the Heisenberg interactions mentioned above
[GP19, AGM20] and more general settings in which the interaction terms h;; are restricted to be
positive semidefinite [GK12, HLP20, PT20], or traceless [HM17, BGKT19].

Despite considerable interest, the ultimate limits of efficient algorithms for quantum approxima-
tion algorithms are poorly understood. Approximation ratios approaching 1 are only known to be
achievable for certain special families of graphs, including lattices or bounded-degree planar graphs
using tensor product of O(1)-qubit states [BBT07| or high degree graphs using tensor products
of single-qubit states [BBT07, GK12, BH16|. In certain cases, one may ascertain limitations on

'In particular, a decision version of this problem is complete for the complexity class QMA which is a quantum
generalization of NP
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efficient achievable approximation ratios from the classical Probabilistically Checkable Proof (PCP)
theorem [ALMT98, AS98, Din07], though stronger and more general limitations may follow from
the quantum PCP conjecture if some version of it can be proven [AAV13].

A quantum approximation algorithm typically outputs an estimate of the form (v|H|v) where |v)
is a quantum state computed by the algorithm. A central challenge is to understand the structure of
quantum states |v) that achieve good approximation ratios in the general case. Most existing algo-
rithms are based on tensor products of one- or few-qubit states, while Ref. [AGM20] also considers
states prepared by shallow quantum circuits. In this chapter, we describe conditions under which
the performance of such algorithms can be improved. We restrict our attention to local Hamilto-
nians on bounded-degree graphs and consider an improvement strategy based on shallow quantum
circuits.

6.2 Summary of results

6.2.1 Improvement of product states

To this end, suppose we are given an n-qubit state |v) and a Hamiltonian Eq. (6.1) defined on a
graph G = (V, E) with maximum degree d > 2. It will be convenient to assume (without loss of
generality) that G is d-regular—we can ensure this by possibly adding some local terms h;; which
are equal to zero. We imagine that |v) may be the output of some approximation algorithm such
as the ones described above. Our aim is to efficiently compute a state with energy larger than
(v|H|v). Moreover, we would like to increase this energy by an amount proportional to | E| in order
to guarantee that the approximation ratio is improved by some additive constant. We show that
this is possible if the following two conditions hold:

(i) The variance of the energy, defined by
Var, (H) = (v|H?|v) — (v|H[v)?,
satisfies Var,(H) = Q(|E|) 2.

(ii) The state |v) is a product state. That is, |[v) = |v1) ® |v2) ® ... ® |v,) where each |v;) is a
single-qubit state.

Theorem 170. Given a product state |v) and a Hamiltonian H as in Eq. (6.1) defined on a d-regular
graph, we can efficiently compute a depth-(d + 1) quantum circuit U such that the state |¢) = U|v)
satisfies

Va‘"”(H)Q) 62

i) = ol + 0 (Y50

This result applies broadly to quantum optimization problems, but does not provide any im-
provement when specialized to the classical setting. To see this, note that condition (i) is not
satisfied in the purely classical case where |v) is a computational basis state and H is diagonal in
the computational basis. Indeed, we have Var,(H) = 0 whenever |v) is an eigenstate of H. On
the other hand, condition (i) is fairly mild in the quantum setting and we later show it holds for

%i.e. there is a universal constant c, such that asymptotically Var,(H) > c- |E|

199



a generic product state [v) whenever the Hamiltonian contains nontrivial interactions on each edge
of the graph. Since G is d-regular, the number of terms in the sum is O(d|E|). So condition (i) is
satisfied if the sum is proportional to the number of terms appearing in it.

Simple examples demonstrate that neither of the two conditions alone is enough to even guar-
antee the existence of a state with approximation ratio better than |v) for large regular graphs.
Condition (ii) alone is not sufficient because it is possible for a product state to have maximal
energy Amax(H) (i.e., this occurs for all classical Hamiltonians). To see that condition (i) is not
sufficient, one can consider the Max-Cut Hamiltonian on (say) an even cycle graph, and let |v)
be an equal superposition of two eigenstates of H, one with maximal energy |E| and one with
energy |E| — ©(y/]E|). The resulting state has approximation ratio 1 — O(|E|~*/2) and variance
Var,(H) = Q(|E|). Thus condition (i) is satisfied, but the approximation ratio cannot be improved
by an additive constant.

In the special case where |v) achieves the largest energy of any product state, we are able to
strengthen the bound Eq. (6.2). We say that the product state |v) is locally optimal for H if for
any single-qubit Pauli @), we have

d
d¢
or equivalently (v|[@, H]|v) = 0. As we later show in Claim 177 in Section 6.3.2, the bound in
Eq. (6.2) can be improved to (v|H|v) + Q(%) for locally optimal states.
Generally, however, the improvement stated in Eq. (6.2) is optimal in the sense that there exists
a Hamiltonian H and a product state |v) with Var,(H) = O(|E|) for which

Var, (H)?
&|E|

—i¢pQ ipQ _
(vle™*?*He" ‘U>’¢:0 =0,

Amax(H) — (0] H|v) < O < (6.3)

For example, Eq. (6.3) is satisfied by the Hamiltonian with h;; = Z; + Z; on any d-regular graph
and the product state [v) = (cos(#)|0) + sin()|1))®", for any 6 € (0,7/2). In this simple case, the
Var, (H)?  sin?(6)

d?|E] sin?(20) "

To establish Theorem 170, we consider a variational family of states obtained from |v) = ®;cv|v;)
by applying a quantum circuit composed of nearest neighbor commuting gates on the interaction
graph G. In particular, let Py, Ps,..., P, be any collection of single-qubit operators such that
[Pi]l <1 and

left-hand side can be computed exactly and is equal to

(vi|Pilvgy =0 forall ieV.
Following [AGM20], we define the circuit

Vo) = [ %t = i Zunestulils, (6.4)
figyer

Here, g is an array of real parameters {aij}{z‘,j}e E- Since by assumption, the interaction graph

G is d-regular, the quantum circuit V' (6) can be implemented with circuit depth d + 1. It is not
hard to see that this variational family includes as a special case the level-1 Quantum Approximate
Optimization Algorithm (QAOA) for 2-local classical Hamiltonians [FGG14]. For a given choice of
operators { P; };cv, the following theorem lower bounds the improvement in the energy after applying
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the the quantum circuit V() to |v).

—

Theorem 171. Let |v) be a product state and |¢) = V(0)|v) be the state prepared by the quantum
circuit Eq. (6.4). Define the positive real parameter a by

a = B jyenl(vi vl [PiPs, higllvi, v5)] (6.5)

where the expectation is with respect to the uniform distribution over the edges. There is an efficient
classical algorithm to select parameters 6 satisfying

(Y|Hp)y > (v|Hv) + Q(|E|a?/d). (6.6)

Proof. Write N;; for the set of edges {k, ¢} € E incident to a given edge {i,j} € E. The latter edge
is included as well, i.e., {4, j} € N;;. Consider the energy of a term

— —

(W|hijlp) = V() hiV (0)]v).

—

The gates in V' (6) which are associated with edges that are not incident with {4, j} can be cancelled,
leaving <v|Vi;hijVZ~j\v> where Vj; = H{k,Z}ENij ¢ OkePePe - Thus

(¥1hijl) = (vlhizlv)+

o) im
—'<v\ |: Z —HquPg, hij:| "U> (6.7)
m=1 {k,Z}GNij m

Here, [A, B],, is the m-nested commutator [A, [A4,...[A, B]]]. Using the fact that (vj|Pg|vi) = 0 for
all k, the m = 1 term simplifies to

> —ilke(v] [PuPr, hig) [v) = —ibi (0| [P Py, hij o). (6.8)
{k’,é}GNij

At this stage, we make the choice
0ij = 0 - sign (—i(v|[FP;, hij]|v)) , (6.9)
where the parameter 6 will be determined later. Substituting in Eq. (6.8) gives

D —ibke(v| [PePr hig) [v) = 0)(vi, vl [P Py, higllvs, v5)] (6.10)
{k,Z}ENij
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For m > 1, we have

(v|[ > _ekﬁpkpfahij:| |v)

{kL}YEN;; m

< > 0" [(0] [Pry Pry s [+ [Pry Py hig]] [0)] -

{k1,01},{k2,02},...
{kTVL?Zm}ENZ]

The only nonzero terms are those in which the expression (vs|Ps|vs) does not appear. To upper
bound the number of nonzero terms, we count the number of tuples ({k1, 01}, {k2, 02}, ... {km,¥m})
such that no vertex in V' \ {i, 7} appears exactly once. An upper bound is as follows (a proof is
provided in Section 6.3.1).

Claim 172. Let m > 2. The number of ordered tuples of edges ({k1,01},{ka,02),. .., {km,lm}) €
N;™ in which no vertex in V'\ {i,j} appears exactly once is at most (2m~\/d)™.

Finally, using Eq. (6.9) and the fact that ||hsj]], || F;]| < 1, we can upper bound
0" [ (0] [Py Prys [+ 5 [Pry Py higll] [0} < (20)™,

Thus, the sum of all m > 1 terms in Eq. (6.7) has magnitude at most
s 1 m © m—+2 9 119
> (4mva) o < 3 (4evdn)” T < 32e%a0
m=2 m! m=0

assuming 0 < ﬁ (where we used the bound m™/m! < e™). Combining with Eqgs. (6.7,6.10) and
summing over all {i,j} € E, we get
(|H[p) > (v|H|v) + |E| (b — 32e*d6?) .

We may then choose § = O(a/d) to get the desired lower bound. 0

Let us now see how Theorem 170 is obtained as a consequence of Theorem 171 (the detailed
proof is provided in Section 6.3.2). The lower bound (6.6) applies to any choice of operators { P; };cy .
We will choose these operators in a way that gives the variance bound Eq. (6.2). In the following,
for convenience and without loss of generality, we shall work in a local basis in which our initial

product state is |[v) = |0"). Our starting point is the observation that the variance of a 2-local
Hamiltonian can be expressed in this basis as

Var,(H) = (0" HQ1 H|0™) + (0" HQoH|0™),

where @, is the projector onto computational basis states with Hamming weight ¢ € {1,2}. This
implies that

(0" HQH|0™) > Var,(H)/2 (6.11)

for some ¢t € {1,2}. Suppose t = 2 and let X;,Y;, and Z; be the Pauli operators. We define a; to
be the RHS of Eq. (6.5) with P; = X; for all 4, and similarly ag with P; = (X; + Y;)/+/2 for all i.
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By a direct calculation we see that

2
o= g > [tm ((11]hi[00))]
{i,j}€F
2
o = 1 > [Re((11]hi;]00))| (6.12)
{i,j}€F

and therefore

Ol = 3 [l lo0)? < 5] (252,
{i,j}eE

This means max{ay, as} > |E|71{0"|HQoH|0™) which together with Eq. (6.11) implies that when

t = 2, we can efficiently find a series of operators P; such that the parameter a satisfies a >
_ . .. . Var, (H)?
(2|E|)~'Var,(H). By plugging this in Eq. (6.6), we obtain (¢)|H ) > (v|H|v) + Q( azlf(E\ ) ). Thus

if ¢t = 2 we obtain a better lower bound than the one claimed in Theorem 170. Otherwise, if ¢t = 1,

then a simple calculation (the detailed proof is given in Section 6.3.2) shows that one can efficiently
Var(H)?
d?|E|
t =1 and t = 2 can be efficiently determined. Thus we obtain Theorem 170. In Section 6.3.2, we
show that if |v) is locally optimal for H, then (0"|HQ1H|0™) = 0 and ¢t = 2, so we obtain the better

bound described above.

compute a product state with energy at least (v|H|v) + Q( ). In general, the choice between

Let us briefly illustrate how these results can be applied to the quantum Max-Cut Hamiltonian
considered in Refs. [GP19, AGM20]. The Hamiltonian is built from local terms h;; = w;;I1;;, where
0 <w;; <1landIl; = (1 -X;X; —Y;Y; — Z;Z;)/4 is the projector onto the antisymmetric state of
two qubits. This Hamiltonian has the special feature that any product state |v) is locally optimal,
and moreover, we have |(vf-,vjl|hij|vi,vj>| = (vj, vj|hij|vi, vj). Therefore

Var,(H) = > (v]hylo)® > |E|” (v H[v)?
{i,7}€FE

using Cauchy-Schwarz. We may then efficiently compute a state |¢) such that

4

(i) = Gl + o (U5EEE ). (6.13)
|E|

We see that if the initial state has approximation ratio (v|H|v)/|E| = r then the state [¢) improves

this to r + Q(rt/d) 3.

This example demonstrates the power of Theorem 170 and shows that for the quantum Max-
Cut problem, the approximation ratio of any product state can be improved by applying a shallow
quantum circuit. For more general two-local Hamiltonians, we can guarantee an improvement in the
approximation ratio whenever the condition Var,(H) = (| E|) holds, which we expect for typical
product states and Hamiltonians. Below we discuss two natural extensions of our results. First, we
ask whether one can improve approximation ratios attained by more general families of quantum

3A better bound can be obtained by directly computing the parameter a for a randomized choice of operators
{P:}. In that case, Eoo > Q((v|H|v)/|E|) which results in an improvement of  ((v|H|v)?/(d|E|))

203



states. Along these lines, we provide an extension of Theorem 170 to the more general case where
|v) is any state prepared by a quantum circuit of depth D = O(1). Next, we show how one can
improve the approximation ratio achieved by a random product state |v). Using Theorem 171, we
show that the approximation ratio can be improved by €(1/d) for any Hamiltonian with nontrivial
two-local interactions, and by Q(1/+/d) if the interaction graph is triangle-free.

6.2.2 Improvement of bounded-depth entangled states

Recall that for any n-qubit quantum circuit and any qubit j € [n], we may define the lightcone
L(7) C [n] which consists of all output qubits that are causally connected to j. Define the maximum
lightcone size ¢ = max;ef,) £(j). We have £ < 2P for any depth D circuit composed of two-qubit
gates.

Theorem 173. Let |v) = WI|0") where W is a quantum circuit with mazximum lightcone size £.
There is an efficient classical algorithm that computes a quantum circuit U such that ) = Ulv)

satisfies
Var(H)? )

wiE) = Wit +0 (s

For constant-depth circuits we have £ = O(1) and we get the same asymptotic energy improve-
ment as we established previously in Theorem 170 for product states. However, in this case the
circuit U that we construct is not constant-depth. In Section 6.3.4, we show that the improvement
stated above can also be obtained for states |v) that are the unique ground states of a gapped ¢-local
Hamiltonian F. In that case, £ is replaced by the locality of the Hamiltonian F'. Thus, Theorem
173 extends to a broad class of tensor network states (such as PEPS of low bond dimension) that
have a gapped parent Hamiltonian.

The theorem provides limitations on the energy that can be achieved by any state |v) produced
by a bounded-depth circuit. In particular, since (|H|Y) < Apax(H), we find that

ar(H)?
(Wl H|v) < Amax () — Q <m> .

This shows that the approximation ratio achievable by constant-depth states |v) with Var(H) =
Q(|E|) is bounded away from 1. An interesting direction for future work is to explore whether
one can use this fact to exhibit new local Hamiltonian systems with the almost-linear NLTS (No
Low-energy Trivial States) property [AN22, FH14|.

6.2.3 Improvement of random assignments

Given an instance of a (classical) constraint satisfaction problem, one may consider the trivial
algorithm in which each variable is chosen independently and uniformly at random. Remarkably,
efficient algorithms which improve over the approximation ratio achieved by this simple strategy
are not likely to exist in the general case [Has01]. On the other hand, for structured cases such
as bounded-degree graphs, improvement is possible. In particular, on degree-d graphs, one can
efficiently find an assignment satisfying a u + Q(é) fraction of constraints [Has00|. Here p is the
expected fraction of constraints satisfied by a uniformly random assignment. It has been shown
that when a degree-d graph is triangle-free, there are efficient “local” algorithms that find a binary
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string satisfying a ,U-FQ(%) fraction of constraints by starting with a uniformly random assignment

[BMO™ 15, Has19] or quantum superposition [FGG15] and then locally updating each bit/qubit as
a function of the state of its neighbors.

Below we show that this optimal dependence on d can be recovered and generalized to the
local Hamiltonian setting by applying our algorithm in Theorem 171 to a randomly chosen product
state. For randomly chosen |v), the parameter v in Theorem 171 can be related to the 2-norm of the
quadratic terms in the Pauli expansion of the Hamiltonian. More precisely, for an n-qubit operator
O=3"ciuy fayol ® ofy where o9 = I and {07, 02,03} are the Pauli matrices, we define

aad(0) = Y (7"

1<j >0,y>0

Theorem 174. There is an efficient randomized algorithm that given a Hamiltonian H Eq. (6.1)
defined on a d-regular graph, computes a depth-d + 1 circuit U such that |[¢) = Ulv) satisfies

E, (G| H|¢) > Ey(v|HJv) + © Cw)

If the graph is triangle-free then the right-hand side can be replaced with E,(v|H|v) + Q <%\/§IH)).

The proof of Theorem 174 is provided in Section 6.3.3. We also show in Section 6.3.6 that for
triangle-free graphs one can efficiently compute product states matching the approximation ratios
quoted above using a local classical algorithm similar to the ones described in Refs. [Hasl9,
BMO™"15, HM17]. Thus, low-depth quantum circuits are not necessary to achieve the asymptotic
Q(1/+/d) scaling in this case. Similar results have been shown before in [HM17] for general 2-local
Hamiltonians. Nevertheless, one may take the output product state of such algorithms and improve
it further using the shallow quantum circuit from Theorem 170.

6.3 Deferred proofs

6.3.1 Proof of Claim 172

Proof. First, we count all such tuples ({k1,¢1}, {ka,l2},...{km,¥¢n}) in which the edge {i,j} does
not appear. Each one can be generated by choosing a tuple of vertices (vi,vs,...v,,) incident to
{i,j} and then specifying a neighbor, either ¢ or j, for each of them. An upper bound is obtained
by counting the number of tuples (v1,vg,...vy,) such that each v, occurs at least twice and then
multiplying by 2™. Any tuple (v1, va, ... vy,) of this form can be generated as follows. First, for each
i=1,2,...,m we choose a color ¢(i) € {1,2...,m/2}. We set vy, = vy whenever c(k) = c¢(k"). We
then assign a neighbor of i or j to each color {1,2,...,m/2}. Since vertices i and j each have at most
d neighbors, we see that the number of tuples (v, v2,. .. vy,) such that each v, occurs at least twice
is at most (m,/2)™ - (2d)"™/2. The number of tuples of edges ({k1, 41}, {k2,02), ... {km,lm}} € Ngm
in which no vertex in V'\ {i,j} appears exactly once, and the edge {7, j} does not occur, is then at
most 2 - (m/2)™ - (2d)™/2.

In order to account for the appearance of the edge {i,j}, we fix the number of places u where
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the edge appears and then count as before for the m — u places. This number is

6.3.2 Improvement of product states: proof of Theorem 170

In this section we provide the full details of the proof of Theorem 170. It will be convenient to work
in a local basis defined by |v), such that |v) = |0") and

Var,(H) = (0"[H?|0") — ((0"H|0"™))*.
For ease of notation we write Var(H) = Var,(H). Recall the quantity « defined in Eq. (6.5):

a = By j1epl(vi, vl PPy, hijl|vi, vj)], (6.14)
We will use the following proposition.

Proposition 175. Let Q2 be the projector onto computational basis states with Hamming weight 2.
We can efficiently choose operators {P;}icv such that

1 n n
@ 2 - (0" HQz H|0"). (6.15)

Proof. Let a1 be Eq. (6.5) with P; = X; for all 4, and let as be Eq. (6.5) with P, = (X; + Y;)/V/2
for all 7. Direct calculation shows that

2

= X [ ({1l o (02 o)|
{i,j}€E
2
y = @ Z ‘Re (<11|ij ® <On_2|hij‘0n>)‘ (6.16)

We can express (0"|HQoH|0") as

OVHQHI. = 37 [(11]55 @ (072 Ry |02
{i,j}eE
= Z (Im (<1l|ij & <0n72‘hij‘0n>))2 + (Re ((11|ij & <0n72‘hij‘0n>))2
{i,j}eE
< D [Im (115 @ (0™ hys|0™) | + [Re ((11]i; @ (0" |hiz|0™)) |
{i,j}eE
—|E|- a1 + Qg
= TR

where we used the fact that ||h;;|| < 1 in going from the second to the third line above. Now the
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last line implies that either «a; or ag achieves the bound from Eq. (6.15). Moreover, the choice of
aq or ao can be efficiently determined. O

Proof of Theorem 170. Let @ be the projector onto computational basis states with Hamming
weight ¢ € {1,2}. Since H is two-local we have

Var(H) = (0"|HQ,H|0™) + (0" HQ,H|0™).
Therefore (0"|HQ:H|0™) > Var(H)/2 for some t € {1,2}. If t = 2 then we may use Proposition

175 which gives

1
max{a, ag} > mVar(H).

Combining this with Theorem 171, we arrive at

Var(H)2>

i) > |0 +o (Y

which is better than the desired lower bound.

Next suppose (0"|H@Q1H|0") > Var(H)/2. Define
n
L=) (-1)“P
j=1

where each Pj is a single-qubit Pauli operator acting nontrivially only on qubit j, and a; € {0,1}
is chosen so that
(0" (=1)% [Py, H]|0™) = [{0"[[P;, H]|0™)].

Define |#) = e=*%|0") where 6 is a real parameter that we will fix later. Then

(61H16) = (0"[H|0") + 6 ) _ [{0"|[P;, H]|0")]| + Exr,
j=1

where

mom n
Brr| = |32 S (072, H]lo")

m>2

gm4m
Bl Y —
m>2
< 1662|Ele.

IN

In the second line we used the fact that

(L, hijlm = [(=1)* Pi + (=1)% P}, hijlm
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can be expanded as a sum of 2" terms each of norm at most 2. Now define
1 n
B = g7 2 KO"ILEs, o). (6.17)
j=1

and note that since ||[P;, H]|| < 2d for all j we have

n

Then
(0|H|0) > (0"|H|0™) + |E| (95 - 1692649) .

Choosing 6 = (3/32 gives
n n 62 52 38/8
> ro_ 2
elie) > "0 + 11 (55 - e

" " /82 52
> (0"[H|0") + |E| (32 -’

> (0™ H|0™) + 0.001 - |E|5>. (6.18)
Now let 51 be given by Eq. (6.17) with P, = X; for all ¢, and let 82 be given by Eq. (6.17) with
P, =Y, for all i. Then

b1+ B2
2

1 &<, . i )
= 20E| ;KO 1, H]J0™)] + [{0"|[¥5, H]|0™)|

1 : ) )
& W;KO 11X, H]J0™) 2 + [(0"[[¥;, H][0™)[?

1 <« R n . n
= 1|E| Zlﬂm((eleIO )I? +|2Re ((¢;|H|0™))[?
j=1

1

= = (0"[HQ H|O"

>

2d|E’Var(H).

Therefore either 8 or 9 is larger than the RHS above. Plugging this into Eq. (6.18) we arrive at

ar 2
O1H|0) > (07| H|O™) + O (VCPT;)) .

O

The improvement in energy (v|H|v) in Theorem 170 is extensive, proportional to |E|, when
Var,(H) = Q(|E|). Here we argue that this condition on the variance is mild in the quantum
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setting. One way to see this is using the following expression for the variance:

Var(H) = ) ((vlhijhualv) = (vlhij|o) - (v]hwalv)) - (6.19)
{6,330 {k 140

Since G is d-regular, the number of terms in the sum is O(d|E|). So condition Var,(H) = Q(|E|) is
satisfied if the sum is proportional to the number of terms appearing in it.

A more precise argument can be given by considering the expectation of Var,(H) for a fixed
Hamiltonian and random product states. Suppose the Hamiltonian H in the Pauli basis is given
by H =734, her 2oap [ ol @ of where o9 = I and {01, 09,03} are the Pauli matrices. We define
as before quad(H) = > ¢, 1ep 2 as0 b>0(f;jb)2. By choosing vectors |v1),...,|v,) uniformly at
random, we get E, (v|olof|v) = 8, and Ev<v\aé®ai|v> = 8a,000,0- We also have E, (v|o?|v) (v|ot|v) =
1/3if a =b# 0 and E,(v|ol|v)(v|oi|v) = 0 if a # b. To derive the last two equations, we can write

E, (vl o) (v]abfv) = (00] - Eymtaar |(UF2) - 0 @ 0 - U2 - [00).

It follows from the properties of the Haar measure (see a similar derivation in Eq. (6.26)) that

1 1 1
Epy~Haar [(U®2)Jf cOq R oy U®2} =3 <tr(aa ® op)(I — 55) +tr(og ® op - S)(S — 2[)) ,

where S'is the swap operator. From here, a direct calculation leads to the claimed equations. Using
these equations, we see that when i = k and j # [ in Eq. (6.19), the only terms that have a non-zero
contribution in the sum are of the form

. , ; A . A .
(v] (g ® 03) (0, ® ap)|v) — (v]og ® og|v) - (v]og, @ og|v),
with @ > 0. When ¢ = k and j = [, the relevant terms involve

(vl(os ® 03) (05 ® 03)|v) — (vlog, @ aplv) - (v]og, ® a3 |v)..

Substituting the expectation of Eq. (6.19), we arrive at the following expression for E,Var,(H):

2

EVa(H) =2 3 Y (s Y| X ) 2

{iJ}€E a>0,5>0 evaz0 \gigiel

©| oo

quad(H) (6.20)

For typical Hamiltonians where the coefficients fé{b with a > 0,0 > 0 are non-zero constants, we see
that E,Var,(H) = Q(|E|).

Finally, let us discuss a special case in which the bound from Theorem 170 can be improved.
We say that a product state |v) is locally optimal for H if, for any single-qubit Pauli @) we have

d . .
£<v|€ Z¢QH61¢Q\U>’¢:0 =0,
or equivalently

(v][Q, H]|v) = 0. (6.21)
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As in the above, for simplicity we shall work in a local basis defined by v, so that |v) = |0").

Claim 176. Suppose |0™) is locally optimal for H. Then for any string z € {0,1}" with Hamming
weight |z| = 1 we have
(z|H|0™) = 0. (6.22)

Proof. Without loss of generality consider the case where z = 10"~!. Then
[2Im((z[H[0"))[ = [(0"|[X1, H]|0")| =0 and [2Re((z|H|0™))| = [(0"[[Y1, H]|0")| =0,
where we used Eq. (6.21). 0

Claim 177. Suppose |0") is locally optimal for H. We may efficiently choose {P;} and {0;;} such

that
Var(H)2>

3B (6.23)

(i) = ') + 9
Proof. Since H is two-local we have
Var(H) = (0"|HQ1H|0") + (0"|HQ2H|0™) = (0" |HQ2H|0"),

where in the last equality we used claim 176. The claim then follows directly by combining Propo-
sition 175 and Theorem 171. O

6.3.3 Improvement of random states: proof of Theorem 174
General degree-d graphs

We prove the first part of Theorem 174 regarding general degree-d graphs, which is implied by the
following lemma.

Lemma 178. Let [v) = |v1) ® |va2) ... ® |vn) where each v; is a Haar random single-qubit state.
Then there is an efficient randomized process with random coins r, that constructs the matrices P;
(depending on both r and |v)) such that the resulting state |1, ) satisfies

quad(H)2>

ET’U T,V
) <1/}, d|E|

H|y ) > Ey(v|H|v) +Q <

Proof. Pick |v) = ®;|v;), where each |v;) is chosen uniformly at random from Haar measure on
qubits. Also choose n uniformly random real numbers p; ii.d in the interval [0, 7]. The latter
choice is made using the coins 7. Given |v),r define P; = ei|v;)(vi-| + e~ *i|vi-) (v;| (we drop the
labels |v),r from P; for convenience). Observe that (v;|P;|v;) = 0 and || F;|| < 1, as required. Then
ay,r (as given in Eq (6.5) ) can be evaluated to be

7

Q= E{i,j}eE‘<ei(ui+’”)<vf7Uﬂhz‘j!%vﬂ — e~ i) (y;, ;| hyj v v‘”)‘

= 2B jyer ‘Im (ei(“ﬁ“f)(vf‘, vjl|hij|vi, vj)) ‘ . (6.24)
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Let (vih, v; Lhijlvi, vi) = e“’“vf](vf,vf\hij\vi,vjﬂ be the polar decomposition. Then
i (0080 (v o g s, v3) ) | = [sim (s + g1y + #ag) | |0 o gl v3) -
Note that
2
Er[sin (1 + pj + Kij) |s1n pi + 5 + Fig) [ dpadpg > 5’

for all k; ;. Then Eq 6.24 ensures that

4
Erav,r = 2]E{i,j}EEET|Im ( Z(MZ—HLJ)< l |hlj‘vlav]>> | > 5 : E{i,j}eEKUiLaij’hijWiaUj>|'

Then we can evaluate
4
Ev,raz),r = E{i7j}€E/| <<Uilvij|hij|Uianj>> |d’UZ'de
E{z,]}GE/‘ Vi, ] ‘h”"l)z,’l)jﬂ d"UZd’U]

E{i,j}EE/tr (’,Usz ]L><U7,L7 Uj |h1J|UZaU]><UZaU]|hZJ) d’l)zd’U]

| \/

=
-
&,
>
m
=

/<11| (UT ® VT) hij (U; ® V;) [00)(00] (Uj ® vj) hij (U; @ V;) |11)dU;dV;

OT\.-&O‘!\»&OT\A&CH

‘Efijier / (1100 ( oVieULe V}E) hit1 @ hio jo (Uin ® Vj1 @ Usg ® Vio) |0011)dU;dV;,
(6.25)

where in the second last equality we fixed a basis {|0),|1)} for each qubit and introduced random
unitaries U;, V; that specify |v;) = U;|0), |v;) = V;]0). Using the well known properties of Haar
integral, we have

/ (UiTl ® VjTl QUL® V]TQ) hi1j1 @ hiz j2 (Ui ® Vi1 @ Up ® Vj2) dU;dV;
= aid;1 42 ® idj1 52 + bSi142 ® idj1 jo + cidir 2 ® Sji1,j2 + dSi1 2 ® Sj1,j2- (6.26)

Above, id is the identity operator, S is the swap operator and the subscripts represent the qubits
on which the operator acts. Coefficients a, b, c,d can be evaluated using the following system of
equations, obtained from Eq. 6.26 by tracing each of the four operators.

(trijhij)* = 16a + 8b + 8c + 4d
tr; (trihijtrihi;) = 8a + 4b + 16¢ + 8d
tr; (trjhjtrih;;) = 8a + 16b + 4c + 8d
tr; ; (hi;) = 4a + 8b + 8¢ + 16d.
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One can solve for d to obtain

- (p2
(tri,jhij)2 " tr; (hl]> _ tr; (trihijtrihij) + tr; (trjhijtl“jhij)

d=""3 9 18

In order to obtain a simpler lower bound and see that d is positive, we expand h;; = Ew,y fi«’,@o’; ®a§
in the two qubit Pauli basis. Then

.\ 2 ..
(trighii)” =16 (f55) o triy (h3) =43 (/29)7,
T,y

N2
trj (trihjtrihg) =8 Z <f8§,) ;b (trjhigtrhig) Z ( ) :
y

Y

Hence,

- (p2
(tri7jhij)2 trw (h]) tl"j (trihijtrihij) + tr; (trjhz'jtl“jhij)
36 18

_ 4 <( i)’ 3 () Z(fé:;)Q—Z(f?%)Z)

Yy
= >

z>0,y>0

O =

Conjugating Eq. 6.26 with (1100| (-) [0011), it can be seen that only the term corresponding to d
survives and evaluates to 1. Thus, Eq. 6.25 gives

Ev,rav,r >

22t (R R R R R A
4E (trijhij) J \ i trj (trihgjtrihgg) + tr; (trjhitrihgg)
st | T gg T T g T 18
16 i 2| _ 16 quad(H)
= pRidter > (£) T 45 B

xz>0,y>0

Thus, using the convexity of square function,

162 [ quad(H)\? _ 1 [quad(H)\?>
E’UT‘ 2 > > o T .
rur = 452 ( | =3\ ||

This completes the proof by employing Theorem 171. O

Triangle-free graphs

In this section we establish the second part of Theorem 174, which concerns triangle-free graphs.
The proof is based on the following exact expression. It will be convenient in what follows to work
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in a local basis in which the product state of interest is |v) = |0™).

Lemma 179 (Improvement for triangle-free Hamiltonians). Suppose G is a triangle-free,
degree-d graph. Suppose we are given single-qubit Hermitian operators {Pi}ie[n] satisfying P2 = T
and (0|P;|0) = 0 for all i € [n], and consider the state |¢) = el Xrsrer OrsBrB10nY s a function of
the real parameters {0,s}. Define

apr = [(00|[hx, PpP1][00)|

We can efficiently choose 0;; € {0} for each edge {i,j} € E so that

(Y h|Y) = Tr(hkl) + ler(hkleZl)COSQd 2(20) + iTr(hkl(Zk + 7)) cos(26). + 7sm(29) cos?1(26)

(6.27)
for all edges {k,l} € E
Proof. We have
(Wil ) = (0" |V haa (0) Via |07 (6.28)
where hy(0y) = e~ ORPelip, e PPl and
Vk;l — H einSPkPS H eiGTlPrPl (629)
{k,s}eE\{k,l} {rl}eE\{k,l}
= J] (cos(d) +isin(0p)PePs)  J]  (cos(6) +isin(0,)PoP). (6.30)
{k,s}eE\{k,l} {rl}eE\{k,l}

Plugging Eq. (6.30) into Eq. (6.28) and using (0| P;|0) = 0 and the fact that G is triangle-free gives

Widvr= 2 2 (cos?(8)) ™71 sin?(9)) 4117

ACN(k)\{1} BCN(D\{k}
(H PP I[P P,) P (Or1) (H pP I[P H) |0™)

sEA reB SEA reB

In the above we also used our choice |6;;] = 6 for all edges {i,j} € E. Observe that the matrix
element appearing in the above depends only on the parity (even/odd) of |A| and |B|. In particular,

(Ylhp|p) = Feg + Fro + For + Foo

where the even/even term is

Fpp = (00 (01)]00) | (d ; 1> (cos2(0)) "7 (sin2(6))’ (6.31)

= (00l (05]00) T (1 +cos(20))" (6.32)



and by similar calculations one arrives at

Fro = (10|hkl(6kl)|10)i (1~ cos2(20)) (6.33)

Fop = (01|hkl(0k1)|01)i (1~ cos2(20)) (6.34)
1 2

Foo = (11]ha(8i)|11)7 (1 - cosd*1(29)> (6.35)

Now for ease of presentation in the following we write ¢ = cos?1(20) and az, = (wy|hi (Or)|zy),
for z,y € {0,1}. Then expanding the above expression gives

(Ylhw|¥) = Feg + Fro + For + Foo (6.36)
apl + a 1
=ago + (1 —¢) ( - 2 - - a00> " Z(l — ¢)* (a11 + ago — ao1 — a1o) - (6.37)
Now let
bay = (zylhu|zy). (6.38)
So that

ago = cos?(6)bog + sin’(0)byy + i cos(8) sin(Hy; ) (00|[hx, P F;]|00).
We now fix the sign of 6j; so that
ago = cos?(0)boo + sin(0)by + %Sin(29)akl. (6.39)
With this choice we have
a1 = cos?(6)byy + sin®(0)bgy — %sin(%)akl. (6.40)

To compute the third term in the above equation we used the fact that P? = P? = I and (0|P;|0) =
(0|P;|0) = 0 which implies

(11|[Pyx Py, hiy]|11) = (00| Py P[Py Py, hit) P P|00) = —(00|[ Py Py, hi]|00).
Similarly, by a direct calculation we get

ao1 + a0 = bio + bo1- (6.41)
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Plugging Eqgs. (6.39, 6.40, 6.41) into Eq. (6.37) we get

bor +b 1
(Y| hki|y) = boo + (aoo — boo)c+ (1 —¢) <01210 - boo) + 1(1 —¢)? (boo + b1y — bio — bo1)

= bgo + 7 s1n(20) cos?71(26) + sin?(0) cos?(20) (by1 — boo)

bo + b 1
+ (1 — cos®(26)) (01;10 . bo()) 20— cos?1(26))? (boo + b11 — b1g — bo1)

(6.42)

Rearranging the above expression we arrive at

(|hg|Y) = — sm( cos?71(26) + boo (le + icost*Q(QH) + ;cosd(%))

0)
+ b11 L 1 g2d= 2(29) 1COSd(29) + (bo1 +b10) 1— 1COS2d_2(29) (6.43)
4 1€ 2 4 4

By noting that >, by = Tr(hw), Z%y(—l)“‘ybxy = Tr(hyZrZ;), and bog — b1y =

1
§Tr(hkl(Zk + 7)), we arrive at Eq. (6.27).

Using the expression in (6.27), we prove the bound for triangle-free graphs from Theorem 174:

—

Proof. As shown above, the exact formula for the energy of |¢)) = V(6)|0™) on a triangle-free graph
is
1 _
(Wlhwly) = 3 Tr(hw) + Tr(huZiZ) cos”7%(20)

+ iTr(hkl(Zk + 7)) cos(26). + 2 sin(20) cos’ (20). (6.44)

Here oy depends on the choices of Py, P;. We either choose P; = X; for all i, or P; = (X +Y);/V2
for all i, each with probability 1/2. Then

E(ag) = 2|Re({00|hg|11))[ + 2[Im((00[hg[11))] > 2[(00[hg[11)].

Substituting in Eq. (6.44) gives

E ((lhwl)) = - Tr(hi) + iTl"(hkleZl) cos®"72(20)

1
4
i v(hat(Z1, + 7)) cos?(260). + [(00|hyy]11)] sin(26) cos?~1(26). (6.45)

Now instead of using the starting state |0™), suppose we start from a random computational basis
state |s) = X (s)|0™). Running through the above argument in the rotated basis defined by |s) we
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see that for a suitable random choice of {P;} we have

(Tr(hw)) + = \Tr(hlele) | sin(26) cos?1(26). (6.46)

E ((¢[hwl)) =

pMH»M

Here we used the fact that
Es (Tr(X (s)hiu X (5)ZkZ1)) = Es (Tr(X (s)hi X (s)(Zx + Z1))) = 0.

Summing Eq. (6.46) over all edges {k,(} € E gives

(T (H))—i—%sm(Q&)cos 120) 3 [T (huXiXy) |
(kI}eE

As\}—‘

E((¢[H[y)) =

Since there is nothing special about the X-basis we can again use our freedom to randomize the
local basis of each qubit to get

1 1
E((Y[H[¢)) > JTr(H) + o sin(20) cos"™'(260) > Y T (huQrRi)|
{k,l}eE Q,Re{X,Y,Z}
1 1
> [ Te(H) + o sin(20) cos®1(20) ) > T (hwQiRy) P/4
{k,l}eE Q,Re{X,Y,Z}
= iTr(H) + sin(20) cosd1(29)(m5§16(m, (6.47)

where in the second-to-last line we used the fact that |Tr (hyQrR;) | < 4 which follows from ||k <
1. Finally, we can find the maximum value of the second term with respect to # by noting that
sin(26) cos?1(26) reaches a maximum when 6 = arcsin( f) Using this fact we get

)

7 (6.48)

E((|H[¢)) > Tr(H)+Q<

O

6.3.4 Improvement of bounded-depth entangled states: proof of Theorem 173

We prove Theorem 173. Given the d-regular graph G = (V, E), we consider the state |[v) = W|[0)",
where W has a maximum lightcone of size £. The aim is to increase the energy of |v) with respect
to H. The light cones of the edges have sizes at most 2¢. Define

F = zn: W) ;W (6.49)
j=1

The locality of F' is £. Let A = i[H, F] and define |[¢) = ¢'4%|v) (thus U = ¢*4? in the statement of

Theorem 173). We can write
A=Y ihe,Fl:=)_ A, (6.50)
eckl eck
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where

= Zhe,Wu Y1 W] = > [he, W 1) (1];W7). (6.51)
j=1 J-SUPp(he)ﬂsupp(WH)<1\jWT)¢¢

Any j satisfying supp(he) N supp(W|1)(1|;WT) # ¢ is in the light cone of he. Thus there are < 2/
such j’s. For any such j, W[1)(1|;WT has locality ¢. Thus, A, is supported on < 2¢2 qubits.
Further,
[Ael < 2¢- max R, WIL)(L[;WT| < 2¢,
j:supp(he)Csupp(W1)(1];WT)

where we used

IThe, W) ;W = [[The, WL (L;WT —id/2][| < 2[lhe|[IW(1)(1[;WT = 1/2] < 1.
We have - .
CEAH 1) = (o)) — iollA, B0 + S0 S i, )y, (6.52)
m=2

Now, using the identities F'lv) =0 and F' > I — |v)(v|, we find

—i(v|[A, H]|v)0 = (v|[[H, F], H]|v)8 = 2(v|HFHv)0 > 20(v|H(I — |v)(v|) H|v) = 20Var(H).

(6.53)
Thus, let us focus on the terms with m > 2. We upper bound
(WI[A, Hlmlv) < Y I[A, helmll < |E|max||[A, helm]l (6.54)
eckE
Now, consider for each e,
[A, helm = Z [Aers [Aer_y - - - [Aey s Rel]l (6.55)
€1,...m

where we used Eq. 6.50. Most terms are zero and we will bound the number of non-zero terms. We
will use the following simple fact.

Fact 180. Let S C V. The number of e such that the support of A. overlaps with S is at most
|S|¢2d. For each such e and any operator Og on S , the support of [Og, Ae] is at most |S| + 2¢2.

Proof. Since e is such that the support of A, overlaps with S, there exist a j satisfying supp(he) N
supp(W|1)(1|;WT) # ¢ for which the support of [h., W|1)(1|;WT] overlaps with S. Thus, either
supp(he) NS # ¢ or j belongs to the light cone of S. Since the support of h, overlaps with the light
cone of j in the latter case, we have that the support of h, overlaps with the light cone of the light
cone of S (in both the cases). To upper bound the number of possible e, we hence we count the size
of the light cone of the light cone of S (< |S|¢2) and then count the number of edges intersecting
with this light cone (< d|S|¢€2). For any such e, the support of [Og, A¢] is contained in the union of
S and the support of A.. This completes the proof. a

Using Fact 180, let us estimate the number of (e, es,...e,,) that contribute to Eq. 6.55.
Setting S to be the set of two vertices of e, we find that the number of e; is at most 2d¢%. Arguing
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inductively, suppose we have fixed ey, e, ...ey_;. The support size of [Ae, |, [Ac,,_; ---[Aey, Rel]
is at most 2+ 2(k — 1)¢? (by Fact 180). Thus, the number of e, contributing to Eq. 6.55 is at most
(2 4 2(k — 1)£2)¢%d. Hence, the total number of (ey,...e) is at most

(2d0%)-(24-20%)2d-(2+402)%d . . . (242(m—1)0*)2d < 2™ (m—1)1-£2"72.(2d0%)™ < (m—1)!(4de*)™

Thus,
I[A helmlloe < (m = DA™ max [[[Ae,,, [Ae,, s - [Aes, hellll
< (m—1)1(4deh)™ - 27| e | s max | A, ||| Ae, - - - [ Ae,l
(2 (m — D)(4deH)™ - 2™ - (20)™ = (m — 1)! - (16d°)™, (6.56)

where (a) uses ||Ae|| < 2¢. Combining with Eq. 6.54, this ensures that

o0 o0

WO o181, AYplo)| < 2 O — 1)1 (16465
m=2
< i 16d¢°6)
< 2|E|.(16d£59), (6.57)

where the last inequality assumes 6 <
6.52 and Eq. 6.53,

ﬁ (our choice below will satisfy this). Thus, using Eq.

(0|H|9) > (v|H|v) + 20Var(H) — 2|E| - (16d¢°6)>

Var(H
= (v|H|v) + 20|E| < T;ﬁy ) _ 2(16d€5)20> . (6.58)
Setting 6 = 210"55%)]5' < 323257 we conclude that
Var(H)?
(VIHI) = (olHl0) + srocmirotzr (6.59)

We highlight that the above proof can be applied with minor modifications to the more general
case in which F is a ¢-local Hamiltonian with the unique ground state |v) and constant spectral gap
v = Q(1). In this case, we set the ground energy of F' at 0, leading to the relations F'|v) = 0 and
F = ~(id — |v)(v]). Thus, the first order contribution in (6.53) is replaced by

—i(v|[A, H]|v)8 > 2~vOVar(H).

The higher order contributions are upper bounded in a manner similar to above.
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6.3.5 Improvement for general k-local Hamiltonians

Let G = (V, E) be a hypergraph with hyperedges of size at most k and n = |V| qubits on its vertices.
We denote the number of hyperedges that contain i € V' by deg(i) and assume deg(i) < d for all
i € V. Consider a k-local Hamiltonian H = )_ rep R Where each local term hg acts non-trivially
on a subset R € E of qubits with |R| < k and ||hg| < 1. Here without loss of generality we assume
the input product states is |[v) = |0™). We use a similar argument as in the proof of Theorem 170
to relate the improvement after applying an extension of the quantum circuit V' (#) in Eq. (6.4) to
the variance Var(H). To this end, we write

k
Var(H) =) (0" HQH|0")
t=1

where ()¢ are the projector onto the computational basis states with Hamming weight ¢. Note that

operators (J; with Hamming weight > k£ do not contribute. It holds that there exists a ¢ such that

(0" HQ,H|0") > %Var(H).

Depending on ¢, our choice of circuit V() is a generalization of what we had before in Theo-
rem 170. The set S contains all the collection of ¢ different vertices {j1, j2,. .., j:} which fully reside
in the support of at least one local term hp of the Hamiltonian H. That is, there exists an R such
that {j1,J2,...,5:} C supp(hg). Define V() = e=% where

L= Y  (=1)%tP; P ... P
{jl,jQ,...,jt}eS

Here each P; is a single-qubit Pauli operator with the property (0|FP;|0) = 0 that acts nontrivially
only on qubit j and aj, .., € {0,1} is chosen so that

WO (= 1)t [Py Py . Py, HJO™) = [(0"|[P, P, - .- Py, H0™)].
Let [0) = e~*L|0"). Then
(01H|0) = (0"|H|0") +6 > [0"[[P}, Py, ... Py, H]|0")| + Exr,
{jl,‘..,jt}ES

where the higher order terms Err can be bounded as

o™ n
Brrf = |30 (072, H]l0")

m>2

B> g (2kd<tf1>>m

m>2

< <2kd< g >)292\E|e%d(tk1)9. (6.60)

IN

t—1
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In the second line, we used the fact that [L, H],, = > p[L,hr|m and each term [L,hg] can be
m
expanded as a sum of at most (kzd( ¢ ]fl)> non-zero terms each of norm at most 2. This is because

the operators Pj,, Pj,, ..., P;, commute with each other for different choices of {ji, jo,...,j:} and
only those that overlap with the support of hr may contribute. The number of such operators (i.e.
|SNsupp(hp)|) can be bounded by kd(, * ,) as follows: There are at most & vertices in supp(hg) and
each vertex is in the support of < d other terms in the Hamiltonian. Given a vertex j € supp(hgr)
and an overlapping Hamiltonian term hp such that j € supp(hp/), there are (tlfl) choices of
vertices {j1,jo2,...,J¢} C supp(hg) that contain j. Hence, from the definition of set S follows that
|S Nsupp(hr)| < k‘d(tfl) (one can obtain tighter bounds using (0| F;|0) = 0). Now define

1 n n
B=1g 2 NOIIB; P By HIO7). (6.61)
{j1,--,5e €S
It holds that g < (I:) To see this, note that [(0"|[P}P;,...P;,H]0")| <
> r (0™|[Pj, Pj, ... Pj,,hg]|0™)|. Using the assumption (0|P;|0) = 0, it follows that the only

choices of vertices {ji,...,j:} that may contribute in |(0"|[Pj, P}, ... Pj,, hg]|0™)| are those which
are fully contained in supp(hgr). The number of such vertices is bounded by (’f) Using
|(0™|[P}, Pj, - .. Pj,, hg]|0™)| < 2, we arrive at the claimed bound § < 2( ). We have

(0|H|0) = (O"|H|0™) + | E| (05 - <2kd<t f 1)>29262’“d(t51>9> .

Choosing § = O <W> gives

|E|6°

(O1H|9) > 0*|H|o™) + Q| =P
a2 (t )

(6.62)

Now let 81 be given by Eq. (661) with Pj1Pj2 cee Pjt = le ®Xj2 & '®th for all {jl, ce ,jt} eS.
Define |&;,,. j,) = Xj, ® Xj, ® --- ® X;,|0™) and the operator

_ 0 e tu
p= elar 0 '

Let 32 be given by Eq. (6.61) with P}, P;, ... Pj, = pj, ®pj, ® - --@pj, for all {ji1,...,j:} € S. Then,
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one can see that

1
e T 2 [ HIOD)| + [Re(@,.. HIOM)]

{1,--,Jt yES
1 I ((&5,....5, [HI0") > [Re({é)y....5 [H|0")]?
- g Q)
> kd|E|Var(H).

This implies either 81 or o is larger than mVar(H). By plugging this into Eq. (6.62) we arrive
at

Var(H)?

(01H|0) > (0"[H|0") + Q| ————F5—
Kd(,*)’ E|

This bound is minimized by allowing ¢ = [k/2 + 1] which results in the following overall lower
bound on the improvement to the energy of the input state |0™):

Var(H)?
> n n
(0| H|0) > (0" H|0™) + Q <20(k>d4| |>. (6.63)
We note that the 2(1/d*) dependence of (6.63) on the degree is quadratically worse than the bound

we obtained for 2-local Hamiltonians in Theorem 170; It would be interesting to recover the (1/d?)
scaling in this case.

6.3.6 Local classical algorithm for triangle-free graphs

Theorem 181. Consider a two-local Hamiltonian H = 3 ¢ »ephij where G = (V. E) is a d-
reqular triangle-free graph. There is an efficient randomized algorithm that computes a product state
lv) = @iy |vi) satisfying

(6.64)

1 quad(H)
E,(v|H|v) > ZTr(H) +Q () .

Vd

Note that in Eq. (6.64) the first term on the right hand side is equal to the expected energy of
H with respect to a random state p = I/2".

Proof of Theorem 181. It will be convenient to work in a local Pauli basis X,Y or Z chosen at
random and independently for each qubit. We write h;; in this randomly chosen product basis. Let
us define w;; = Tr(hyj)/4 and

1 1 1
ujy = 3 Tr(higXiXy) oy = 7 Tr(hygYiYy)  ujy = Tr(hi ZiZ;).

i 1 )
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Due to the random choice of basis we have
1
E[(ufj)z] = §quad(hij) a € {x,y,z}. (6.65)

Following [BMO™ 15, Has19, HM17|, we start with a random i.i.d assignment of pure product
lv) = @I 4|v;) states to the vertices. We then select a subset of vertices A uniformly at random.
For any vertex i € A, let N(i) = {{i,j} € E : j ¢ A} be the neighboring edges that contain exactly
one vertex in A (i.e. vertex i). The remaining edges that are not in U;c 4N (4) either connect two
vertices that are not in A or connect two vertices in A. We denote the former by M and the latter
by M’.

The initial random pure state at each vertex p; can be represented by p; = %(]1 +ri X+ T?Y} +

r7Z;), where (rZ,r,r?) € R3 is the Bloch vector with norm [r¥|? + |r!|*> 4 [r7|*> = 1. For a vertex

i € A, the total energy of the edges N (i) is given by

Z tr[hijpi ® pjl
J{i.}eN (D)
= Z wij + Z (uiyrir§ +udyriry +uirirs) + Z D (75,75) (6.66)
J:{i5}eN() J+{i,3}EN(D) J{i.3}eN()
where
Dij(Fi, 7)) = Y cifrirt+ > (dlrd + efyrd).
a#b ae{z,y,z}

for some coeflicients cf}’, di;, ej;. Using Cauchy—Schwarz inequality, we see that the first two terms
in Eq. (6.66) can be maximized by applying a local unitary on each vertex i € A which rotates the

state p; to a state p; with the Bloch vector

-1/2
R Y wn (O wmre (X P X win?) 6o

3. eN () 3{i.greN () 3. eN() 3, eN (@)

for a € {x,y,z}. When the denominator of Eq. (6.67) is zero, the vector R is chosen uniformly at
random. Hence, we get

Z trlhijpi @ pj]
J:{i,3EN()
1/2
= Z wij + (( Z ufjr’-c)z + ( Z ulyjré’)Z + ( Z ufjr?)2> (6.68)
{i.7eN() J{a.dreN() J{i.JreN() J{i.}EN()
+ ) Dy(Ri,7),
J{i.dreN()

A property of this construction is that E[R¢] = 0 for a € {z,y, 2} and R;, R; are independent of
each other for {i,5} € M’. This follows from the triangle-freeness, the definition of the set N(7),
and the initial uniform i.i.d. distribution of the state of vertices. Moreover, we have

E[T?Tb] = E[R?T;z] =0 whenever a#b
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Using these observations, the expected value of the total energy after the local improvements is

E| Y whypepl| +E| Y. trlhge@p]| +E > > tr[hiii © pj

{igjreM’ {igjreM €A j{i,j}EN (i)
[ 1/2
S owrE | (0 X wiPe( X e Y )
{ij}ek LieA * j{igreN(D) J{i.gYeN(i) J{i.gYeN(i)
> > wi+E|D Y wrd (6.69)
{ijleE Li€A j:{ig}eN()

The first term ) (ij}eE Wij corresponds to the expected energy when the product states are chosen
uniformly at random. The second term is a lower bound on the improvement achieved by the local
updates which we now show is at least Q(|E|/v/d).

For a fixed choice of the set A C V', we define the random variable & = ZJ {ijyeN (i) U Z. Using
the “second moment method,” for ¢ € [0, 1], we get

[\§z|>t\/ 62} > (1) BT (6.70)

One way to sample uniform pure states over Bloch sphere is to uniformly draw ¢ ~ [0,27], r? ~
[~1,1] and set r§ = /1 — (r7)?cos ¢ and ry = /1 = (r7)*sing. Given this we have E[r?] = O,

E[(rf)Q] =1/3, E[(rjz) ] =0, and E[(rj) | = 1/5. Hence, using Corollary 9.6 of |O’D14|, we have
E[¢4] < 9-E[¢%]. Plugging this in (6.70) implies that for a fixed choice of the set A, the expectation
with respect to the random distribution of the initial product states for an arbitrary choice of
te0,1] is

1
Bil > wujrjl| =gt — )" BT
J{i.JYEN()
1/2
1
§-t(1—t2)2- > @) E[(r)?]
J{i.JYEN()
1/2
(1 —t2)2. W) - (6.71)
JHiIYEN ()

1
>7
~9V3

Finally, we calculate the expectation with respect to the set A C V. Note that the set N(i) is also
a random variable determined by the set A. Conditioned on the event that the vertex i € A and
using Theorem 9.24 of [O’D14], we have

1 1
Pr Z (%3‘)225 Z (uf;)? Z 1z

J{4,3}EN(9) Jj{ig}eE
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Thus, we get
1/2 1/2

E Z Z (UEJ)Q Z8\/1§e22 Z (ufj)Q

i€A \j:{i,j}EN(7) i€V \j:{i,j}eFE

1 1 )
> N Z) . 6.72
2 e i, 2 () (6.72)

{igteE

Finally, taking the expectation over the random choice of local basis and using Eq. (6.65) we get

1/2
z\2
E|> > () 36\f€2' d D> auad(hy)
i€A \j:{i,j}eN(i) {i.jteE
1 1
> - —quad(H 6.73
2 o e (6.73)

We arrive at (6.64) by plugging this into (6.71) and using (6.69).
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