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ABSTRACT

One of the primary motivations for building quantum computers is to simulate quan-
tum many-body systems. While significant progress has been made in simulating
quantum dynamics, much less is known about simulating ground states and Gibbs
states, an essential task for understanding the static properties of quantum many-
body systems. From a computer science perspective, problems on ground states and
Gibbs states are quantum analogues of the Boolean satisfiability problem (SAT) and
classical Gibbs sampling, which have wide applications in optimization, machine

learning, and computational complexity.

This thesis leverages tools from computer science to explore the potential quantum
advantage in simulating ground states and Gibbs states, through two complementary
approaches: designing new quantum algorithms and evaluating the extent to which

classical algorithms remain effective. In particular,

* Quantum Gibbs sampling. In the first part, we describe our progress in
developing quantum algorithms for preparing quantum Gibbs states. For
general Hamiltonians, we develop a quantum analogue of the Metropolis-
Hastings algorithm that is both conceptually simple and provably correct, with
the Gibbs state as its approximate unique fixed point. Note that generalizing
the Metropolis-Hasting algorithm to the quantum setting is non-trivial due
to the unclonability of quantum states. Additionally, for a broad class of
commuting Hamiltonians, we propose a different approach which constructs
efficient quantum Gibbs samplers by leveraging reductions to existing classical

sampling algorithms.

* Sharpening the understanding of classical algorithms. In the second part,
we present new complexity results to deepen our understanding of the capa-
bilities of classical algorithms for ground energy estimation. The potential
quantum advantage in solving many-body systems stems from the sign prob-
lem in general Hamiltonians, which classical algorithms struggle to handle.
We give rigorous evidence to show that under certain conditions, widely used
classical methods, such as fixed-node Monte Carlo and tensor network con-

traction, may overcome this barrier and effectively resolve the sign problem.
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NOMENCLATURE

MA. A complexity class that denotes decision problems which can be verified in
polynomial time by probabilistic classical computer.

NP. A complexity class that denotes decision problems which can be verified in
polynomial time by deterministic classical computer.

QMA. A complexity class that denotes decision problems which can be verified in
polynomial time by quantum computer.

Gibbs State. A state that describes a many-body system in thermal equilibrium at
a given finite temperature.

Ground Energy. The minimum energy that a many-body system can have, defined
as the smallest eigenvalue of the corresponding local Hamiltonian.

Ground State. A state that describes a many-body system at zero finite temperature.
It is the eigenvector of the local Hamiltonian corresponding to the ground
energy.

Guided State. A state that has 1/poly(n) overlap with the ground state. Often
used as a warm start in both quantum and classical algorithms.

Local Hamiltonian. An n-qubit local Hamiltonian is a 2" x 2" size matrix which
can be written as written as sum of local terms, where local terms only act
non-trivially on constant qubits.

Quantum and Classical Hamiltonians. We say a local Hamiltonian H is classical
if it is a diagonal matrix in computational basis. Otherwise, H is called a
quantum Hamiltonian. An example of a classical Hamilontian is the Ising
model, while an example of a quantum Hamilontian is the transverse-field
Ising model.

Quantum Gibbs Sampling. A quantum algorithm to prepare the Gibbs states of
quantum Hamiltonian.

Quantum Many-Body System. A physical system composed of many interacting
quantum particles, such as electrons or spins, whose collective behavior is
governed by quantum mechanics.

Quantum Monte Carlo Method. A classical method to simulate quantum many-
body system by using Monte Carlo sampling.

Tensor Network. A computational tool for classically estimating properties of
many-body systems, such as ground state properties.



Chapter 1

INTRODUCTION

One of the primary motivations for building quantum computers is to simulate
quantum many-body systems [Feyl8]—complex systems of interacting particles
governed by quantum mechanics, such as multi-electron molecules and materials.
The potential quantum advantage in these simulations arises from the inherently
quantum nature of the systems: the state of an n-qubit (quantum bit) system is
described by a vector in a 2"*-dimensional Hilbert space, meaning that direct classical
simulation of such systems requires an exponentially large amount of computational

resources.

Over the past few decades, significant progress has been made in simulating quantum
dynamics [Ber+14; Ber+15; BCK15; CW16; LC19], including the development of
optimal protocols for Hamiltonian evolution [LC19]. However, much less is known
about simulating ground states and Gibbs states, an essential task in understanding

the static properties of a many-body system.

Ground states and Gibbs states are fundamental concepts that play a central role
in numerous areas. From a computer science perspective, problems on ground
states and Gibbs states are the quantum analogues of the Boolean satisfiability prob-
lem (3SAT) and the classical Gibbs sampling. Estimating the ground state energy
is a central problem in quantum complexity theory [KKRO06; AAV13; AGM20;
AAG22a; 1J23], playing a role analogous to that of SAT in classical complexity
theory. Algorithms for sampling from Gibbs states can be used to solve semidefinite
programs [Bra+19; Van+17], with wide applications in optimization. Addition-
ally, Gibbs states can serve as generative models in machine learning, forming the
foundation of classical and quantum Boltzmann machines [HS83; Ami+18]. From
a natural science perspective, ground states and Gibbs states describe quantum
many-body systems at zero and finite temperatures. Their properties are crucial
to understanding the phase diagrams and the electronic binding energies, which
are central topics in quantum chemistry and condensed matter physics. Develop-
ing quantum algorithms and deepening the complexity-theoretic understanding of
simulating Gibbs states and ground states may lead to breakthroughs in materials

science and quantum chemistry [Cao+19; Alh23; Qin+22].
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In this thesis, I leverage tools from computer science to investigate the potential
quantum advantage in simulating Gibbs states and ground states. The exploration
follows a twofold approach: developing novel quantum algorithms and evaluating
the extent to which classical algorithms can simulate or dequantize these quantum
processes. In particular, in this introduction, I will start by reviewing the key
concepts. I will then describe our progress in developing new quantum algorithms
for quantum Gibbs state preparation, as well as new computational complexity
characterizations for estimating ground state energy that sharpen our understanding

of the regimes in which classical algorithms remain effective.

1.1 Local Hamiltonians, Gibbs states, and ground states

Before presenting our results, we briefly review the key concepts.

n-qubit local Hamiltonian. An n-qubit local Hamiltonian H, which describes a
many-body system, is a 2" X 2" size matrix that can be written as a sum of local

terms, 1.e.
m
H= Z H;, (1.1)
i=1

where m = poly(n), each H; is Hermitian and only acts non-trivially on at most
constant qubits. We say that a local Hamiltonian H is classical if each H; is a

diagonal matrix. Otherwise, we say H is quantum.

Gibbs states and quantum Gibbs sampling: A many-body system at finite tem-
perature is described by its Gibbs state, which 1s known as the thermal equilibrium
state and is written as

exp(—BH)

8= Trexp(—H)’ 2

where H is the local Hamiltonian and S is the inverse temperature.

Given (H, B), the quantum Gibbs sampling task is to design a quantum algorithm that
prepares the Gibbs states pg with provable correctness and efficiency. Although
this problem has been extensively studied for classical Hamiltonians such as the
Ising model [Met+53; MO94; CCS87; Hol85; SW87; FGW23] (classical Gibbs
sampling), much less is known when H is a quantum Hamiltonian. In Chapter
1.2 we will describe our progress in designing quantum algorithms for preparing

quantum Gibbs states.
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Ground states and ground energy estimation: While the Gibbs state characterizes
many-body systems at finite temperature, the ground state of a local Hamiltonian
H represents the state of a many-body system at zero temperature. Mathematically,
the ground state of H is the eigenvector corresponding to its minimum eigenvalue,

where the minimum eigenvalue is denoted as the ground energy.

The problem of finding the ground energy of a local Hamiltonian is a quantum
generalization of the classical Boolean satisfiability problem (SAT), where SAT
corresponds to determining the ground energy of a classical Hamiltonian. Analo-
gous to the central role that solving the SAT problem plays in science, operations
research, and engineering, estimating the ground energy of a quantum Hamiltonian
plays a fundamental role in chemistry, physics, and quantum information. Conse-
quently, many quantum and classical algorithms have been proposed to tackle this
challenge [Whi92; Whi93; Sch05; Cao+19; McA+20; Bau+20], though the majority

are heuristic.

In Chapter 1.3, we present new rigorous results for ground energy estimation, which
offer more insight into the capabilities of classical algorithms to solve the ground

energy estimation problem.

Complexity class. Here we briefly explain the complexity classes discussed later
in Chapter 1.3. All the representative problems mentioned are complete for their

respective complexity class.

o NP denotes the set of decision problems that can be verified in polynomial
time by a deterministic classical computer. A representative problem in this
class is the classical Boolean satisfiability problem (SAT).

o MA denotes the set of decision problems that can be verified in polynomial
time by a probabilistic classical computer.

o QMA denotes the set of decision problems that can be verified in polynomial
time by a quantum computer. A representative problem in this class is the
local Hamiltonian problem (LHP), which is the decision version of the ground
energy estimation problem [KKRO6].

o QCMA represents the set of decision problems that can be verified in poly-
nomial time by a quantum computer, where the proof can be represented
by poly(n) classical bits. A representative problem in this class is the lo-
cal Hamiltonian problem (LHP) where the ground state can be prepared by

polynomial-size quantum circuits [WJB03].
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o #P is a class of counting problems. A representative problem in this class is

#SAT, which counts the number of satisfying assignments in the SAT formula.

1.2 Quantum Gibbs sampling

Quantum Gibbs sampling is a crucial computational technique with wide application
in chemistry, physics, and computer science [Alh23; HS83; Ami+18; Bra+19;
Van+17]. In designing a quantum algorithm to prepare quantum Gibbs states, there

are two fundamental goals:

1. The first is to design a quantum algorithm which correctly prepares the Gibbs
states.

2. The second is to make the proposed quantum algorithm efficient (fast mixing).

In this thesis, we present two of our works that address the above goals.
Chapter 2: Quantum Metropolis Sampling via Weak Measurement

The goal of correctly preparing Gibbs states of classical Hamiltonians is achieved by
the celebrated Metropolis algorithm [Met+53], which has become one of the most
widely used algorithms throughout science. For quantum Hamiltonians, designing
an algorithm which provably converges to the Gibbs state has been more challenging
since mimicking the rejection process in quantum Metropolis requires reverting
a quantum measurement, which is hard. In addition, quantum computers with
finite resources cannot distinguish eigenvalues to infinite precision (energy-time
uncertainty principle), which brings additional technical difficulties. To ease the two
issues, previous work [Tem+11] designed a quantum Metropolis algorithm assuming
a special variant of quantum phase estimation algorithm, which is suggested to be

impossible by recent work [Che+23].

In Chapter 2, we [JI124] design a provably-correct quantum Metropolis-based al-
gorithm for quantum Gibbs states preparation. We addressed the difficulties in
the previous algorithm [Tem+11] by incorporating two new ideas: applying weak
measurement and using two different ways to implement an accepting move. The
only provably correct quantum Gibbs sampler before our work [Che+23] is based on
an approach significantly different from classical Metropolis. It uses the weighted

operator Fourier transform technique to give an approximate quantum simulation of
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the Davies generator, a Lindbladian' closely related to the thermalization process
in nature. Compared to previous work, the main advantage of our Gibbs sampler is
its simplicity and the conceptual connection to the classical Metropolis algorithm.
These advantages might make it easier to adapt variations of Metropolis algorithms
that speed up the convergence of classical Markov chains to the preparation of
quantum Gibbs states. Examples of variations that have been successful in the
classical setting include delayed rejection [ZK11], equi-energy sampling [KZWO06],
and adaptive methods [HSTO1].

Chapter 3: Gibbs state preparation for commuting Hamiltonian

While significant progress has been made in developing provably-correct quantum
Gibbs samplers, much less is known about the mixing times of those methods. Based
on the Davies generator, recent papers [CRF20; Bar+23; KB16] have designed
fast mixing Gibbs samplers for various commuting local Hamiltonians (CLHs), in
particular for 1D CLH at any temperature [Bar+23; KB16] and 2D CLH at high
temperature [CRF20; KB16].

In Chapter 3 we design novel Gibbs samplers for various CLHs by giving a reduction
from quantum Gibbs sampling to classical Gibbs sampling, rather than using Davies
generator. Those CLHs include all 2-local CLHs (either 1D or 2D) and a large class
of qubit 4-local 2D CLHs, including the defected Toric code. Combined with the
existing fast mixing results for classical Hamiltonians, our Gibbs sampler is able
to replicate the state-of-the-art performances mentioned above [Bar+23; KB16;
CRF20], as well as prepare the Gibbs state in regimes which were previously
unknown, such as the low temperature region, as long as there exists fast mixing
Gibbs samplers for the corresponding classical Hamiltonians. For example, we
are able to utilize low-temperature classical Gibbs sampling techniques such as the
Swendsen-Wang algorithm [FGW23] and Barvinok’s method [Bor+20], to prepare

low-temperature Gibbs states for certain 2-local CLHs.

1.3 Sharpen the understanding for classical algorithms
Quantum many-body systems have been studied for decades by physicists and
chemists even before the emergence of quantum computers. Numerous powerful

classical algorithms have already been proposed for classically estimating properties

"Note that Davies generator assumes the ability to distinguish eigenvalue to infinite precision,
thus cannot be directly simulated on quantum computers without using the weighted operator Fourier
transform techniques developed in [Che+23].
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of Gibbs states and ground states, such as the Monte Carlo based method [GKW 16;
MZ18], the tensor network based approach [Whi92; Ori19; Bafi23], and variational
methods [Fis87; CT17]. In seeking quantum advantage in quantum many-body
systems, it is not only important to design efficient quantum algorithms, but it is also
important to sharpen our understanding of the regions where classical algorithms
work. The intuitive belief in a potential quantum advantage for solving many-body
systems stems from the fact that general Hamiltonians are affected by the sign
problem, which classical algorithms struggle to handle. In this thesis we describe
several works that have enhanced our understanding of classical algorithms’ ability
to address the sign problem, thereby refining our understanding of the boundary of

quantum advantage.
Chapter 4: Local Hamiltonian problem with succinct ground state is MA-complete

In ground energy estimation, a guided state for a local Hamiltonian refers to a
state with 1/poly(n) overlap with the ground state, which is commonly used as a
warm start in both quantum and classical algorithms. It was believed that quantum
algorithms assisted with guided states could achieve higher precision in ground en-
ergy estimation than classical algorithms, potentially offering exponential quantum
advantage for quantum chemistry [Cao+19; McA+20; Bau+20]. This belief was
supported by the theoretical evidence that achieving high-precision in ground en-
ergy estimation is inherently a quantum problem (QCMA-complete [GL.22]) while
achieving low-precision is a classical problem (in NP [WFC23]).

However, it is important to note that guided states are often derived from classical
heuristics, and can be used as a warm start for not only quantum algorithms but
also classical algorithms. Recent numerical investigation by chemists [Lee+23] sug-
gests that these guided states may possess more structure than assumed in previous
complexity results [GL22; WFC23], an observation which could lead to efficient
classical algorithms. In Chapter 4 we describe a rigorous complexity result [Jia25]
to support the observation [Lee+23] that classical access to more structured guided
states may invalidate the assumed quantum advantage. More specifically, we use
the fixed node Monte Carlo method [Ten+95; Bra+23a] to demonstrate that clas-
sical query access to an extremely good guided state (ground state) will make
high-precision ground energy estimation a classical problem; this problem becomes
MA-complete, in contrast to the QCMA-complete result mentioned above. This
suggests that the sign problem can be resolved by classical algorithms with the help

of certain good guided states.



Chapter 5: Positive bias makes tensor-network contraction tractable

We also provide rigorous results that advance our understanding of the complexity of
tensor network contractions, another widely used computational tool for classically
estimating ground state properties [Whi93; Whi92; MVC07; VC21]. In particular,
it is well-known that contracting random tensor networks with zero mean exactly
is #P-hard, and remains numerically hard for approximate contraction. While it is
expected that tensor network contraction becomes easier when all entries are positive
(eliminating the so-called sign problem), in Chapter 5, we [Jia+24] give rigorous
evidence that random tensor network contraction becomes tractable even when the
tensor network is only slightly positive. In particular, we show that a small bias on
the mean value already dramatically decreases the computational complexity of 2D
tensor network contractions, enabling a quasi-polynomial approximation algorithm.
This work provides rigorous support for previous observations made by chemists
and physicists [GC24; Che+25].

Chapter 6: Commuting Local Hamiltonian Problem on 2D beyond qubits

The ground energy estimation problem is typically formalized as the Local Hamil-
tonian Problem (LHP): given an n-qubit local Hamiltonian H = }," | H; and two
real numbers a > b, the goal is to decide whether the ground energy of H is greater
than a or less than b, under the promise that one of these is true. While it is widely
believed that there are quantum advantages for ground energy estimation, it is well-
known that LHP is QMA-complete [KKR06], which indicates that even quantum

computers cannot efficiently solve general LHP.

A natural question is to identify additional properties and understand how they
weaken the hardness of LHP. In Chapter 6 we study the commuting variant of LHP,
where we additionally assume that all the local terms H; commute with each other.
Compared to the general LHP, commuting LHP is conjectured to be more classical
— potentially in NP — based on the intuition [FS97] in quantum physics that it is
the non-commutativity that makes the quantum world different from classical (as
illustrated by the Heisenberg uncertainty principle). However, despite two decades
of study, the complexity of CLHP still remains widely open, with a few special cases
known to be in NP ([BVO03; AE13; AE11; Sch11; AKV18; Has12]). We approach
this question by focusing on the special case of the CLHP defined on a 2D lattice.
In Chapter 6, we will show that on 2D lattice the qutrit commuting LHP and the
factorized commuting LHP are both in NP.



Chapter 2

QUANTUM METROPOLIS SAMPLING VIA WEAK
MEASUREMENT

2.1 Introduction

One of the primary motivations for building quantum computers is to simulate quan-
tum many-body systems. While there has been significant progress in simulating
quantum dynamics [Ber+14; BCK15; CW16], much less is known about preparing
ground states and Gibbs states, an essential task in understanding the static properties
of a system. In particular, the properties of Gibbs states, which describe the thermal
equilibrium of a system at finite temperature, are closely related to central topics in
condensed matter physics and quantum chemistry [Alh23], such as the electronic
binding energy and phase diagrams. In addition to applications in physics, Gibbs
states are widely used as generative machine learning models, such as classical and
quantum Boltzmann machines [HS83; Ami+18]. Algorithms for preparing Gibbs
states are also used as subroutines in other applications, such as solving semidefinite

programs [Bra+19; Van+17].

Typically, a good Gibbs state preparation algorithm (Gibbs sampler) should satisfy
two requirements: it should have the Gibbs state as its (unique) fixed point and it
should be rapidly mixing. The fixed point property ensures the correctness of the
Gibbs sampler. An algorithm that keeps the Gibbs states invariant and shrinks any
other state will eventually converge to the Gibbs states after a sufficiently long time.
Our algorithm satisfies an approximate version of the fixed point property. The
mixing time determines the efficiency of the algorithm. In particular, an algorithm

is said to be fast mixing if it convergences to Gibbs state in poly(n) time.

The focus of this manuscript is the correctness part, that is, designing a Gibbs
sampler which satisfies the fixed point property. For classical Hamiltonians, like the
Ising model, the fixed point property is easily satisfied by the celebrated Metropolis
algorithm [Met+53] which has become one of the most widely used algorithms
throughout science. For quantum Hamiltonians, designing an algorithm which
provably converges to the Gibbs state has been more challenging. As noticed in the
pioneering work of [Tem+11] ten years ago, designing a Metropolis-type algorithm

for quantum Hamiltonians is non-trivial, mainly due to two reasons:
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(1) Quantum computers with finite resources cannot distinguish eigenvalues and

eigenstates to infinite precision.

(2) Mimicking the rejection process in quantum Metropolis requires reverting a

quantum measurement.

[Tem+11] eased the first challenge using a boosted version of QPE which sharpens
the accuracy by taking the median of multiple runs. They addressed the second chal-
lenge using the Marriott-Watrous rewinding technique along with a shift-invariant
version of QPE in the case of a rejected move. As a result, their analysis depends
on a version of QPE that is both boosted and shift-invariant. Recent work [Che+23]
suggests a version of QPE with both of those properties may be impossible. While
[Tem+11] provides many innovative ideas, a provably correct quantum Gibbs sam-
pler remained elusive for some time. Recently, Chen et.al. [Che+23] designed the
first Gibbs sampler which provably satisfies the fixed point property for general
Hamiltonians based on a significantly different approach. Their method is based on
simulating quantum master equations (Lindbladians) which more closely mimics
the way that systems thermalize in nature. Their algorithm approximately simulates
the Davies generator [Dav76; Dav79], which describes the evolution of quantum
systems coupled to a large heat bath in the weak coupling limit. It is worth men-
tioning that the Davies generator by itself also assumes the ability to distinguish
eigenvalues to infinite precision, and thus cannot be efficiently simulated by quan-
tum computers. To resolve this problem, [Che+23] devised a method to smooth the

Davies’ generator by using a weighted operator Fourier Transform for Lindbladians.

Although [Che+23] provides a provably correct quantum Gibbs sampler by simu-
lating the thermalization process occurring in nature, it is natural to ask whether
a Metropolis-style quantum Gibbs sampler can be designed. Are there intrinsic
reasons why an algorithm based on the classical Metropolis process cannot work

for quantum Hamiltonians? Or on the other hand:

Is it possible to design a provably correct quantum Gibbs sampler, which is analo-

gous to the conceptually simple classical Metropolis algorithm?

In this manuscript, we give an affirmative answer to the above question, by de-
signing a simple Metropolis-style Gibbs sampler. Our algorithm uses many of the

components of [Tem+11], but there are some key differences: (1) we use weak
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measurement in determining whether to accept or reject a given move; (2) we use
a Boosted QPE and do not assume the shift-invariant property. (3) we do not use
Marriott-Watrous Rewinding tehchnique [MWO05], which simplifies the algorithm

considerably.

For (3), more precisely, recall that the mechanism that [Tem+11] uses to back up
in a reject case requires a poly(n) sequence of forward and backward unitaries
and complex measurements until the backing up process succeeds. In comparison,
we use only one single-qubit measurement and one unitary for rewinding. This
simplification is achieved by noticing that after one round of unsuccessful rewinding,
the state is almost equivalent to the state in the accept case. This allows us to accept
and conclude the iteration in one step instead of attempting to rewind again. We
call this case an Alternate Accept. This observation is an essential feature of our
analysis, since we would still need to perform Marriott-Watrous rewinding without
the Alternate Accept case, even with the weak measurement. One remark is that
while weak measurement helps in rewinding, it comes at the expense of increasing
the number of iterations by a polynomial factor. Also, while our algorithm is simple,
it does not have the most favorable scaling as a function of the system parameters

and desired precision.

We note that weak measurement is also one of the reasons why the approaches based
on the Davies generator succeed, since simulating a Lindbladian requires the use of
weak measurement. Our algorithm also effectively approximates the evolution of a
Lindbladian. In this sense our algorithm is conceptually similar to [CKG23]. The
key difference is that our Gibbs sampler is directly designed from QPE instead of a

Davies generator.

2.2 Overview

Algorithm Overview

Given a local Hamiltonian H and an inverse temperature S, the goal is to design
a quantum algorithm which prepares the Gibbs states pg = exp(—BH)/Z, where
Z =tr(exp(—BH)).

Our quantum algorithm attempts to mimic the classical Metropolis algorithm similar
to [Tem+11]. Recall that the classical Metropolis algorithm is a random walk whose
states are eigenstates of a classical Hamiltonian. In each iteration, the algorithm
starts in some state x with energy v,. A jump operator is applied to alter x in some

way to obtain a new state y with energy v,. Then a randomized decision is made
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whether to Accept the move and remain in state y, or REJECT the move and revert
back to x. The acceptance probability is defined by a function f, ,, € [0, 1]. The
Metropolis acceptance rule is designed so that the random walk converges to the

Gibbs state. In particular, the rule must satisty
exp(_ﬂvx)fvxvy = exp(_ﬁvy)fvyvx .
Metropolis sampling uses the following function f:

fryvy = min {1, exp (Bvy — ﬁvy)} .

The main obstacle in adapting the classical Metropolis algorithm to the quantum
setting, is that a measurement must be performed in deciding whether to accept
or reject. Then in the REJECT case, one needs to rewind back to the state before
the move, thus reverting a quantum measurement, which is hard. The algorithm
presented here manages this difficulty effectively by using weak measurement in
determining whether to Accept or Resect. It is worth noting that, in contrast to
the classical case where we can compute the energy v, exactly, there are intrinsic
limitations on our ability for estimating energies of quantum states (due to the
energy-time uncertainty principle). Analyzing the errors incurred by imperfect
quantum energy estimation is non-trivial, and is one of the most technical parts in
all related works [Che+23; CKG23; WT23; Tem+11]. We will explain more in the

overview of techniques section.

The quantum algorithm uses four registers. The first is an n-qubit register which
stores the current state of the algorithm. The next two each have gr qubits for integers
g, r and are used to store the output of an application of the Boosted Quantum Phase
Estimation (BQPE) algorithm, which provides an estimate of the state’s eigenvalue.
The last register is a single qubit register which controls whether we accept or reject

the new state.

The algorithm uses three different operations outlined below. Let H be an n-qubit
local Hamiltonian. We use {|W J-> ,E f}j to denote an ortho-normal eigenbasis of H

and their corresponding eigenvalues.

Boosted Quantum Phase Estimation (BQPE): BQPE is a unitary on two registers
of n and gr qubits respectively. If BQPE starts with an eigenstate of H in

the first register and the second register is initialized to g copies of |0”), then
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BQPE corresponds to performing g independent iterations of the standard
Quantum Phase Estimation with respect to the first register and storing the
result in each copy of |0"). This process leaves the first register unchanged
and outputs g independent estimates of E; in the second register. Each r-bit

string b in the second register represents an energy E (b) defined as

p
E(b) := ky Z b2, 2.1
J=1
where kg is a power of two that upper bounds ||H||. The set S(r) :=
{E(b)}peqo,1yr is the set of energies that can be represented by r-bit strings,
which are integer multiples of kg - 27". To ease notation, we use notation |E)
for E € S(r)®¢ as the basis of the second register, instead of using strings in
{0, 1}"8. Thus, BQPE operates as

BQPE|y;) 107y = |y;) > Bir|E), (2.2)

EeS(r)®s
The cost of BQPE is g - poly(2", n).

We write E as the median of the g energy estimates in E. We denote | E L TE]
as the best two approximations of E; in S(r), that s the closet value to E; which
is an integer multiples of xz - 27" and is smaller/greater than E; respectively.
More details on BQPE are given in Appendix 2.9.

We also use a variant of BQPE, which we call FBQPE (Flipped Boosted
Quantum Phase Estimation), where the amplitudes of the output of FBQPE
are the complex conjugates of BQPE:
FBQPE|y,) 105) = |u;) > BielE).
EeS(r)®s
The implementation of FBQPE is a slight modification of BQPE and is given
in Appendix 2.9. It is worth noting that FBQPE # BQPE".

Jump operators: A set of unitaries {C}}; called jump operators and a distribution
u over this set. We require that the set {C}}; is closed under adjoint. In
addition, for any C € {C;};, we require that u chooses C and C" with the
same probability. We use C < p to denote a selection of C drawn according

to distribution .

To ensure the uniqueness of the fixed point, we also require that the algebra
generated by {C;}; is equal to the full algebra, that is the set of all n-qubit

operators. For example one can choose {C,}; to be all single-qubit Paulis.
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Acceptance Operator (W): Finally, we use a unitary which calculates the accep-
tance probability based on the two energies stored in registers 2 and 3, scaled
by a factor of 72 and rotates the last qubit by the square root of the acceptance

probability. More precisely, W operates on registers 2, 3, and 4 as

-_ 2 ’ ’
W= Y |EE)(EE|e VI=7"Jer ”fEf . @3)
E.E'€S(r)®% ™WfEE N1 =T fEE

where fgg: is the Metropolis acceptance rate based on the median of energy

estimates:
fEE = min {1, exp (,BE - ,BE)} . 2.4)

We can think of W as computing the median of E and E’ to get E and E
respectively and then rotating the last qubit w.r.t fgg-. The median operation
E is used to boost the energy estimation, suppressing the probability of an
incorrect estimate with Chernoff bounds. The operator W is the same as the
one used in [Tem+11] with the addition of the slow-down factor of 72. Note
that

WIEEY0) = [EE) (NT= 2 fer 100+ yFee D). @25)

With those components defined, we can now describe an iteration of our algorithm
depicted in Figure 2.1. The Algorithm Sketch below is a high-level overview of the

algorithm. The complete pseudo-code is given in Section 2.4.

1 » I Accepr
|, 097, 097 0) _.@_. W  mas
Leas LTACCEPT

N el

wt

Meas

0\‘ @—p B ReircT

Figure 2.1: One iteration of the proposed Quantum Metropolis algorithm. The operation U
is QPE; 3 0 C o QPE, ,. The two measurements are performed on the last qubit only. The
m symbol indicates that the last three registers are traced out and replaced by fresh qubits in
the |0) state.

Algorithm Sketch: In each iteration, the algorithm chooses one of {BQPE, FBQPE}
with equal probability. The selected operation is called QPE. A jump operator
C « u is also selected. We use C to denote the random choices for QPE and C
made in a particular iteration. The algorithm starts an iteration with a state |¢) in
register 1 and all 0’s in the other three registers. Then:
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QPE is first applied to the current state, and the estimate of the eigenvalue is
stored in register 2. Then the jump operator C is applied to the state in register
1 to obtain a new state. QPE is then applied to the new state in register 1 and
the estimate of its eigenvalue is stored in register 3. We call the sequence of
these three operations U¢ := QPE; 3 o C o QPE ;.

* Then W is applied to registers 2, 3, and 4, and the last qubit is measured to

get Outcomel.

* If Outcomel = 1, the algorithm accepts the move (Case: Accepr) and con-

tinues.

« If Outcomel = 0, then W is applied and the last qubit is measured again to
get Outcome?2.

— The case in which Outcome?2 = 1 represents an alternative way of ac-
cepting the move (Case: ALTACCEPT).
— If Outcome?2 is 0, then this represents a rejection of the move (Case:

REJECT), in which case Ug is applied.

* Finally, registers 2, 3, and 4 are traced out and replaced by fresh qubits in all
0’s states.

Informal Statement of Results

Let &(p) be the map corresponding to one iteration of the algorithm. Recall that 7
is the parameter in the acceptance operator W, and g, r are the precision parameters
in BQPE. Our main result is proving that our algorithm approximately fixes the
Gibbs states:

Theorem 1 (Informal version of theorem 4) & can be expressed as
E=T+7°L+1'T,

where L is independent of T and approximately fixes the Gibbs state. More precisely
for any 6, parameters g and r can be chosen so that g = O(n + log1/6) and
r =0(logB +logky +1log1/8), and

[£(op, <.

Here |-|; refers to the trace norm.
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The proof that the fixed point of our algorithm is approximately the Gibbs State
depends upon the assumption that £ is fast mixing, meaning that £ converges to
its fixed point p » in poly(n) time. More precisely, we can combine the fast mixing
property with the fact that |.£( Pp) |1 ~ 0 from Theorem 1 above to establish that the
fixed point of L is close to the true Gibbs state: p, ~ pg. The next step then is to
show that starting from an arbitrary state, repeated iterations of our algorithm will
result in a good approximation of p . In particular, the second part of Theorem 1,
which says that & = 7 +7> L+7* 7, implies that EX ~ KL where EK corresponds
to K iterations of the algorithm. The error in the approximation scales as K74, K
and 7 can be chosen so that K72 is polynomial in 7 but the approximation error K7*
is still small. Assuming that £ is fast mixing, we can conclude that K7L drives

any states to p ». This reasoning leads to Theorem 2 below.

Theorem 2 (Informal version of Theorem 6) Suppose the mixing time of L is
poly(n). Assume B,ky < poly(n). For parameters T = 1/poly(n), g = O(n),
r = 0(logn), K = poly(n), and for any initial state p, we have

85 (p) = pgl, < 1/poly(n). (2.6)

Theorem 2 can also be rephrased in terms of the spectral gap similarly as in the

classical Metropolis algorithm. The formal statement is in Corollary 9.

For the above choice of parameters the cost of implementing EX is Kg-poly (2", n) =
poly(n), where the poly(2",n) is mainly the cost of implementing one run of

standard Quantum Phase Estimation.

Overview of Techniques
Intuitively our algorithm should approximately fix the Gibbs state, since it mimics
the classical Metropolis. The approximation errors come from two resources: one

is controlled by the parameter 7 in the acceptance operator W, and the other is
controlled by the g and r in BQPE.

Let us begin with the error from 7. According to the algorithm, & can be expressed
as the sum of three operators representing the three cases: &@ (for Accepr), &)
for (ALtAccept), and &™) (for Resect). Sothat & = E@ +&®) + () Each of these
can be further expanded to represent their dependence on 7. Mores specifically, in
Section 2.5, we define additional operators, M@ MO ) g 3]l with norm
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bounded by a constant. We show that

Accepr: @ = 2 M@ 2.7)
ActAccert: EW) = 22 M@ 4 ¢4 g (®) (2.8)
Reecrt: 8M =7 - 22MY + 749" (2.9)

Note that the operators for the Accept and ALTAccept cases only differ by an
operator on the order of 74, which means that the state in the ALTACCEPT is very
close to the resulting state in the Accept case. By defining £ = 2M@ — M) and
T =9 + T, we have that

E=T+71°L+7'T.

Most of the technical effort in the proof of Theorem 1 is spent showing that
|L(pﬁ)|1 ~ 0. There are two features of BQPE that make this fact challenging
to prove. The first feature is that BQPE cannot be made deterministic. More pre-
cisely, recall that | E;| and [E;] are the best two approximations of E;. Without
additional assumptions on the Hamiltonian, the amplitudes B g;| and B;[g;) are
both non-negligible. We use the boosted version of BQPE which guarantees that the
probability of generating an estimate E that is different from | E;] or [E;] is negli-
gibly small. However, the fact that the output of BQPE will still be a superposition
of |E;| and [E}] is unavoidable and makes the process inherently different from a
classical random walk. Mathematically, this means that if the algorithm begins in an
eigenstate |w j>, after one iteration, the new state is no longer diagonal in the energy
eigenbasis. In particular, £(pg) can have exponentially many non-zero off-diagonal

entries when expressed in the energy eigenbasis.

The second feature of BQPE that makes the analysis problematic is that there
are intrinsic limitations on the precision of energy estimation of quantum states.
In particular, the energy/time uncertainty principle suggests that a poly(n)-time
quantum algorithm (like BQPE) can only estimate the energy of a state within
1/poly(n) precision. This means that the off-diagonal entries of L(pg) can have
magnitude on the order of 1/poly(n). The fact that £(pg) can have exponentially
many off-diagonal entries that have magnitude 1/poly(n) rules out a brute-force

approach to bounding |L( p/g)|].

To illustrate our approach in overcoming these technical difficulties, first imagine

instead an ideal version of BQPE which deterministically maps every |1// j> to | E;].
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The resulting process has a fixed point which is a Gibbs state where the probability
of each state is proportional to e ALl instead of ¢ /. Call this truncated fixed
point pgo. It’s not too hard to show that pgy ~ pg, which implies L(pgo) =~ L(pp),
so we will focus instead on bounding |L(pﬁo)| - For the practically realizable,
non-deterministic BQPE, our analysis effectively decomposes £ (pgo) into a sum of
a constant number of terms and bounds the trace norm of each term separately by
a 1/poly(n). The different terms are derived by inserting different projectors that
separate out the cases when BQPE maps a state |w j> to |E;], [E;], or some other

E entirely. We can represent the cases by defining projectors:

PO =X yXujle > |EXE]
J

E:E=|E;]

PO =3 luXule ), |EXE]
J

E:E=[E;]
When the matrix

e

-BLE|]
Lppo) = Y= Wl L) (Wi )

J

is written out, there are four applications of phase estimation: BQPE, ; and BQPE, 3
are applied to |:,b j>, and BQPEI,2 and BQPE;3 are applied to <:,b j|. This results in a
total of 16 terms depending on which of the two projectors (P9 or P(1) is applied
after each occurrence of BQPE. Recall that £ = 2M(@ — M) In most cases, we
don’t get exact cancellation between the accept and reject operators because each
case may have some multiplicative error of the form e*#°, where 6 = [E;] - | E;] is
the precision of BQPE (which is independent of j). The essential observation is that
each separate case results in exactly the same multiplicative error. This is because
in each case, all of the BQPE estimates are erring in exactly the same direction
and by exactly the same amount. We get that £(pgo) can be expressed as a linear

combination of terms {N }:

16
L(ppo) ~ Z error; - N; (2.10)

=1
where error; = ¢*#° — 1 and [N}|, = O(1). In the proof we manage to reduce the

number of terms from 16 to 6 by carefully clustering terms. Note that the parameters
are chosen so that e#° = (1+1/poly(n)). Equation (2.10) is still approximate because

we have not yet taken into account the case where BQPE maps |:,0 j> to some value
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other than | E; | or [E;]. For this case, we have a third projector:

P = lyXule > |EXEL
J

E:E#|E;],[E;]

When P(5¢) is used, the norm of the resulting operator is exponentially small
because of the use of boosted QPE. Specifically, we use the following lemma which

is included in Appendix 2.9.

Lemma 3 If |i,b j> is an eigenstate of H with energy E, then

BOPE|y;) 05y =|y;) >, BielE), 2.11)
EeS(r)®s
where > 1Bi|? < 2780, (2.12)

EeS(r)®8: E#|E;|,E#[E;]

Our proof works for general Hamiltonians and we do not assume non-physical
assumptions like rounding promise [WT23]. One more remark is that BQPE itself
will create some biased phase in the resulting states. In our algorithm, we choose
BQPE and FBQPE randomly to cancel this bias. Finally, the proof of uniqueness of
the fixed point, which appears in Section 2.6, is standard, and is based on showing
that £ is of Lindbladian form, and that the generators of the Lindbladian generate
the full algebra of operators on the n-qubit Hilbert space.

Related Work

We have recently become aware of the concurrent, independent work of [Gil+24a],
which also provides a quantum generalization of Glauber/Metropolis dynamics. In
contrast with our algorithm, their method does not use QPE. Instead, they construct
a quantum extension of discrete and continuous-time Glauber/Metropolis dynamics,
in the style of a smoothed Davies generator [Che+23; CKG23]. They show that their
construction exactly fixes the Gibbs states and can be efficiently implemented on a
quantum computer. For the continuous-time case, their implementation is achieved
by Linbladian simulation [Che+23]. For the discrete-time case, they use oblivious
amplitude amplification [Gil+19] in combination with techniques based on linear

combinations of unitaries and the quantum singular value transform.

Before the appearance of [Che+23], there were many previous results on simulating
Davies generators, with additional assumptions on the Hamiltonian. As mentioned
before, Davis generators cannot be implemented exactly since they require the abil-

ity to estimate eigenvalues perfectly, which is impossible with quantum computers
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with finite resources. [WT23] circumvents this problem by assuming a rounding
promise on the Hamiltonian, which disallows eigenvalues from certain sub-intervals.
[RWW23] later eliminates the rounding promise by using randomized rounding,
which at the same time incurs an additional resource overhead. More recently,
[CKG23] designed a weighted version of Davies generator which exactly fixes the
Gibbs states (before truncating the infinite integral to a finite region). [DLL24] intro-
duces a family of quantum Gibbs samplers satisfying the Kubo-Martin-Schwinger
detailed balance condition, which includes the construction of [CKG23] as a special
instance. In addition to approaches based on the Davies generator, there are Grover-
based approaches [PW09; CS16], which prepare a purified version of Gibbs states.
The performance of those algorithms depends on the overlap between the initial and

the target state.

All of the above approaches use either quantum phase estimation or quantum sim-
ulation, which involve large quantum circuits. In contrast to those approaches,
[ZBC23] designs a dissipative quantum Gibbs sampler with simple local update
rules. [ZBC23] differs from the ordinary Gibbs samplers in that the Gibbs state
is not generated as the fixed point of the Markov Chain, but is generated on a

conditionally stopped process.

All the above work is focused on satisfying the fixed point requirement. A different
but important task is to bound the mixing time, which is wide open with the exception
of a few special cases. In particular, [KB16] shows that for acommuting Hamiltonian
on a lattice, there is an equivalence between very rapid mixing (more precisely,
constant spectral gap of the Linbladian) and a certain strong form of clustering
of correlations in the Gibbs state, which generalizes the classical result [SZ92a;
S7Z92b] to the quantum setting. [Bar+23] proves fast mixing for 1D commuting
Hamiltonian at any temperature. Recently [RFA24; Bak+24] prove fast mixing for

non-commuting Hamiltonian at high temperature.

There are also many heuristic methods for preparing Gibbs states. Previous propos-
als include methods that emulate the physical thermalization process by repeatedly
coupling the systems to a thermal bath [TD00; SN16; Met+20]. There are also ap-
proaches based on quantum imaginary time evolution [Mot+20] and the variational
algorithms [WLW?21; Lee+22; Con+23].
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Conclusions and Future Work

In this manuscript, we use weak measurement to design a quantum Gibbs sam-
pler based on the Metropolis algorithm which satisfies the approximate fixed point
property. Compared with previous work, the main advantage of our algorithm is its
conceptual simplicity. We hope that our Metropolis-style Gibbs sampler will make it
easier to adapt variations of the Metropolis algorithm that speedup the convergence
of classical Markov chains to the preparation of quantum Gibbs states. Exam-
ples of variations that have been successful in the classical setting include delayed
rejection [ZK11], Equi-energy sampling [KZW06], and adaptive methods [HSTO1].

Our algorithm uses a Boosted QPE which takes the median value of multiple
independent runs of the standard QPE. We do not require a version of QPE that
satisfies shift-invariance. In addition, our algorithm is free of Marriott-Watrous
rewinding techniques and only performs single-qubit measurements. Technically,
we give a new way of bounding the errors incurred by imperfect energy estimation
of QPE, by grouping the error terms into finite classes. Our proof works for general
Hamiltonians and we do not assume the rounding promise. It might be interesting
to investigate whether this technique can be applied to prove that the existing Gibbs
Sampler for Hamiltonians with rounding promise [W'T23] in fact works for general

Hamiltonians.

While our algorithm is simple, it comes at a cost of not having the most favorable
scaling in the parameters of the system and desired precision. In particular, our
algorithm effectively corresponds to directly simulating a Lindblad evolution e'£
by discretizing z, where the cost is scaled as O(#%/¢) for precision parameter €. It is
worth noting, however, that our algorithm itself is designed directly from QPE, and
we use ¢'L only in our analysis, as opposed to first designing the Lindbldian £ and
attempting to simulate it on a quantum computer. It would be interesting to explore
how more sophisticated Linbladian simulation techniques (such as [LW22; CW16;
CL16]) could be applied to our algorithmic structure to improve the dependence on

parameters. Note that our et

circumvents the problem of precision in the Davies
generator, because the operator £ is already defined in terms of QPE of finite

precision.

Another possible direction for future work is to compare the mixing time of different
Gibbs samplers. In particular, it would be interesting to compare, either numerically
or theoretically, the spectral gap of the Davies generator, the Davies-generator-
inspired Lindbldian in [Che+23; CKG23], and the Lindbladian £ in our algorithm.
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Since our algorithm is similar to the classical Metropolis algorithm, it might also be
interesting to explore whether classical techniques for analyzing mixing times can

be generalized to the quantum setting.

Structure of the manuscript

The manuscript is structured as follows. In Section 2.3 we give necessary definitions
and notations. In Section 2.4 we give explicit pseudo-code of our algorithm and
express the result of each operation more formally. We state our main results in

Theorem 4 and Theorem 6 at the beginning of Section 2.5.

The proofs of Theorem 4 and Theorem 6 are divided into several sections. Section
2.5 contains the derivation of the explicit formula for £. In Section 2.6 we show
that £ can be written as a Lindbladian and has a unique fixed point. Section 2.6 is
independent of Section 2.7 and can be skipped temporarily. In Section 2.7 we prove
L approximately fixes the Gibbs state. Finally in Section 2.8 we prove Theorem 4
and Theorem 6.

2.3 Preliminary and Settings
Gibbs states and Assumptions
For any n-qubit Hamiltonian H, we always use {|¢’ j> ,E j}j to denote an ortho-
normal set of (eigenstate, eigenvalue) for H. We use symbols different from |tp J-> to

denote other states. For any inverse temperature 8 > 0, we denote the Gibbs state

as
pp(H) := exp(-pH)/tr(exp(-BH)) (2.13)
= D pilui) (il (2.14)
J
where p; 1= exp(=BE;)/tr(exp(-BH)). (2.15)

We assume H > 0, and its spectrum norm is bounded by ||H|| < poly(n). Note
that one can always add multiples of identity matrices to H to ensure H > 0 and
this operation does not change the Gibbs state. To ease notation, we will fix H and

abbreviate pg(H) as pg.

kg = poly(n) is a power of two that upper bounds ||H||. For example, for local
Hamiltonian H = 3} | H;, ||[H;|| < 1, one can set ky to be the least integer which is

a power of two and is greater than m. Then kg < 2m.

For simplicity, in this manuscript we assume that we can implement arbitrary 2-

qubit gates exactly. Note that this assumption does not influence the generality of
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our results, since the error analysis can be easily generalized to the practical case
where we approximate arbitrary 2-qubit gate to 1/poly(n) precision, by noticing

that the [, norm || (U — V) |¢) ||2 is bounded by the spectrum norm ||U — V|| for any
).

Notations and Norms.

We use log for log,. For a complex value a € C, we use a* to represent its complex
conjugate. For two numbers x, y, we use dy,, to denote the function which equals to 1
if x = y and 0 otherwise. For a matrix M, we use M to denote its complex conjugate
transpose. For two matrices M, N, we use {M, N}, to denote their anti-commutator:
MN + NM. We use ||M]|| to denote the spectrum norm of M. For a vector |¢) we
use || |¢) ||2 to denote the I, norm. |¢) can be normalized or unnormalized. When
it is necessary, we will use number subscripts to denote the name of the quantum

registers. For example, |¢), means the state is in register 1.

We use E(m) to denote the set of linear operators on an m-qubit Hilbert space. We
use H(m) to denote the set of Hermitian linear operators on an m-qubit Hilbert
space. We say p € H(m) is an m-qubit quantum state if p > 0,p = p' and
tr(p) = 1. We use I, to denote the identity matrix on m qubits. When m is clear we
abbreviate [, as I. Given a set of linear operators S = {M;, M, ...} C E(m), the
algebra generated by S is the set of linear operators which is a finite sum )} oy Py,

where oy € C and P is a product of finite operators in S.

We use symbols R, &, F ... to represent linear maps from E(m) to Z(m). We use 1
to denote the identity map. We say a linear map & : H(m) — H (m) is Completely
Positive and Trace Preserving (CPTP) if there exists a set of linear operators {A, },
such that VM € H(m),E(M) = Y, AuMA), where Y, AL A, = I.

The trace norm of M € H (m) is defined to be |M|, := tr(VMT™M). The trace norm
induces a norm on linear maps R : H (m) — H (m), which quantifies how much R

can scale the trace norm:

R|, = R(M)|, . 2.16
IR« Mewgln?i(m:ll (M)], (2.16)

2.4 Quantum Metropolis Algorithm in More Detail

The algorithm takes in seven input parameters:

* An n-qubit local Hamiltonian H.

* Inverse temperature (.
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7, which is a small 1/poly(n) real value that controls the weak measurement.

K € N, which is the number of iterations in the main loop.

0, which is an arbitrary initial state.

r, g € N, which controls the precision of QPE.

The jump operators {C;};, the acceptance operator W, and the Boosted Quan-
tum Phase Estimation (BQPE, FBQPE) are described in Section 2.2. For QPE €
{BQPE, FBQPE}, we use QPE, , for applying QPE on register a, b of n and gr
qubits respectively.

The pseudo-code for the main algorithm is given in Algorithm 1. All measurements
are done in the computational basis. The outline of each iteration is given in Figure
2.1.

Algorithm 1 QMetropolis(H,8,7.K,p,r,g)

1: Initialize Register 1 to p. {For example one can set p = |0") (0"|} iter = 1 to
K

QPE < {BQPE, FBQPE} (with equal probability.)

Sample C « p,

Append (fresh) Registers 2, 3, 4 in state |08”) |08") |0) ,

Define U := QPE; 3 o C o QPE, .

Apply U, then apply W

Measure register 4 to get Outcomel (Outcomel = 1)

Case Accept: do nothing. (Outcomel = 0)

Apply(WT), and measure register 4 to get Outcome2. (Outcome2 = 1)
Case ArLTAccepT: do nothing. (Outcome?2 = 0)

. Case Resect: Apply U'

: Trace out (throw away) registers 2, 3, 4.

R N o

—_ = =

To illustrate the result of each step of the algorithm, we give explicit formulas for
the contents of the registers throughout one iteration. Assume that the version of
QPE chosen is BQPE. Let C be the chosen jump operator, which can be expressed
in the energy eigenbasis of H as

Cly;) = chk k) - (2.17)

k
Assume we begin with the state |lﬂj> |087) 08"} |0), where |g0j> is an eigenstate of
H. Recall that

BQPE |y} 057) = |y;) > BjrlE).

EeS(r)®s
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Then:
BQPE 2 |w;) [05°) [07)0) = > By |w;) [E)[07) [0)
EeS(r)®s
(2.18)
C-BQPE, |y} 05107} [0) = > Bje - cjulya) [EY[057)[0),
k;EeS(r)®s
(2.19)
BQPE, 3 C-BQPE, |y;) [0°) [0} [0y = > By~ i Bur [wi) 1EY |E)[0) .
k;E,E’eS(r)®2
(2.20)

Finally, when W is applied, the result is
D B ek Bue Wi |E) IEY (VT=72fep 0) + 7 fepr 1)) . 221)
k;E,E’€S(r)®8
Note that if FBQPE is chosen instead of BQPE, the result is

D B B WO IEYEY (V1= fep 0) + 7Tew D) . 2:22)

k:E,E'eS(r)®¢

Then for the state in Eq. (2.21) we measure register 4 in computational basis. If we
get measurement outcome 1, the (unnormalized) state becomes

wfeeBiE - cji - Beg W) |EY [E') |1). (2.23)

k;E,E’€S(r)®e

2.5 Main Theorems and the Effective Quantum Markov Chain
In this section, we state formal versions of the main theorems that we will prove
about the performance of Algorithm 1. Note that each iteration in Algorithm 1
corresponds to a quantum channel which maps n-qubit states to n-qubit states. We
denote this quantum channel as &[7]. We will expand &[7] as power series of 7.
The performance of Algorithm 1 can be analyzed by studying the term of order

~ 72, which is £ defined below. To ease notation, define

rgy =1 +logky +logp. (2.24)

Theorem 4 For any n-qubit state p,
Elrl(p) = (T +72L+ 7T T71) (o), (2.25)

where L, I [t] : H(n) — H(n) are linear maps on operators. L is independent

of T. Assuming r > rgy we have
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o (Fixed point) | L(pp)|, < 278/ £ 408 - kpy - 27"

o (Error terms) | J 7], < 4.

o (Uniqueness and Relaxation) There is a unique p such that L(py) = 0.

Besides, p s is a full-rank quantum state and for any quantum state p,
lim eL(p)=pys. (2.26)

To make |£(p[;)|1 < ¢ parameters g and r are chosen so that g = O(n + log 1/9)
and r = O(log B + log kg + log 1/6). The constant in the bound of |£(p5)|1 might

be improved by a finer analysis. To ease notation, we will abbreviate E[7] as &.

Theorem 4 suggests that Algorithm 1 effectively approximates a continuous-time
chain e'£ with a step-size of 72. The divergence between the output of our algorithm
and pg depends on the mixing time of £, which depends on the choice of the jump

operators {C;} ;.

Definition 5 (Mixing time) Let € be a precision parameter. The mixing time w.r.t
(L, €) is defined to be the time needed for driving any initial state e-close to its fixed

point
tmix(L,€) :=inf{t >0 : |e’£(p) - p13|1 < €, for any quantum state p}. (2.27)

Theorem 6 (Error bounds w.r.t Mixing time) Let 7,€ be parameters. Assume

r > rpu. For integer' K := tyix (L, €) /7%, we have for any quantum state p,

IEX (p) — pg|, < 2¢+ (2‘8/ 1042044 L 408 . 4y - 27 4 2e472) )

Abbreviate t,,; (L, €) as 1. For parameters

% = 0(€/tmix)

g =0(n+logty,; +logl/e)

r =0 (logB +logky +1ogt, +log1/e).
K = tyic/T* = O(t2,./€)

we have |8K (p) - /oﬁ|1 < 3e. The total runtime of the algorithm is

K -4g - poly(2",n) = O (poly(tmix, B, ku, 1/€,n)),

IFor simplicity, here we assume K := 1, (L, €)/72 is an integer. Otherwise we set K to be the
least integer which is greater than ,,;, (£, €)/72 and the error bounds can be analyzed similarly.
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which is poly(n, 1/€) assuming t,,;x = poly(n), B < poly(n) and kg < poly(n).
The poly(2", n) in the above formula is mainly the cost of implementing one run of
standard Quantum Phase estimation. Theorem 4 and Theorem 6 will be proved in
Section 2.8.

Instead of mixing time, as in the classical Metropolis algorithm, one can also bound
the error |8K (p) — pﬁ|1 in terms of the spectral gap of £. More precisely, since £
may not be Hermitian, we need to define a symmetrized version of L in order for
the spectral gap to be well-defined. Note that o := pzl is well-defined since p s is
full rank. Define L* to be dual map w.r.t inner product

(M,N)y, := tr(O'%MTO'%N).

Define the symmetrized map £ = %(£+L*). Then by definition £(*) is Hermitian
w.r.t. (, ), and is diagonalizable, thus its spectral gap, denoted as Y, is well-defined.
Furthermore one can prove £(*) has a unique fixed point thus the spectral gap Y
is strictly greater than 0. The following Theorem 7 implies ¢,,;; can be bounded
in terms of Y. Thus one can translate Theorem 6 in terms of Y to get Corollary
9. For completeness, we put a more detailed explanation of the dual map L*, the
symmetrized map L), their properties and a proof for Theorem 7 in Appendix
2.11.

Theorem 7 (Bounding mixing time w.r.t spectral gap) Define o := pzl. For any

quantum state p, we have

[e"£(p) = prly <22 - Jir(ai portp) - exp(=Y1).

Corollary 8 Define o := pzl, we have

1 1 nln2
tmix(i:a 6) < Y (lng + 5

1
+ 3 In tr(a%pa%p)) .
Corollary 9 (Error bounds w.r.t Spectral gap) Let 7, € be two parameters. Let Y
be the spectral gap of L. Assume r > rgu. Define o := p;. Then for any

quantum state p, we have

|65 () - pgl,

1 1 In2 1
<2e+ (2_g/10+2n+4 +408 -k - 27" + 2647'2) Tl P e I tr(o'%po'%p) ,
Y\ € 2 2
(2.28)
11 1 In2 1
Jork=3y (ln cHyotghn "(U%PU%P)) : (2.29)
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Outline of this section. In Section 2.5 we will define the operators corresponding
to the three cases of the algorithm. In Section 2.5 to Section 2.5 we will derive
the evolution equation Eq. (2.25). In particular, we separate & into a sum of terms
according to their dependence on 7. This defines the operator £ which we will
analyze in later sections. Subsection 2.6 then writes L¢ in the Lindbladian form.

In Section 2.6 we prove the fixed point of £ is unique.

Definition of Operators for the Three Cases
We will use the subscript C to denote a particular choice for {C, QPE}. So, for

example,

UC = QPE]’3 oCo QPE]’z. (230)

We use (Ap, A1) to denote measurement on register 4 in the computational basis,

where

Ao =1, ® Iy ® I, ® [0) (0], 2.31)
A= 1, ® 1y ® L, ® [1) (1] (2.32)

If the state at the beginning of an iteration is p, then the operations performed on
p® |02g’+1> <02g’+1| in each of the three cases (before the last three registers are

traced out) can be summarized as

Acceptr: Oy4c = AWAg o Ug (2.33)
ALtAccepT: Opc = A\WTAg o AgWAy o Ug (2.34)
RelECT: O, = Ug o AgWTAy o AgWA( o Ue (2.35)

The initial Ag is added in for symmetry and has no effect since the last register
is always initialized as |0) at the start of each iteration. For s € {a, b,r} which
represents Accept, ALTAccCePT, and REJECT, the corresponding operator which

includes tracing out the last three registers is:

£(p) = 11234 (0sc [0 ]0*) (0[] 0lc). @36

where & = 8@ + &®) + () s the operator representing one iteration. In each of

the next three subsections, we will derive alternative expressions for the operators
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in the three cases, as a sum of terms with different dependencies on the parameter
7. Recall the definition of W:

V1 -1 fgp TV JEE

W = |EE’Y (EE’| ® . (2.37)
E,E’EZS(V)% e V1= fep
Note that W is Hermitian.
Operator for the Acceper Case
Definition 10 /Operators for the Accepr Case]
w0 = N fep |[EE') (EE'| @ |1)(0) (2.38)

E.E’€S(r)®s

ME(p) = tr234 (WIOUG [p ®]0%71) (0[] ULWIO)T).  (239)

Lemma 11

8((30) (p) = TzMéa) where ‘Méa) <1.

*

Proof: The main observation in proving the lemma is that A{WAy = TW(10),

Therefore
&L (p) = traza (Oa,c [p @ [0%1) (0% OZ’C) (2.40)
= tr2,3,4 (A1WAO o UC [p ® |02gr+1> <02gr+1|] Uz, o A()WTAl)
(2.41)
=2 try34 (W(IO) o Ug [p ® |02gr+1> <02gr+1|] UZ; o (W(IO))T)
(2.42)
= 2MY (p). (2.43)
Using Lemma 37 in Appendix 2.10, we can observe that ‘M(Ca) <1 [ ]
*
Operator for the ALtAcceper Case
Lemma 12
& (p) =M + 7 g1,
where ‘jc(b) [T]‘ <3forte[0,1].
*
Proof: Define the function W% to be
woo = Jex |EE") (EE'| ® |0) (0] .

E,E’ES(V)&g \/1 - T2fEE’ + 1
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Note that fgg: /(1 =72 fgg +1) € [0, 1] since both 7 and fgg are in [0, 1]. With
this definition in place, observe that

AgWAg = Ag — T2 W),
and
AWTAY o AgWAg = W10 (Ag = 72w 00y = 7y (10) _ 3y (10)y(00)

Now we can express S(Cb) (p) as
1234 ((TW(IO) _ T3W(10)W(OO)) Ue [p® |02gr+1> <O2gr+1|] Ug (TW(IO) _ T3W(]0)W(OO))T) .
In multiplying out the terms, there is one 72 term:
trasa (W(m)UC [p ® |02gr+1> <O2gr+l|] UE,(W“O))T) ,
which is equal to 72 M(C“) . There are two 7* terms:
—T4lr2,3,4 (W(lo)W(OO) Ue [p ® |02gr+l> <02gr+1|] UE(W(IO))T) ,

_T4n,2,34 (W“O)UC [p ® |02gr+l> <02gr+1|] UE(W(lo)W(OO))T) _

Finally, there is one 7% term:
234 (W(IO)W(OO)UC [p @ [0%1) (0% UZ‘(W(IO)W(OO))%) .

The sum of the two 7 term and the 7° term is denoted as 74 - jc(b) [7]. Using

Lemma 37 in Appendix 2.10, we can observe that ‘jcfb) [T]‘ <3forte[0,1]. m
*

Operator for the ReEject Case

Definition 13 [Operators for the REject Case]

WO = Y fep |EE") (EE| ©10) 0] = (w10) w0 (2.44)
E,E’eS(r)®s

Mér) (p) = <O2gr+1| UE,W(OOO)UC |02gr+1> p+p- <02gr+1| U2W(OOO)UC |02gr+1>

(2.45)
Lemma 14
&) =1 - MY+ 9",
where M(Cr)‘ < 2 and jc(r) <1
* *
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Proof: First observe that
AoWAg © AgWAg = Ag — T° W0,
Also W) js Hermetian. Now we can express S(Cr) (p) as
tr234 (Ug (Ao _ Tzw(oom) Ue [p®]0%*") (0%+1]] Ug (Ao _ TZW(OOO))T Uc) .
There is one term independent of T which is the identity since Ay and Uc commute:
1r23.4 (U(T:AOUC [p® |02gr+1> (02gr+]|] UngUc) =T (p) =p.
There are two 72 terms:
—2try34 (UgW(OOO)UC [p & |02+ <02gr+1|]) = —72 (0% UEW(OOO)UC j0%7+1) p,

—thr2,3,4 ( [p ® |02gr+1> <02gr+1|] UEW(OOO)UC) _ _sz,<02gr+1| U(T:W(OOO)UC |02gr+1> _

The sum of the 72 terms is equal to —TZM(Cr ) (p). Finally there is a 74:
T4t7‘2,3’4 (UEW(OOO) Ue [,0 ® |02gr+1> <02gr+1|] UEW(OOO) Uc) .

This last term is defined to be QTC(V). Using Lemma 37 in Appendix 2.10, we can
observe that ‘Mg )) < 2and ‘[fc(r)
*

< lfort e [0,1]. ]
*

The Definition of Operator £ and £
Definition 15 [The Operators L, Jc and L, J]

Le =2ME - MY (2.46)
Jeltl = G e+ 3" (2.47)

Averaging the random choices for QPE and the jump operator C,

1
L= Z FH(C) Le, (2.48)
C={C.QPE}

where the % comes from the fact that QPE is chosen uniformly from { BOPE, FBQPE}.
Define MO M) and J [t] from M(Ca), Mg) and Jc [ 1] similarly.

Lemma 16
E=T+72L+7* T[], (2.49)

where | L|, <4, and | [7]|, < 4 for T € [0, 1].
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Proof: By Lemmas 11, 12, and 14,

Ec=8L+80 +8Y (2.50)
=M + (MO + AP )+ (- 2ME 1) @s)
=T +722ME - M) + 4T 1+ I3 (2.52)
=T+ Lo+ 1], (2.53)

Since Je = I3 [71+T",
follows by triangle inequality. Similarly | L], < Z(M(C“)( ; )Mé )( < 4. The
* *

< 1,theboundon | Jc[7]],

*

jcfb) [T]L < 3, and ‘[fc(r)

equation for & comes from linearity. The bounds for | [7]|, and | L], come from

triangle inequality. ]

2.6 Uniqueness of the Fixed Point

In this section, we rewrite £ in the Lindbladian form, and prove that £ has a unique
fixed point if the jump operators {C;}; generate the full algebra. This section is
independent of Section 2.7 which proves £ approximately fixes the Gibbs state, and

can be skipped temporarily.

Lindbladian form of £
Lemma 17 L can be written in Lindbladian form, that is defining

Sc(EE'z) = (EE'z| W' o Uc|0%7+!)
we have

Lo(p)= D 2-Sc(EE'2) - p - Sc(EE'2)" ~ {Sc(EE'2) Sc(EE'2), p},

EE’7
(2.54)
Proof: One can check that

Le(p) =2MF (p) - M (p) (2.55)
= Z 2-Sc(EE'z) - p - Sc(EE'z)" (2.56)

EE’'z
- Z (SC(EE’Z)T Sc(EE'2) - p+p - SC(EE’Z)*SC(EE’Z)) (2.57)

EE’'7
= Z 2-Sc(EE'z) - p-Sc(EE'2)" = {Sc(EE'2)"Sc(EE'z), p}, (2.58)

EE’z
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In the following we give a sketch that L and the Davies generator D, (w) have
similar forms. This observation is just for intuition and will not be used in any
proof. Due to the indeterministic and imperfect energy estimation of BQPE, it
is unclear whether the proof techniques used for Davies-generator-based Gibbs
sampler [Che+23; DLL24] can be adapted to show that our .£ satisfying L(pg) = 0.
These proof techniques [Che+23; DLL24] are based on bounding the approximation
error by truncating the infinite integral in the (weighted) Davies generator to a finite

region.

Recall that the canonical form of Davies generator 9 w.r.t. jump operators {A, },

in the Schrodinger picture, is given by

D(p) = ~i[H.p] + Y, Da(w)(p) (259)

Da(w)(p) = G (W) (2+ Aa(W) - p - AaW)' = {Aa () Aa(w). p},)  (2:60)

+00
Ag(w) = / e™e A et (2.61)

(9]

Here G (w) is the acceptance rate, A, is the jump operator, and A, (w) is an operator
which maps a state of energy v to energy v + w. The summation };, sums over all
possible energy difference {E; — Ex}; . The Sc(EE’z) in our L is a conceptual
analog of VG?A, (w), which map states with energy approximately E to states with

energy approximately E’. The jump operator C is an analog of A,.

Uniqueness of the Fixed Point

In this subsection, we prove the following theorem.

Theorem 18 [Uniqueness of full-rank fixed point] Suppose that in Algorithm 1, the
algebra generated by jump operators {C,}; is equal to the full algebra, that is, the
set of all n-qubit operators. Then there is a unique p y € E(n) such that L(py) = 0.

In addition, p s is a full-rank quantum state, and for any quantum state p,
Tim eL(p)=pr. (2.62)
We first prove a Lemma.

Lemma 19 ¢'L is CPTP for anyt > 0.

Proof: Note that

oL = lim &[6]'%, (2.63)
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where the limit is taking by decreasing 6 > 0 to 0. Since &[d] is CPTP for any
6 € [0, 1], e'£ is also CPTP. An alternative proof can be obtained by noticing that
Lemma 17 implies that L satisfies Theorem 40 in Appendix 2.11. |

We invoke the following Theorems to prove the uniqueness of the fixed point, which
can be adapted from Corollary 7.2 of [Wol12] or Lemma 2 in [DLL24].

Theorem 20 ([Wol12; DLL24]) Suppose ¢! : E(n) — Z(n) is a CPTP map for

any t > 0, with generator

. 1
P(p) = —i[Hyystem» P] + § (Vka,j ~5 {V]Z-Vk,p}_'_) . (2.64)
keS

If the algebra generated by operators {Vy }y is the full algebra Z(n). Then there
exists a unique pp such that P(pp) = 0. In addition, pp is a full-rank quantum

state, and for any quantum state p,
Tim e (p) = pp. (2.65)

We use the above Theorem to prove that £ has a unique fixed point.

Proof:[Proof of Theorem 18] By Lemma 19 we know that e'L is CPTP. Then we
verify the conditions in Theorem 20. Recall that in Lemma 17 we have written £

in Lindbladian form in terms of S¢(EE’z). By definition

1
L= ) SH(C) - Le. (2.66)
C={C.QPE}
Define
Hsystem =0 (267)
VG(EE'z) := \Vu(C) - S¢c(EE’'z). (2.68)

One can check that

1
L= =ilHgyiom Pl + ) (vc(EE’z)pvc(EE’z)T — 5 {Ve(EE') Ve(EE"2). p}, |

C,EE’?
(2.69)
Recall that in Section 2.4 Eq. (2.23) we have computed
nycaore)) = - WO o Ucsope |/, 0%7*1) (2.70)

= >t eeBir-cjk B WO IEYEY D). 271

kiE,E’€S(r)®8



34

One can check that

Vicsapey (EE'2) = Vu(C) - Sc(EE'z) 2.72)
= Vu(C) (EE"z| W' o Uic porr) Z i) (wil @ [0
] (2.73)
= Vu(C) - Z %<EE'Z Inj(c.Bpey) (V)] (2.74)
J
u(C) fep: - 621 Z{]m cjic B ) ()] (2.75)
R

Define a matrix Bg € E(n) such that

Bg |'//j> = BjE |lﬁj>, (2.76)

From Eq. (2.75) one can check that

Vicsopey (EE'1) = Vu(C) fepr - Bp - C - B (2.77)
From Eq. (2.170) in Appendix 2.9 we know that
Z Bg = I, (2.78)
—————VicBopEy (EE']) = ( Bg |- C- Bg|=C. (2.79)
; Vﬂ(c)fEE’ ; ;

Since the algebra generated by {C;}; is the full algebra Z(n), and thus the algebra
generated by {Vo(EE’z)}c.g.E - is the full algebra Z(n). We can then use Theorem
20 to complete the proof.

2.7 Gibbs States as Approximate Fixed Point

In this section, we will prove £ approximately fixes the Gibbs state, that is
Lemma 21 Ifr > rgy, we have

| L(pp)|, < 2781024 L 408 - kpy - 27"

The outline of the proof is as follows. In section 2.7 we define a truncated Gibbs

states pgo where |pﬁ - p/go|1 ~ 0, thus |L(pﬁ)|l ~ |L(pﬁo)|1 since | L], is bounded.
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The remaining subsections then focus on bounding |L(pﬁ0)|1. Then in Section
2.7 and Section 2.7 we define projected operators which will be used as auxiliary
notations in the following proofs. In 2.7 we show that £(pgo) can be written as
the sum of constant number of matrices, where each matrix has small trace norm.

Finally in Section 2.7 we complete the proof of Lemma 21.

Truncated Energy and Truncated Gibbs States

Recall that from Section 2.2, that Boosted Quantum Phase Estimation acts as

BQPE|y;) 107y = |w;) > Bir|E),

EeS(r)®s

where S(r) is the set of energy estimations that are integer multiples of
wi=«kg-2"".

We have defined gy = 1 +log ky + log B, so for r > rgy, we have 28w < 1. For

any real value v > 0, | v] denotes the closet value to v which is an integer multiple
of w and is smaller or equal to v. For any k € N, define

v = v] +kw, (2.80)

in particular E](.k) = LEj |+ kw. (2.81)

Recall that Z = tr(exp(—fBH)) is the partition function of pg, and p; = exp(-BE;)/Z

is the corresponding probability. Define the truncated probability and truncated
Gibbs states as

pjk =exp(-BE)/Z, fork €N, (2.82)
PBo = Z pjolw;) (wjl. (2.83)
7

One can check the following.

Lemma 22 If2Bw < 1, then |p; — pjol < pj - 2Bw and |ppo — pg|, < 2Bw.

Lemma 16 proves that | £|, < 4. Using this fact, along with the triangle inequality
and Lemma 22, we have the following.

Lemma 23
|L(op)|, < |Lppo)|, +|Lop — ppo)|, < |L(ppo)|, +4-28w.

The remainder of this section focuses on bounding |.£,(pﬁ0)| I
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Projected BQPE.

From Lemma 3, we know that the median estimation from BQPE almost always
maps to one of two possible values: E](.O) = |E;] or E](.l) = [E;]. A remark is that
the number “two” is not important in the analysis as long as it is a constant. We

define the following projections that separate out the cases depending on the output
of BQPE:

PO =" Jy;) (v @ > |E) (E|, for k € {0,1}, (2.84)
J EeS(r)®s: E=E "

ptetse) . 1 _ pO) _ p(1) (2.85)

To analyze the performance of our algorithm, we decompose BQPE into three

operators, according to the above projections. That is,

T :={0, 1, “else”}, (2.86)
BQPE = Z BQPE®), (2.87)
keT
where BQPEXX) := p(X) . BQPE, (2.88)
BQPE™ |y} 057y = |y;) > B'Y) |E) . (2.89)
E
e (k)
Big, IfE=EY",
Bl = ’ J for k € {0, 1} (2.90)
0, else,
else ﬁjE’ le ¢ {E](O)’E](I)}
BEe = (2.91)
0, else.
For convenience, for any subset A C T, we also define
PA = Z po, (2.92)

keA

and define BQPE), B;‘z_) accordingly. For FBQPE we similarly define FBQPE®)
and FBQPE™.

Projected Operators
Recall that the £ for our algorithm is defined as

Lo =2M - M,
Méa) (p) =try34 (W(IO)UC [ ®[0%7*1) (0%¢™+]] UE(WUO))T) ,

Mg) (p) — <02gr+1| Ué(W(IO))TW(IO)UC |02gr+l > o+p <02gr+1| U(?:(W(IO))TW(IO)UC |02gr+l> ,
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where
wiO = N fep |[EE) (EE| @ [1) (0], (2.93)
E,E’eS(r)®s
Uc = QPE, 3 0 C 0 QPE, ,. (2.94)

For convenience, we divide Mg ) into “right” and “left” terms

ME (p) = (0 UL W) w0y [0+ p, (2.95)
MG (p) = p (0 UL W)W Oug 0%+ (296)

By the following Lemma it suffices to only analyze the right term M 7).
Lemma 24 For any Hermitian p,

L)1 < 2[M@ ) - M) (2.97)

Proof: Note that M@ (p) = M@ (p)T, MO (p) = M) (p)T. Since |NT|1 =|N|,

for any matrix N, we have
M@ (p) = M ()| = M@ () = M (p)|
Thus
L)1 = [M@ ) = M ()] M@ () = M ()| < 2[ M@ (0) - M)

We can now use the decomposition of BQPE to decompose the accept and reject

operators.

Definition 25 (Projected Operators) For any subsets A,B C T, we define U, éAB)
by substituting QPE with corresponding operators:

UéAB) - QPEY;) oCo QPE?Z)_ (2.98)

Accordingly for subsets A, B, X,Y C T, we define
Méa,ABXY) (p) = tr2’3’4 (W(lo)UéAB) [p ® |02gr+1> <02gr+1|] (UéXY))T(W(lo))T)

(2.99)
MITABD (p) o= (0281 (U P T w10 Tw 1Oy o2y . (2.100)
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Note that in Eq. (2.100) we use U, éBA), U (CYX) instead of U éAB), U éXY).

One can directly check that the following Lemma are true, which we omit the proofs.

Lemma 26

(a) _ (a,uvst) (rr) _ (rr.uvst)
MG = T MED M = Y MG, 2.101)

u,v,s,teT u,v,s,teT

Similarly after averaging over the random selection of C, we get

M@ = 3 plawsn g = N s, (2.102)

u,v,s,teT u,v,s,teT

Explicit Expressions for Operators in the Accept and Reject Cases
The following two lemmas give explicit representations for the operators M (¢-ABXY)

and MUTABXY) in terms of the energy eigenstates {|y;)};. To ease notations, we
write (,85%)* as ,8;%*

Lemma 27 For any subsets A,B,X,Y C T,

Wil MAPD (pg0) W) = 3 pjo ) Frre  1(O) (eimese) - ROBIE B B BLE).
J

E.E’ c

Wl MO (o)) = pro Y Sk . 1(C) (ejmcy) - R (B8N DB ).
C

JiEE’

where R (a) = %(a + a*) is the real part of a complex number.
Proof: Recall that

ppo =Y piolws) (vl (2.103)
J

Suppose that the gates chosen in the algorithm are C = {BQPE, C}. Similarly to

how we derive Eq. (2.23) in Section 2.4, one can check that

WAOULE Y |02y = N e i B - By Wiy LEYIE))Y 1) (2.104)

LEE’

(a) Accept Case:
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The whole operator M(CH’ABXY) then looks like
MG () (v
=tr234 (W“O)U(AB) ;) {w;] @ J0%+1) (0] (U™ (WUO))T) (2.105)

= Y Jep(enc) (BB Bl Bup ) ) (Wl (2.106)

I,h;E E’

Then

('ﬁm|M(“ ,LABXY) [Pﬁ ] i) = ijo Z fEE’(CJmC]k)(,B(B) (Y)*)(IB,(nAE)' 1(312*)

EE
(2.107)

When we average over the choice of BQPE and FBQPE, the (ﬁ(B) (Y>*) (,8,("‘2, ,({)]?,*)

term will become
B Y)* 5(A X)* B)x (Y A)x (X B Y)x (A X))
(BB BB + B B BB = (B B BB, 2108
We also average over the choice of C and finally get

(Ul MEABD () |wk>—Zp,toEEny(C> (cimese) RBSE B B2 BLE.

E.E’

(b) Resect Case: Note that

<028r+1| <¢’m| (U((:BA))T(W(lO))TW(]O)U(YX) |'70 > |028r+1> (2109)
= Z fee (¢ ck) (ﬁf?*ﬁ,(?) (B(A)*,B(X))

I;EE’

Z JE'E ( m]ck]) (ﬂw)*ﬁm) (ﬁ;AJE)T’B]((?) ’

JiEE’

where the last equality comes from changing the name [, E, E’ to j, E’, E. Use the
definition of M™ABXY) e further have

Wl MIAB5 (pgo) i)
= pio {0 [l (US)T WO WIOUE™ ) [0%71) - (2.110)
= pro ), fE’E( m,Ck]) (ﬁ(B)*ﬁ(Y)) (ﬁ,(,ﬁg)i“ ,(f,?) 2.111)

JiEE’

Note that in Eq. (2.111), the term (ﬁ(B)*ﬁ(Y)) (Bangf ﬁ](:é),) is the complex conjugate

of the corresponding term in Eq. (2.107). This is why in our algorithm we use



40

BQPE and FBQPE randomly to cancel this phase: when we average over the choice
of BQPE and FBQPE, the (,BEB)*,B(Y )) (,3}51*‘;7‘3,92) term will become

(3(3)*ﬁ(Y)ﬁ(A)*ﬁ(x) ﬁ<3>ﬁ<Y>*ﬁ<A> B(X)*) %(ﬁw) <Y>*/3<A> g5 (2.112)

mE’ P kE’ mE'"kKE’ mE’ kE’

We also average over the choice of C and get

Wl MO (o)) = pro Y fEEZu<C)( ki) R (B BY BB ) -

JiE.E’

Further note that i chooses C and C* with the same probability, thus
Z H(C)ejmey = Z n(Chep et Z H(C)ey ey

where the amplitudes for C™ are obtained from C by swapping the indices and taking

the complex conjugate. Thus we conclude the proof.

Uniform Error
Before we analyze the errors, we first prove a Lemma which bound the trace norm

of certain matrices.
Lemma 28 If28w < 1, for any four subsets A, B, X,Y C T, we have

M(Ca,ABXY) (PﬁO)‘l <2 ‘M(a,ABXY) (pﬁo))l <. (2.113)

Proof: To ease notation, we abbreviate |/, ) [0%6"*1) as |y ;0%6"+1). Recall that

Méa’ABXY)ql//j) <w]|) =try34 (W(IO)UéAB) |l//j02gr+1> <l/1j02gr+1| (UéXY))?(W(IO))T)
(2.114)
ISP < IPY - IQPE, 51 - Il - [1P®)]] - IQPE, 1|l < 1, 2.115)

where in the last inequality we use that P(4), P(8) are projections, and thus their
spectrum norm is bounded by 1. Besides, |[W(!?|| < 1 by definition. Thus by
Corollary 35 in Appendix 2.10 we get

M ) G < 1 @116
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Then when 28w < 1, by Lemma 22 we have p;o < p; - (1 +2Bw) < 2p;. By

triangle inequality we have

M(Ca’ABXY) (Pﬁo)‘l < Z 2p; ‘Méa’ABXY)(Wj) <‘/’j|)‘1 <2 (2.117)
-

When averaging over the random selection of C, we can get the bound for M (@#Vs?)

by triangle inequality.
]

The following is a key lemma in the analysis which clusters the projected oper-
ators and bounds the norm of each cluster separately. While (i,,| (M (@AVSY) _
MUrAvsY ))(pﬁo) |y, ) may not cancel exactly to 0, the error for each cluster is in-
dependent of m and k, which allows us to factor out the error term over the entire

matrix.

Lemma 29 Recall that T = {0, 1, “else}. Consider four subsets A, B,X,Y C T. If
2w <1

(1) Foranyv,s € {0, 1}, we have

W] MU MUTAD) (0 g0) (i) = (1= PEM) (| MG (p o) W) -
|(M(a,Ast) _ M(rr,Ast)) (pﬂo)‘l < 4,3W.

Note that the error P in the first equality is uniform and independent of
m, k.

(2) If one of A, B, X, Y equal to {“else”}, then we have

)M(a,ABXY) (Pﬁo)‘ <7 .p-8/10s2m
1

)M(rr,ABXY) (pﬁO)‘ <2. 2—g/10+2n‘
1

Proof: Recall that from Lemma 27 we have for any m, k,

Wil M (o) ) = 3" pjo 3 feer  1w(C) (eimee) - ROBYE B BLRBLE).
J

E.E’ C
(2.118)

W MUTABXY) (pg0) [Ya) = pro Z fe'E Z u(C) (ijcj'k) R (ﬁﬁ'?ﬁﬁ?*ﬁ%gﬁé}g*)
C

JiEE’
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Recall that
pjs = exp (-BES")/Z.

With some abuse of notation, we use f for both

fEE’ = min {1, exp (ﬁf - ﬁ?)} : (2.119)
fyo e = min {1.exp (BEL - BE)} (2.120)

In other words, if E is a vector of g energies from S(r), the function f implicitly

takes the median value in determining min {1, exp (,BE - BE’

For (1): Suppose v, s € {0, 1}. The key thing to notice is that, by definition ﬂ% 1s
non-zero only if E = E](.V). Similarly for ,BIS;T Thus (W | M @AY (pgo) i) is a
sum of terms, where all the non-zero terms frg- take a uniform value as fE(V) £

i Fx

Wl MGAY) (050 g )
—Zp]o X few 2 HO) (cme) - ROBGBE BB

E,E':E: E(V)

E'= E(V)

=ij0‘fE;v>E£s> Z Z#(C) (ijcjk) ‘R(ﬁ(v) (Y)* BB,
J

E,E’:E:E](V) ¢

?:EI(CS)

Similarly we have

W MU (pgo) i)
CONDIEEWIC (cimese) - R (B8 BB

J EEE- E(V)

E’ E(V)
Y)*x ,(A §)*
= ZPkO : fEIEs)E](v) Z Z,U(C) (ijcjk) (ﬁ(v)/ﬂ’( ) ﬁ;gﬁ,ﬂg) :
J E,E":E= E(V)
E/ E(V)

Note that by definition of f and p;; we always have

Pks * fE]((s)E(v) =Ppjv- ngv)El((.s), (2.121)
J J
Pks = Pko - € P (2.122)
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Thus
Pro - fEmE(v) =PV py - fEmEm (2.123)
= P Pjv - fE](.")E,(j) (2.124)
= P p - Fpwpo- (2.125)

Note that the “error” ef6—" ig independent of j, m, k, thus

Wl (MEAT MO () ) (2.126)
= (1-€P67m) ijo : ij(.V)E,ﬁ“ Z ZM(C) (CJijk) ‘R(ﬁ(v) (Y)* BB
J E,E":E E(V) c
E’ E(A)
(2.127)
= (1= PE™) (g | M@ (o0 i) (2.128)

Thus

(M(a,Ast) _ M(rr,Ast)) (p,BO) — (1 _ eﬁ(s—v)W) . M(a,Ast) (pp’o), (2129)

‘(M(a,Ast) _ M(rr,Ast)) (pﬁo))l < 4pw. (2.130)

where for the last inequality, we use Lemma 28 and the fact that since v, s € {0, 1},
we have |s —v| < 1 and |1 — eB6Y| < 28w.

For (2). W.o.l.g. assume X = {“else”}. Other cases are similar. Note that
2
. 2

Z ijcjk‘) = Z |ij| )(
J J J
Z |,8(B) (Y)* ) (Z )ﬁ(B) ) (Z )ﬁ(Y)*

() 50| @ (x)+|?
Z |ﬁmE/ kE’ | - Z ﬁmE' Z ﬁkE’

E’ E’

where the first equality comes from the fact that C is a unitary. The second equality

2
¢, ) <1 (2.131)

) (2.132)

) <2785 .1, (2.133)

comes from {ﬁ;.? }Eisasubsetof {B;g} g, and {S;£} g is the amplitude of a quantum
state. For the third equality, recall that X = {“else”}, notice that for any non-zero
pBelse ¢ 5, by definition we have E' ¢ {EJ(.O), EJ(.I) }. Then the third equality comes from
property of BQPE, which is Lemma 3.

(5)x
kE’

)
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Besides, note that

m(ﬁ(B) (Y)* r(nAg/ 1(:12*” |/3(3) (Y)* 1(11AE)/'81(<)§?)’*|' (2.134)

Since 28w < 1, by Lemma 22 we have p ;o € [0,2]. Note that fgg € [0, 1] and
>.c #(C) =1, then from Eq. (2.118) we have for any m, k,

| (W] MUGABXD (50 10y | <2Z“(C)Z CJmC/k) Z'ﬁw) 1)+, ZLB,(nAE)f ()

(2.135)
<2.278/10 (2.136)

Then by triangle inequality,

[MEABXD ()| < D G MOABX (i) )] - i) G|y < 2270102,
m,k

(2.137)

The proof for |M(”’ABXY) (pﬁo)|1 is similar.

Gibbs state as Approximate Fixed Point

We are ready now to complete the proof of Lemma 21, which provides an upper
bound on |L(p,3)|1.

Proof:[of Lemma 21] If r > rgy, we have 28w < 1. From Lemma 23 and Lemma

24 we have
1£(pp)|, <2 ‘M(‘” (0p0) = M) (,o,;o)‘1 +4-2Bw. (2.138)

Note that for any matrices {N*"*9},,, ., by triangle inequality we have

Z N(uvst)

u,v,s,teT

< Z N(uvsl) + Z N(uvst) Z

1 v=else ve{0,1},s=else v,s€{0,1}
u,s,teT 1 uteT 1

Z N(uvst)

u,teT

Then by Lemma 26 and Lemma 29, we have

‘M(“) (pgo) — M7 (pﬁo)‘l <2 (2.278/10%2n 4 5 9=8/10¥2my 4 4. 4By
(2.139)

Substituting w = kg - 27", we complete the proof. ]
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2.8 Proofs of Theorem 4 and Theorem 6

Proof:[of Theorem 4] The fact that one step of the algorithm can be expressed as
Eltl(p) = (I +>L+7°T[7]) (p), where | T [7]|, < 4 is proven in Lemma 16
in Section 2.5. The bound on |L(pﬁ)|1 is proved in Lemma 21 in Section 2.7. The

Uniqueness and Relaxation property is proved in Theorem 18 in Section 2.6. [ ]

Before proving theorem 6 we give a bound for the evolution.

Lemma 30 (Evolution) Foranyt € R, v € (0,1]. IfK = t/7? is an integer, then

&5 = et < 2¢*K7T". (2.140)
Proof: Note that
2 k- 2 2
SK_(eT L)K:Z(eT L)k (8_67' L)SK—/(—I. (2.141)
k=0

Note that & is CPTP by definition. By Lemma 19 we know ¢ L is also CPTP. Thus
|E], and

eTZL‘ are bounded by 1 by Lemma 38 in Appendix 2.10. Then we have
*

1< K-1t%2e%, (2.142)

*

‘SK - (eTZL)K) <K-1- ‘8 — et L
*

where for the last inequality, recall that & = T + 2L + t*J[7] and the Taylor

. 2
expansion of e” £, we get

2r 4 ~ T2k |‘£|i 4~ 4
‘8 —eE <l e Y T < et (2.143)
* !
k=2
where we use | I |, < 4 and |£]|, < 4 from Lemma 16. [

We then prove that the distance between pg and p » can be bounded in terms of the

mixing time.

Lemma 31
oz = ppl, < €+[Llpp), - tmix (L. €)

Proof: We abbreviate 7,y (L, €) as t. Let T > 0 be a parameter such that K = /72

is an integer. We have

loz = ppl; < lor —e“(op)|, +1e"“(op) = ppl, < €+]e“(op) = pgl,, (2.144)
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where the last inequality comes from the definition of mixing time. Besides, from
Lemma 16 we have | £|, < 4. Expand e”L as Taylor series in 7, and use triangle

inequality we get

(( ey (pﬁ)’ < 72| L(pp), +T4Z LI, (2.145)
<7 Lpp)|, + et (2.146)
Thus
KL (pg) — pﬁ‘l < kzl: )e(k_l)T2£ (eTzL - I) (,oﬁ)‘1 (2.147)
< Z]: (4 - 1) (p,;)(1 (2.148)
< I;:Z |L(pp)|, + KT¥e, (2.149)

where the second inequality comes from e -D7’L is CPTP by Lemma 19, thus its
||, is bounded by 1 by Lemma 38 in Appendix 2.10. Thus we finish the proof by

substituting K72 with the mixing time ¢ and take the limit T — 0. ]

Proof:[of Theorem 6] In the proof we abbreviate #,,;, (L, €) as t and K = t/72. We

will analyze the following terms,

5 (0) = pgl, < [E%(0) = (p)|, +]e“(0) = sl +1oL —ppl, - (2.150)

By Lemma 30 we can bound the first term by 2¢*K7*. By the definition of mixing
time, we can bound the second term by €. The bound for last term comes from
Lemma 31 and Theorem 4. Thus we get the desired error bounds by substituting

K2 with the mixing time ¢.
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2.9 Appendix: More Details on Quantum Phase Estimation
(1) Adapting quantum phase estimation to estimating Hamiltonian eigenvalues.

Firstly we recall the standard quantum phase estimation in Section 5.2 in [NC10]:
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suppose a unitary V has an eigenstate |¢) with eigenvalue e>™*, where u € [0, 1) is
unknown. Quantum Phase estimation is a quantum algorithm which has access to
|¢) and V, and outputs an estimate of u.

More precisely, let |¢) := |z//j>, U:=éeMt t = /%_Z’ where kg = poly(n) is a
power of two that upper bounds ||H||. For example, for local Hamiltonian H =
", H;, ||H;|l <1, one can set ky to be the least integer which is a power of two

and is greater than m. Then |1// j> is an eigenstate of U with eigenvalue ¢?**, for

BB o

M._E_KH

Let r be an integer. For any b € {0, 1}", with some abuse of notations, we use b
both for the binary string and the integer Z;: b j2j 1. Denote b') € {0, 1} be the
integer such that b)) /2" is the best r bit approximation to % which is less than f—;]
Then if b is a good approximation to b/), we have E (b) defined below, which is a

good approximation of E;:
E(b) =k -b/2". (2.151)

Note that since g is a power of 2, the binary representation of b can also be viewed
as the binary representation of E(b) by shifting the decimal point by log(«) bits.

The quantum phase estimation w.r.t precision r in [NC10] is a unitary, denoted as
QPE, which outputs a distribution highly peaked at b,

2r71
QPEly,) 107y =) >, v (b(f>+l mod 27, (2.152)
1==2r-141
18 (s (e-i\F _ 1 [(1=emed
here v/ = — ( i€~ ) - , , 2.153
where o7 kzz(:) e o (1 ~ eZFI(E_j_l/2r)) ( )
€ = Ej/ky — b2 (2.154)
Lemma 32 Note that
lyjol> + lyj1l* = 0.8. (2.155)

Proof: By definition of /) and €; we have that €; € [0,27). Note that if €; = 0,
then |y j0|2 = 1, so for the remainder of the proof, we will assume €; € (0,27").
Define 6 = 2"¢; € (0, 1). Note that

1( 1 — e%ri(0-D) ) 1 ™D sin(7(6 — 1))

Vit =y \ T g ) = 7 g nm smme-nj2). 20
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So the goal is to lower bound:

1 sin®(67) +l sin?((6 — 1)7)
4 sin%(On/27) 4 sin®((0 - Dr/27)

[yjol* +lyjl* = (2.157)
Since sin(6) < 6 for 6 > 0, we can use this lower bound in the denominator for each

term:

1 sin?(67) 1 sin®((0 — 1)x)
¥ (07)2): & (6= Dnj2)?
1 (sin?(6x) sin*(0 — 1)x)

=3 72 + -1 . (2.159)

(2.158)

2 2
[yjol” +lyj1l” =

Note that as shown in Figure 2.2 for § € (0, 1), the function in Eq. (2.159) is
symmetric around € = 1/2 and is minimized for § = 1/2. The value obtained by
plugging 6 = 1/2 into Eq. (2.159) is at least 0.8 .

P

0.5

Figure 2.2: Approximating the amplitudes of the quantum phase estimation. The function
shown in Equation (2.159) is minimized for 8 = 1/2.

Note that y ;o and 7y are the amplitudes of b and b + 1, which are the best two
r-bit approximation to é Denote the best two r-bit approximation to E; as

LE;] = E®Y), [E;1:=E®BY +1). (2.160)

Since there is a one-to-one correspondence between r-bit string b and E(b) € S(r),

to ease notations, we rewrite Eqs. (2.152)(2.155) as

QPE|w;) 107 =|y;) > BivI»), (2.161)

veS(r)
where |8, 11> + |Bj1£,11* > 0.8. (2.162)
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In addition, one can check that Vj,

2r—1
D Bv= Y v (2.163)
veS(r) [==2r=1+1
-1 2! X
- Z Z ( 27rlej) ( 27ri(—l/2")) (2164)
k=0 j=—2r-141
| 2=l ok
=5 Z (ez’”ff ) - 2"8ko (2.165)
=1. (2.166)

(2) Boosted Quantum Phase Estimation. Let r, g be two integer parameters.
Taking input as |w j> |078), the Boosted quantum phase estimation (BQPE) in this
manuscript is just viewing the |0"8) as g copies of |0"), and sequentially perform
the standard Quantum Phase Estimation QPE w.r.t. |l// j> and each copy of |07),

BQPE[;) 05) = ws) D) BineBiw, i) (2.167)
Vieors ngS(r)
=lw;) > BirlE), (2.168)
EeS(r)®g
where in the last equality to ease notations we write E := vj...v, and ;g =

Bjvi---Bjv,- We use E to denote the median of vy, ..., vg. By Eq. (2.162) and
Chernoff bound, we have

Z Bl <2787, (2.169)
EeS(r)®8:
E#[EJJ,Ef»[EJ-\

Besides, by Eq. (2.166) we have

8
D Bi=| D) Byl =1 (2.170)

EeS(r)®s veS(r)
(3) Flipped Boosted Quantum Phase Estimation. As explained in Section 5.2
of [NC10], the circuit for the standard Quantum Phase Estimation QPE is, (a)
First applying a layer of Hadamard gates. (b) Then apply a sequence controlled-U
operators, with U raised to successive powers of 2. Denote the operator as CU. (c)

Then apply inverse quantum Fourier transform.

The Flipped Quantum Phase Estimation FQPE is similar to QPE, with the difference
that each time FQPE adds a conjugate phase: (a) First applying a layer of Hadamard
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gate. (b) Then apply (CU). (c) Then apply quantum Fourier transform rather than

inverse quantum Fourier transform. It is worth noting that FQPE # QPE".

Recall that from (2) the Boosted Quantum Phase estimation is just running QPE for
g times. The Flipped Boosted Quantum Phase estimation (FBQPE) is just running
FQPE for g times.

2.10 Appendix: Matrix Norm Properties

In this section we list properties on matrix norms.

Lemma 33 (Cauchy-Schwarz inequality ) For any M, N € E(m),

1tr(ATB)| < \ir(ATA)Vir(BTB). (2.171)

Lemma 33 is a well-known fact thus we skip the proof.

Lemma 34 (Variational Characterization of Trace Norm) For M € E(m), the

following variational characterization of the trace norm holds,
M|, :mgx|tr(MU)|, (2.172)

where the maximization is over all m-qubit unitary operators U.

Proof: Consider singular value decomposition of M as WDV, with W,V unitaries
and D a diagonal matrix of singular values. Using Cauchy-Schwart inequality

Lemma 33 one gets

ltr(MU)| = [tr(NDVDVUW)|

< m\/ﬁ {(\/BVUW)T (\/BVUW)}

=tr(D).

Note that tr(D) = |M|;. On the other hand, |M|; can be obtained by choosing
U=Viw', m

Corollary 35 Let |¢), |p) be two unit vectors on registers a, b. Let P,Q be linear

operators on registers a, b with spectrum norm bounded by 1. Then

try (P ¢) (¢l )]y < 1. (2.173)

In particular, let P = Q = I we get

ltry(1¢) (@Dl; < 1. (2.174)



51

Proof: By Lemma 34, we have that

(Pl el Q)= max i iy (PI6) (1 Q) U)] (2175)
= ltras (P 16) (0] QU) | 2.176)
= [4¢l QUP )| @.177)
<1 (2.178)

|

Lemma 36 Let & : E(m) — E(m) be a linear map. If for any unit vector |u) , |v),
we have |E(|u) (v|)|; < c¢. Then |E|, < c.

Proof: Given any N € E(m) with [N|; < 1, consider its spectrum decomposition
N =" yilus) vil, (2.179)

where y; > 0 are singular values. |u;) , |v;) are unit vectors. Y};y; < |N|; = 1. Then

by triangle inequality we have that
ENy < D yi- 18y (VDI < e (2.180)

Lemma 37 Let P, Q be operators on register 1,2, 3, 4 with spectrum norm bounded
by 1. Let |w) be a unit vector on register 2,3,4. For any operator N on register 1,

define
F(N) :=try34(P [N ®|w)(w|] Q). (2.181)

Then |7, < 1.

Proof: By Lemma 36 it suffices to assume N = |u) (v| for unit vectors |u), |v) and
prove |¥ (N)|; < 1. Since |u) |w) and |v) |w) are unit vectors on register 1,2, 3, 4.
By Corollary 35 we have |7, < 1. |

Lemma 38 [Trace-Norm non-increasing of CPTP] Let & : H(m) — H(m) be a
CPTP map. We have |E|, < 1. That is, for any Hermitian operator M € H (m),
E(M)]; < [M];.
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Proof: Consider the spectrum decompositionof M = 3} ; 4; |¢ j> <¢ j|. We have that

EM) < > 11 -E(8s) (@iD], = D 141 = M1y, (2.182)
J J

where the first equality comes from the fact that 8(|¢ j> <¢ j|) is a quantum mixed

state, and thus its trace norm is equal to 1. ]

Lemma 39 (Connecting trace norm and o-norm) Let o be a Hermitian matrix
where o > 1. Then VM € E(n), we have that |M|% <2" |M|§ .

Proof: Note that for any two positive Semi-definite Hermitian matrices A > 0, B >
0, we have tr(AB) > 0. Further note that c'/2 = I > 0, MTo''/2M > 0, and both of

them are Hermitian. Thus we have

M2 = tr(IMIM) + tr (1M (01/2 - 1) M) +ir((? = 1) - Mt 20
(2.183)
> tr(IMTIM). (2.184)

Denote the singular values of M as {a,};. (By definition a; > 0). By Cauchy

inequality

2
(Z aj) < 2"Za§ = M} <2"tr(IMIM) <2"|M[}.  (2.185)
J J

2.11 Appendix: Bounding Mixing time w.r.t. spectral gap of £(*
This section is based on [Woll2] and private communications. This section is
primarily for the £ in our algorithm, while here we write a slightly more general

proof for Lindbladian £ satisfying the following assumptions
Assumption 1 We assume e'£ is CPTP fort > 0 and satisfies

e L(p)=2; Lijj. - % {L;Lj,p}Jrfor some matrices {L;}; C E(n).

o {L;}, generates the full algebra Z(n). There exists a unique p s satisfying
L(ps) =0. Besides, this ps is a full-rank quantum state.

We use o to denote pzl. Note that £ in our algorithm satisfies Assumption 1 by

Lemma 17 and proofs in Section 2.6.
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Notations. Here we define two different inner products on E(n), that is the Schmidt-

Hilbert inner product and the weighted inner product w.r.t. o: Forany M, N € E(n),
(M,N) = tr (MTN) , (2.186)
(M, Ny i=1r (' 2M1 o 2N (2.187)

We use L° to denote the dual map w.r.t. Schmidt inner product. We use L* to
denote the dual map w.r.t. (,),. Thatis

(M, L*(N)) = (L(M),N), (2.188)
(M, L*(N))y = (L(M),N),. (2.189)

(, ) induces a norm where |N|%r := (N, N). One can check that for any N € E(n),

LY(N) =02 L° (a%Na%) o3 (2.190)
L£/N)= Y LINL; - % {LjL,-,NL. (2.191)
7

Define the symmetrized version of £ as

L+ L
(5) .
LY 5

By definition £ is Hermitian w.r.t. (, )., and thus is diagonalizable and has a real

spectrum.

Properties on £ and £,
In this section, we prove some basic properties of £ and £). We use the following

theorem.

Theorem 40 (Generators for Semigroup of quantum channels, Theorem 7.1 in [Wol12])
Consider a linear map P : E(n) — E(n). Then for anyt > 0, ¢'* is CPTP if there

exists a set of matrices {P; € E(n)}; and a Hermitian Hgygem such that

1
P(p) = i[p,Hsystem] + Z Pij;r- - 5 {P;Pj,p}_‘— . (2.192)
J

Theorem 41 Foranyt > 0,

(i) L(pg) =0, 'L is CPTP and L°(I) = 0.

(ii) £ and 'L are CPTP.
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(iii) L) has a unique fixed point, that is pz.
(iv) The spectrum of L) lies in [—c0,0].

(v) The spectral gap of L is strictly greater than 0, which is denoted as Y and

equals to

Y(LY)= min —(N.LO(N)g > 0. (2.193)
(Npp)er=0

Since LY is clear in the context we abbreviate Y(L®)) as Y.

Proof: For (i): Besides, by Assumption 1 we have £(p,) = 0. Besides

LN) =Y LNL! - % {L;LJ-,NL. (2.194)
J

L£/N)= Y LINL; - % {Lij,N}Jr. (2.195)
J

One can directly check £°(I) = 0. Besides e’£ is CPTP by Theorem 40 by setting
Hsystem =0.

For (ii): we have

LXN) =03 L0 a%Na%)a—% (2.196)
{LTL,,achr%}+a—% (2.197)
=Y o iLlot N oL —%(U_%LT.LJ LNAN oL

(2.198)

We will prove by properly defining a Hermitian Hy e, the L can be written in
the form of Eq. (2.192) in Theorem 40, which will imply £* is CPTP. Denote

0;:= —%Lj bk = Lo, (2.199)

l\.)l*—‘

1
Z system = Z K - KT) . (2200)
J
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Recall that L(p,) =0and o = pil, we have

DL 'L - % (LiLjot + o' LiLy) =0, (2.201)

J
=0 (Z Lo 'L}~ % (LiLo"+ a—leLj)) o1 =0, (2.202)

J

= il ottt - % (riLiL et + oL o) =0, (2203)

J

Thus

V= % (K* + K) = K=V+iHyem (2.204)

where the = we use Hyygem = 2% (K — KT). One can verify

L'(N)= ) 0;NO| - (KN +NK') (2.205)
J
= Z O;NO' — (VN + NV) +i[N, Hyysiem] (2.206)
J
1
= i[N, Hyyten] + ), O;NO] = 5 {ofo;. N}+ (2.207)
J

where the first equality comes from Egs. (2.198)(2.199)(2.200), the second equal-
ity comes from (2.204), and the last equality comes from definition of V in
Eq. (2.200). One can check that Hyyg., is Hermitian. Since £ = %(L + L"),
from Eqs. (2.194)(2.207) we known that £ can also be written as Eq. (2.192),
where the Lindbladian jump operator is {%L ity {%0 j}. Thus by Theorem 40

we conclude that ¢'£"’ is CPTP for ¢ > 0.

For (iii): From Assumption 1 we already have {%L i} generates the full algebra.
Thus so does {%L ity {%0 j}. By Theorem 20 we conclude that there exists a
unique p such that £ (p) = 0. Besides, from Eq. (2.198) one can directly verify
that £L*(pr) = 0, and thus L®) (p,) = 0.

For (iv): By definition of £ : H(n) — H(n) itis Hermitian w.r.t. {, ). Thus £
is diagonalizable and the spectrum is real. With contradiction assume there exists
an eigenstate N € H(n), N # 0 with eigenvalue A > 0. Then )e“:(s) (N)‘1 = e |N|,

goes to infinity as t — oo, which contradicts with the fact that 'L is CPTP from
(i1), where CPTP map does not increase trace norm of Hermitian operators (Lemma
38 in Appendix 2.10).
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For (v): By (iii)(iv) we know the spectral gap is strictly greater than O, and the
minimum eigenvector is p, and has eigenvalue 0. Then Eq. (2.193) is just by

definition of spectral gap. ]

Proof of Theorem 7
Proof:[of Theorem 7] All the properties of £ we use are summarized in Assumption
1. Define

hy = et£(,0) —pPL-

Since L(pr) = 0, one can check that

%(hz, hie =2 (hy, LY (hy)), . (2.208)

Further note that since e¢'£ is trace-preserving from Theorem 41 (i), we have

tr(e'£(p)) = 1. One can verify that (h;, ps)e = 0. Then by Eq. (2.208) and
Eq. (2.193), we have

d hy hy

—{hy, b))y =2 LW Ahy, by 2.209

dt( r ) <|ht|a L (lht|0)>0_ (hy, hy) ( )
< =2Y - (hy By (2.210)

Then by Gronwall’s inequality we have
(hes he)o < (o, ho)o - exp(=2Y1). (221D
Recall that iy = p — pr. Thus we have

() = prl, < 2] (p) ~ psl,, (2.212)
<2"?|p - prl, - exp(-Y1) (2.213)

<22 \Jtr(opoip) - exp(= Y1), (2.214)

where the first inequality comes from connecting trace-norm and |-|, by Lemma 39
in Appendix 2.10. Note that o > I since o = pzl and p is a quantum state. The
second inequality comes from Eq. (2.211). The last inequality comes from o = pzl

and tr(p — pr) = 0 since both p and p s are quantum states, and

1 1 1 1
lp—prly=tr(c2(p-pr)oi(p-pr) =tr(cipoip) - 1. (2.215)
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Chapter 3

GIBBS STATE PREPARATION FOR COMMUTING
HAMILTONIAN

3.1 Introduction

Gibbs state preparation is a key computational technique used in physics, statis-
tics, and many other scientific fields. Given a local Hamiltonian H and an inverse
temperature 3, the Gibbs state pgy ~ exp(—SH) describes the thermal equilib-
rium properties of quantum systems at finite temperature, making them essential
for studying the phase diagram, stability of topological quantum memory [Has11;
LP13] as well as the thermalization process [RGE12; Miil+15]. In addition to
physics, Gibbs state preparation also has found various applications in optimiza-
tion [Bra+19; Van+17] and Bayesian Inference [Ami+18; HS83]. Various Gibbs
state preparation algorithms (or Gibbs samplers) have been proposed, including
approaches inspired by the Davies generator [Che+23; Gil+24b; RWW23; DLIL24],
the Metropolis-Hasting type method [JI24; Tem+11], and ones based on Grover
amplification [PW09] and the Quantum Singular Value Transform [Gil+19].

The key requirement for a good Gibbs sampler is fast mixing, that is, the algo-
rithm prepares the Gibbs state in polynomial time. Gibbs samplers for classical
Hamiltonians have been studied for decades and fast mixing algorithms have been
successfully designed for various scenarios. In particular, Glauber dynamics yield
fast mixing Gibbs samplers for 1D systems at any constant temperature [GZ03;
Hol85; HS89] and for 2D systems at high temperature [MO94]. On the other hand,
for 2D systems like the Ising model, Glauber dynamics-based samplers are known to
suffer critical slow downs and are slow mixing at low temperature [CCS87; Ces+96;
Sch87]. Instead, the Swendsen-Wang algorithm [SW87; FGW23] and approaches
based on Barvinok’s method [Bor+20] were proved to achieve fast mixing for low

temperature 2D systems.

Recent efforts on developing fast mixing Gibbs samplers for quantum Hamiltoni-
ans have largely focused on commuting local Hamiltonians (CLHs). CLHs are
an important subclass of quantum Hamiltonian which exhibits non-trivial quantum
phenomenon. Different from classical Hamiltonians whose eigenstates are com-

putational basis, the eigenstates of a CLH instance can be highly entangled and
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cannot be prepared by any constant depth quantum circuit, as is true for the famous
example of Kitaev’s Toric code [Kit03a]. Besides, it was shown that Gibbs sam-
pling of CLHs at constant temperature remains classically hard [BCL24; RW24].
Nonetheless, several aforementioned fast mixing results for classical Hamiltonians
have been successfully generalized to the CLH case. In particular, multiple results
utilize the Davies generator [Dav76; Dav79], which represents a quantum Markov
chain (Lindbladian) for thermalization process in the weak coupling limit. This
has yielded fast mixing Gibbs samplers for 1D CLH at any constant temperature
[Bar+23; KB16] and 2D CLH at high temperature [CRF20; KB16]. The fast mixing
proofs are obtained by generalizing classical techniques for analyzing the mixing
time of transition matrices [GZ03; Hol85; HS89; M0O9%4; M(O9Y4] to analyzing the
mixing time of the Davies generator. These generalizations are highly non-trivial
and very technical since analyzing the spectrum of a quantum operator (in this case
the Davies generator) is generally hard. In the low temperature regime, fast mix-
ing Gibbs samplers for CLHs on two or higher dimensions are only known for the
standard 2D Toric code [AFHO09; Din+24].

In this work, we introduce a new approach which does not use the Davies generator.
Instead, we design new Gibbs samplers for various CLHs by giving a reduction from
quantum Gibbs state preparation to classical Gibbs sampling. Combined with the
existing fast mixing results for classical Hamiltonians, our Gibbs sampler is able
to replicate the state-of-the-art performances mentioned above. Furthermore, our
algorithm can prepare low temperature Gibbs states as long as there exists a fast
mixing Gibbs sampler for the corresponding classical Hamiltonians. Our reductions
are summarized in the following two theorems. More details and comparisons
between previous results and the performance of our Gibbs sampler are contained

in Section 3.1.

Roughly speaking, we say that there is a Gibbs sampling reduction from a quantum
Hamiltonian H to a classical Hamiltonian H() if, given the existence of an algorithm
that performs Gibbs sampling for (H©), 8) in time T, there exists a quantum algo-
rithm preparing the quantum Gibbs state for (H, ) in time 7 plus a small overhead
polynomial in the number of qubits.! First we notice that the Structure Lemma,
which is the key technique used in studying the complexity of CLHs [BVO03; 1J23;
AKV18; Schl11], and directly gives the desired reduction for 2-local CLHs.

'In our case, we will obtain scaling like T + O(n) or T + O (n?).
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Theorem 42 (Informal version of Theorem 49) There is a Gibbs sampling reduc-
tion from 2-local qudit commuting Hamiltonians to 2-local qudit classical Hamil-

tonians.

For more physically motivated 4-local CLHs such as the Toric code, the Structure
Lemma can no longer transform 4-local CLHs to classical Hamiltonians. Instead,
by leveraging a symmetry in the eigenspaces, we demonstrate that an oblivious
randomized correction approach yields the desired reduction for qubit CLHs in
2D, via generalizing a ground state preparation algorithm [AKV 18] to Gibbs state
preparation. The locality of the resulting classical Hamiltonian depends on whether
there are classical qubits in the CLHs. Roughly speaking a qubit is classical if by
choosing proper basis of this qubit, all terms look like |0X0| ® ... + [1X1]| ® ... on
this qubit.

Theorem 43 (Informal version of Theorem 58 and 76 ) There is a Gibbs sam-
pling reduction from 4-local qubit 2D commuting local Hamiltonian H to qudit

classical Hamiltonians. In particular,

o [f there are no classical qubits with respect to terms in H, then the classical

Hamiltonian is a 2-local qudit classical Hamiltonian on a planar graph.

o When there are classical qubits but all quantum terms (terms far away from
classical qubits) are uniformly correctable, then the classical Hamiltonian is

a O(1)-local qudit classical Hamiltonian.

Note that in the above theorem the quantum Hamiltonian is on qubits while the
classical Hamiltonian is on qudits. An example of a qubit 2D CLH without classical
qubits is the defected Toric code, a generalization of the Toric code with arbitrary
complex coefficients. We will give a technical overview based on the defected Toric

code in Section 3.1.

Our reduction also gives a quantum analogy of Stockmeyer’s result [Sto83] for the
complexity of quantum approximate counting. In particular, a fundamental result of
Stockmeyer [Sto83] states that classical approximate counting (approximating the
partition function of a classical Hamiltonian) is contained in the complexity class
BPPNP . It is natural to conjecture that the quantum approximate counting is upper

bounded by a complexity class like BQPQMA, but few results are known. By
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the connection between quantum approximate counting and the Gibbs state prepa-
ration [Bra+21]%, our reduction shows that for various CLHs, the corresponding

)

quantum approximate counting problem is contained in BQP~>, where CS is an

oracle which can perform arbitrary classical Gibbs sampling.

Comparison to previous work.

Recall that most of the previous work on Gibbs samplers for CLHs are based
on simulating the Davies generator, which is a Lindbladian closely related to the
thermalization process. In this section, we give a detailed comparison between
previous results and our result, demonstrating that instead of using the Davies
generator, our reduction gives a new Gibbs sampler for CLHs directly utilizing fast
mixing Gibbs samplers for classical Hamiltonians. In particular, our reduction is
able to replicate state-of-the-art results and also derive new results. Our results are
summarized in Figure 3.1. In this section we discuss related results, and a more
thorough discussion on Gibbs state preparation can be found in [CRF20, Section
3.3].

Remark 1 Due to the relationship between Davies generator and thermalization
process, previous works analyzing the Davies generator [Bar+23; KB16; AFH09]
also yield insights into how thermal noise influences the quantum systems. QOur
reduction does not cover this implication. The following comparison is only for the

task of preparing Gibbs state.

Mixing time 1D any temp 2D (2-local) 2D (4-local)
Previous work poly(logn)!!l high temp: poly(logn)?! poly(n) for high temp!®!

low temp: unknown O(n*) mixing time for TC I
Our results poly(logn) high temp: poly(logn) *poly(n)

low temp: *poly(n) O (n?) for DTC

Figure 3.1: Mixing time of Gibbs samplers for 1D and 2D CLHs at different
temperatures (temp). TC and DTC refer to the standard Toric code and the more
general defected Toric code respectively. Improved results are in bold. The results
marked “*” indicate we achieve this mixing time, when efficient samplers for the
corresponding classical Hamiltonians are known. Our O(n?) result for DTC is the
total runtime rather than just mixing time. References: [1] [CRF20]; [2] [Koc+24;
CRF20[; [3] [KB16]; [4] [Din+24].

Review of Markov chains, Lindbladians and mixing time We briefly review

some key concepts. Consider an n-qubit local Hamiltonian H and an inverse

2Lemma 12 in [Bra+21], where the k-QMV can be estimated by measuring the Gibbs state .
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temperature 8. We assume S8 € O(1) unless further specified. We will first assume
H is classical and introduce key concepts for classical Gibbs sampling. Then we

will generalize to quantum Hamiltonians.

Suppose H is a classical Hamiltonian which diagonalizes in the computational basis,
and the task is performing classical Gibbs sampling for (H, ). The target is the
Gibbs distribution 7 which samples computational basis states |x) with probability
proportional to exp (—B(x|H|x)). The goal of classical Gibbs sampling is to design a
classical process which drives any distribution v to 7. The commonly used method
is the classical Metropolis algorithm [Met+53], which is a discrete-time Markov
chain described by a transition matrix P, such that r is the unique fixed point of P,
i.e. Pm = . The mixing time 7(¢€) is the time needed to get e-close to the invariant

distribution 7r with respect to 1-norm (the total variation distance), that is
t(e) ;== min{z : ||P'v — n||1 < €,V distribution v}. (3.1)

In addition to this discrete-time Markov chain, one can also design a continuous-
time Markov chain, described by a generator matrix G such that n is the unique
invariant distribution of G, i.e. Gr = 0 or equivalently ¢’ = 7, V. Similarly to

above, the mixing time is defined to be

t(€) :=min{z : ||e®"v — n||; < €,V distribution v}. (3.2)

* The Markov chain is poly-time mixing, or fast mixing, if the the spectral gap
of P or G is Q(1/poly(n)), which implies 7(€) = poly(n) X log %

* The Markov chain is rapid mixing if it reaches the invariant distribution
in a time which scales logarithmically with the system size, that is t(€) =
poly(logn) X log é Rapid mixing is typically proved by bounding the log-

Sobolev constant [GZ03] for the continuous-time chain.

When H is a quantum Hamiltonian, we wish to prepare a quantum Gibbs state,
defined as

ppn = p(H,p) = exp(—pH).

1
tr[exp(-BH)]
The goal is to design a quantum process which drives any quantum state o to pgp.
One commonly used method is to design a Lindbladian £ such that pgy is the

unique fixed point of £, i.e. L(pgn) = 0 or, equivalently, eL’(pﬁH) = ppH, VL.
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The Lindbladian is the quantum analogy of a continuous-time Markov chain. The

mixing time 7(€) is defined to be
t(€) := min{t : | (o) - ppulli < €, Vo). (3.3)

The notion of poly-time mixing and rapid mixing is defined similarly to the classical
setting. One can prepare the quantum Gibbs state on a quantum computer by
Lindbladian simulation techniques [CW 16; Che+23]. For simplicity we will assume

that € = 1/poly(n) for the remainder of the section.

Replication of poly-log time mixing algorithm for 1D commuting Hamiltonians.
For 1D classical Hamiltonians, it is well-known that there is no computational phase
transition [GZ03; Hol85; HS89]. As a result, for any constant temperature, Glauber
dynamics is rapid mixing for all translation-invariant, 1D classical Hamiltonians

with finite-range interactions.

A large body of previous work has focused on generalizing the rapid mixing results
from classical Hamiltonians to quantum CLHs. In particular, for 1D CLHs, [KB16]
proved that the Davies generator has a constant spectral gap and thus is fast (poly-
time) mixing. Then Bardet et.al. [Bar+23] strengthened the result to obtain rapid
mixing. Specifically, they proved that for any constant temperature, the Davis
generator £ for any finite-range, translation-invariant 1D CLHs is rapid mixing.
This is proved by generalizing the classical technique of bounding the log-Sobolev
constant [GZ03; Hol85; HS89; Zeg90] to CLHs. Note that this generalization
is highly non-trivial since £ is a quantum operator and analyzing its spectral gap
and log-Sobolev constant are complicated. Combining this bound with quantum
simulations of the Lindbladian, Bardet et.al. gives a quantum Gibbs sampler with
runtime
poly(logn) X fi,

where f; is the overhead brought by simulating the Lindbladian evolution.

In contrast to [Bar+23], which obtained a rapidly mixing Gibbs sampler by de-
veloping sophisticated techniques to bound the log-Sobolev constant of the Davies
generator, our reduction gives a Gibbs sampler of similar performance by directly

using classical results

Lemma 44 (Informal version of Lemma 50) There is a Gibbs sampling reduction
from any finite-range, translation-invariant (TI) qudit 1D CLHs, to the finite-range,
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TI ID classical Hamiltonians. Combined with the rapid mixing Gibbs sampler
for finite-range, Tl 1D classical Hamiltonian at any constant temperature [GZ03;

Hol85; HS89], we prepare the Gibbs state in time,

poly(logn) X f>+O(n).

Here f is the overhead incurred by simulating the classical Markov chain. O(n)
is the time needed to prepare a constant depth quantum circuit arising from the

Structure Lemma which implements the quantum-to-classical reduction.

High and low temperature Gibbs state for 2-local CLHs on 2D. Recall that S is
the inverse temperature, and thus low temperature corresponds to large 8. We begin
with a literature review for classical Hamiltonians. Unlike 1D classical Hamilto-
nians where the Glauber dynamics is rapid mixing for any constant temperature,
2-local 2D classical Hamiltonians exhibit a constant-temperature computational
phase transition. For example, the ferromagnetic 2D Ising model has a constant

critical inverse temperature f3., such that

* For 8 < B, the Glauber Dynamics is poly-time mixing [MO94; MO94].

* For g > ., the Glauber dynamics meets a critical slow down where the
spectral gap of the Glauber Dynamics is smaller than exp(—a+n) for @ >
0 [CCS8T7; Ces+96; Sch87].

Similar results also hold for the Potts model [Ull12; GL16]. To understand this
phase transition intuitively, note that the Glauber dynamics is a Markov chain with
local update rules. Intuitively an algorithm using local updates is good at solving a
“local” problem. In the high temperature region, most spins will interact effectively
weakly thus the Gibbs state has little entanglement [Bak+24] and a local optimization
suffices. However, in the low temperature region, there are strong correlations in
large regions and thus the Gibbs state is highly non-local.> Thus, to prepare low
temperature Gibbs state , one needs to carefully design Markov chains with non-local
update rules, such as the cluster updates in the Swendsen-Wang algorithm [SW87];

or uses other methods such as the Barvinok’s method [Bor+20].

3More precisely there is an equivalence between the mixing time and the spatial decay of
correlation in the Gibbs measure [Dye+04; CesO1; SZ92a; SZ92b]. In some classical literature,
decay of correlation is referred to as mixing condition [GZ03] or spatial mixing [Dye+04].
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In the quantum case, to the best knowledge of the authors, all previous work on
Gibbs state preparation for 2D CLHs has focused on the high temperature region.
In particular,

* [KB16] showed that there is a constant 8; such that for 8 < g; the Davies

generator is poly-time mixing.

* [CRF20] showed that there is a constant 3 such that for g < ,6’24, the Schmidt
generator defined in [CRF20] is rapid mixing.

Both the Davies generator and the Schmidt generator for 2D CLHs with respect
to local jump operators are local Lindbladians. A simple adaption of the classical
proofs [CCS87; Ces+96; Sch87] will show that they are slow mixing for 2D systems
at low temperature. That is, there exists a constant 3 such that for 8 > S,
the spectral gap of any O(logn)-local Lindbladian (not necessarily the Davies
generator) which fixes the Gibbs state of 2D Ising model at inverse temperature 3

has an exponentially-small spectral gap.

Our Gibbs sampler improves on the existing results in two main ways. First, in the
high temperature region our reduction again gives a way to directly utilize classical
results [CesO1] and obtain a Gibbs sampler of similar performance as the best prior
work [CRF20] (i.e., rapid mixing), without involving heavy proofs for analyzing the
log-Sobolev constant of the Schmidt generator like [CRF20].

Lemma 45 There is a Gibbs sampling reduction from any 2-local qudit 2D CLHs fo
2-local qudit 2D classical Hamiltonians. Thus for high enough temperature where
there exists rapid mixing classical Gibbs samplers for the corresponding classical
Hamiltonians (e.g. from [CesOl] or Chapter 9 of [GZ03]), we can prepare the
Gibbs state for the 2D CLHs in time

poly(logn) X fo+0O(n),

where f, is the overhead incurred by simulating the classical Markov chain.

Our second contribution is in the low temperature regime. Unlike [KB16; CRF20]
which only work for the high temperature region, our reduction allows us to prepare
low-temperature Gibbs states by utilizing classical techniques such as the Swendsen-

Wang algorithm. To the best knowledge of the authors, prior work has not addressed

“We did not check whether 31, 3, and the later mentioned high temperatures are equal.
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low-temperature Gibbs samplers for 2-local CLHs. As an example, with our reduc-

tion we can obtain the following result.

Lemma 46 (Informal version of Lemma 51) There is a Gibbs sampling reduction
from translation-invariant qubit (2-local) 2D CLHs to 2D Ising model with magnetic
fields. Then one can prepare the Gibbs state for the corresponding CLH at low
temperature in poly(n) time whenever there are poly-time mixing Gibbs sampler

for the corresponding Ising model at low temperature like [FGW23].

A key feature of our reduction is that it is agnostic to the underlying classical Gibbs
sampler. In the low temperature regime, when applied to qudit 2-local 2D CLHs
with large constant qudit dimension d, the Swendsen-Wang algorithm will also
mix slowly and have an exponentially-small spectral gap [Bor+99]. However, our
reduction allows us to substitute in other samplers, such as the Gibbs sampler for the
low temperature Potts model based on Barvinok’s method, which remains poly-time
for large d [Bor+20].

4-local, 2D commuting Hamiltonian. The best prior work is due to [KB16],
who proved that for high enough temperature, the Davies generator is poly-time
mixing for 4-local 2D CLHs. Unlike their result, the mixing time of our algorithm
is dependent on the classical Hamiltonian produced by the reduction and thus our

results are not directly comparable.

For the standard Toric code, a concurrent work [Din+24] showed that for any inverse
temperature 8 < +oo (not necessarily constant), Lindbladian dynamics with nonlocal
jump operators prepares the Gibbs state efficiently (for very low temperature, the
mixing time is approximately O(n*)). Our Gibbs sampler is based on different
techniques and gives a O (n?)-time Gibbs state preparation algorithm for the general
defected Toric code at any non-zero temperature, where the defected Toric code is the
Toric code with arbitrary coefficients. Our Gibbs sampler is based on generalizing
the standard ground state preparation algorithm for the Toric code (which measures
all stabilizers) to the task of Gibbs state preparation via an oblivious randomized
correction technique. We will give a technical overview based on the example
of defected Toric code’ in Section 3.1 and 3.1. We remark that since our Gibbs
sampler is not based on Lindbladian, our results do not offer additional insights into
Lindbladian dynamics, unlike in [Din+24]. Another related work [GOL24] uses

>In fact, beyond the defected Toric code, our approach can also be applied to prepare the Gibbs
states of other error-correcting codes, such as the 4D Toric code.
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classical Monte Carlo methods to simulate the Gibbs states of t-doped stabilizer

Hamiltonians, although without discussing convergence guarantees.

Besides the defected Toric code, our Theorem 43 also works for more general qubit
CLHs and can prepare the corresponding Gibbs state as long as there exists efficient

algorithm for the corresponding classical Gibbs sampling task.

In addition to the defected Toric code, Theorem 43 also works for more general
families of qubit CLHs and can prepare the corresponding Gibbs state as long as
there exists an efficient algorithm for the corresponding classical Gibbs sampling
task.

Technical overview
Recall that in Theorem 42, we construct a Gibbs sampling reduction from 2-local

qudit CLHs to 2-local qudit classical Hamiltonians,

Theorem 42 (Informal version of Theorem 49) There is a Gibbs sampling reduc-
tion from 2-local qudit commuting Hamiltonians to 2-local qudit classical Hamil-

tonians.

The proof is primarily based on the Structure Lemma [BV03; [J23; AKV18; Sch11].
The Structure Lemma has been the principle tool in studying the complexity of CLHs
and, intuitively, says that one can transform a 2-local qudit CLH H® to a 2-local
qudit classical Hamiltonian H>®) via a constant depth quantum circuit Cy. In other
words, there is a one-to-one correspondence between the computational basis of the
classical Hamiltonian H(2¢) and the eigenstates of the quantum Hamiltonian H®.
By this observation, there is a simple procedure to sample from the Gibbs state of
H®. Frst, we take a sample |¢) from the Gibbs distribution of H (2¢) (via a classical
Gibbs sampler). Then, applying a constant depth quantum circuit to |) yields a
sample from the Gibbs distribution of H?.

For Hamiltonians of higher locality, the exact correspondence present in the 2-local
case does not hold. Nonetheless, we show in Theorem 43 that we can extend our
techniques beyond 2-local Hamiltonians. We demonstrate a reduction from Gibbs

sampling of 4-local qubit CLHs in 2D to classical Gibbs sampling.

Theorem 43 (Informal version of Theorem 58 and 76 ) There is a Gibbs sam-
pling reduction from 4-local qubit 2D commuting local Hamiltonian H to qudit

classical Hamiltonians. In particular,
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e [f there are no classical qubits with respect to terms in H, then the classical

Hamiltonian is a 2-local qudit classical Hamiltonian on a planar graph.

e When there are classical qubits but all quantum terms (terms far away from
classical qubits) are uniformly correctable, then the classical Hamiltonian is

a O(1)-local qudit classical Hamiltonian.

The case “without classical qubits” is the simpler setting. Still, even in this case,
we can no longer straightforwardly apply the Structure Lemma as is possible for
2-local Hamiltonians. This is not due to a deficiency in our techniques; rather,
4-local Hamiltonians can exhibit topological order [Kit03a] and there cannot be a
constant depth quantum circuit Cy as in the previous theorem. However, we observe
that the eigenspace of qubit CLH is symmetric in some sense, and via an oblivious
randomized correction technique we can adapt an algorithm for preparing ground
state (as given in [AKV18]) to preparing a Gibbs state. In particular, [AKV 18]
proves that any 2D qubit CLH without classical qubits is equivalent to a defected
Toric code permitting boundaries. That is, the “interior” terms look like Pauli X or
Pauli Z terms and terms on the “boundary” have more freedom. The presence of
boundaries makes it non-trivial to utilize this equivalence to design a Gibbs sampler
for general 2D qubit CLH. We will use the defected Toric code as an example to

explain our Gibbs sampler in Section 3.1.

When the initial Hamiltonian has classical qubits, the situation becomes more
complex, as the connection from [AKV 18] between 2D qubit CLH and the Toric
code only applies when there are no classical qubits. This does not pose a problem
in [AKV18] as they simply want to verify ground energy, and an NP prover can
provide a recursive restriction of classical qubits consistent with some ground state.
This effectively removes all classical qubits and the resulting Hamiltonian can be

translated into a defected Toric code permitting boundaries.

In our case, we would like to recover the distribution over eigenstates, and thus we
cannot perform the same recursive restriction. Additionally, we need our reduction
to be efficient and should not depend on the power of an prover. We develop a
propagation lemma to characterize the limits of the recursive restriction. Combined

6

with an assumption that all fully quantum terms® are uniformly correctable (see

Assumption 2), we will argue that the statement of [AKV 18] can be modified to

®Intuitively, this is the set of terms which remains quantum under any recursive restriction of the
classical qubits; see Definition 75.
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obtain a Gibbs sampling reduction from any 2D qubit CLH to a constant-locality

classical Hamiltonian.

(a) Partition the plaquettes  (b) Remove the white terms  (c) A correction operator
as Black 8 and ‘W. Put on the odd lines, Hpr will L, = X® (in red) for the
Z terms on white plaquettes ~ become H 1()2% which can be  removed white term /.

and put X terms on black viewed as a qudit 2-local

plaquettes then we get the CLH.

defected Toric code Hpr.

Figure 3.2: Illustration of Gibbs states preparation for the Toric code.

Extensions to more general 2D Hamiltonians For simplicity, the theorems above
are proved in the setting when the underlying Hamiltonian is placed on a 2D lattice.
However, in [AKV 18] the authors consider a more general setting of Hamiltonians
on polygonal complexes. A straightforward generalization of our proofs works in

this setting as well.

Case study: the defected Toric code

To illustrate our Gibbs sampler for 2D qubit CLH, that is Theorem 43, we consider
the restricted setting of the defected Toric code. In the remainder of this section,
we assume that the inverse temperature is 8 < +oo (not necessarily a constant). We
will formally define the defected Toric code and first give a O(n?)-time algorithm to
prepare its Gibbs states via an oblivious randomized correction idea. This algorithm
is specific to the defected Toric code. Then we describe a slightly different algorithm
which is not as fast as the first algorithm, but by using the tools from [AKV 18] it
can be extended to prepare Gibbs state for general qubit 2D CLHs.

The defected Toric code Hpr 1s embedded on a 2D, L X L square lattice, with qubits
placed on the vertices. Terms are grouped into “black” terms 8 and “white” terms
‘W, as in Figure 3.2a. Formally, we define

Hpr= ) cpXP+ > ¢,2”, (3.4)

peB pewW
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where X and Z are the standard Pauli X and Z operators. For a given term p acting
onqubits g1, ..., g4, X? denotes X, ®- - -® X,, (and same for Z”). The coeflicients
¢, can be any real number (whereas ¢, = —1 in the standard Toric code).

A O(n?)-time algorithm for the defected Toric code.

First, we explain the O (n?)-time algorithm to prepare the Gibbs states of the defected
Toric code. Let us temporarily assume that we have removed two white terms p, p»
and two black terms p,, pp in Hp7 to obtain a new Hamiltonian H ’DT with holes in
the lattice corresponding to the removed plaquettes S := {p1, p2, pa, p»}. For any
p & S, there is a correction operator L, (realized as a tensor product of Pauli X or
Pauli Z’s), which anti-commutes with p and commutes with all other terms not in
S. To prepare the Gibbs states for the punctured Hamiltonian H},,, we initialize
our state as the maximally mixed state, then sequentially measure and correct each
plaquette term p in H},,. That is, if we measure the plaquette operator p and get
measurement outcome A € {+c ps—C p}, then we perform the following oblivious

randomized correction:

 With probability prob := % we do nothing.

* With probability 1 — prob we apply the correction operation L.

The algorithm correctly prepares the Gibbs states of H),, because L, bijectively
maps the eigenspace associated with measurement outcome +c, to that of —c, and
vice versa. A more detailed description of this procedure and proof of its correctness
can be found in Section 3.4. To obtain the Gibbs state for the defected Toric code,
one can perform a similar measure-and-correct operation on the current state but for

p1, p> simultaneously,” followed by a symmetric correction for pg, pp.

We emphasize that the above algorithm does not work for zero temperature (when

B = +00).3 Furthermore, the above process only performs the correction once for

"More specifically, there is a “string” correction operator Ly, p, which anti-commutes with
P1, p2 and commutes with any other terms. Then one does the following on the current state (1)
Measure the Gibbs states of H},, with respect to commuting observables p, p, at the same time.
(2) Suppose the measurement outcome of p1, ps is 41, A2. Define A := A1 + A, and perform a similar
randomized correction by using L, p,.

8Besides, we emphasize that this algorithm is unique to the defected Toric code. Even for ground
energy, other 2D CLH like the 2D Ising model with arbitrary coefficients is hard to compute, whereas
the ground energy (ground state) of the defected Toric code can be easily computed (prepared), as
explained in [AKV 18, Appendix E].
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each plaquette term, and thus should not be interpreted as an iterative, randomized

Accept/Reject process as done in the general Metropolis algorithm.

A generalizable algorithm

For general 2D qubit CLH (without classical qubits), not every plaquette term
has a correction operator; in fact, the presence of a correction operator qualitatively
characterizes the correctable interior terms and the non-correctable boundary terms.
The proof that the interior terms are correctable uses techniques from [AKV18],
and the exterior terms are handled by a reduction to classical Gibbs sampling. The
details are as below. For simplicity, we assume in this section that Hpr is embedded
on a plane rather than torus, and the initial boundary of the lattice naturally plays

the roles of the puncture terms S in Hpr.

Reduction to Classical Hamiltonian As in [AKV 18] the first step is to remove
enough terms such that the resulting Hamiltonian can be viewed as 2-local. In
the case of Hpr, we can simply remove alternating rows of white terms, as in
Figure 3.2b. Finally, grouping all qubits on a white term as a single 2*-dimensional
qudit, we see that the white terms become 1-local and the black terms are all 2-local.
In Figure 3.2b, we group qubits u, v, w, T to form the qudit p;. Similarly we form
the qudits p», p3, p4. Then, the black term to the right of qudit p; becomes 2-local,
acting on p; and p3. Call this 2-local Hamiltonian Hg; The Structure Lemma
of [BV03] gives a way to transform H 2)

DT
working out the details (see Section 3.6), it turns out that in this 2-local classical

to a 2-local classical Hamiltonian. By
Hamiltonian we obtain three distinct “types” of terms:

* hyert, 2-local terms corresponding to black terms acting on vertically arranged

white terms (e.g. between p; and p»),

* hnoriz» 2-local terms corresponding to black terms acting on horizontally

arranged white terms (e.g. between p; and p3), and

* hy, 1-local terms corresponding to the white terms.

The final classical Hamiltonian is then

H(DZ;) = Z (hvert)p,-,pj + Z (hhoriz)pi,pj + Z(hw)p-
P

verticalp;,p horizontalp;,p
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Preparation of Quantum Gibbs State. So far, we’ve removed terms from Hpy

to obtain H(Dz},

Assume we are able to perform classical Gibbs sampling at a given temperature on

then argued that we can view this as a classical Hamiltonian H(Dz;).

H(Dz;). To obtain a sampler for our original Hamiltonian, we need to reverse each
step of the reduction. First, since the transformation from H(Dz} to Hg;) 1S via a
low-depth quantum circuit, we can easily obtain a Gibbs state of HI()Z% from the Gibbs

2¢)

state on HE) The primary challenge is to correct for the terms we have removed

T
to make Hpr 2-local.

Suppose we want to correct for a remove white term p € ‘W. We first measure the
current state s with respect to the term p. If we only need to obtain some state with
the correct eigenvalues, whenever we obtain an incorrect outcome, we could simply
perform the correction operator L, depicted in Figure 3.2c. To obtain L, we find a
path from a corner of p to the boundary of the lattice, and apply a Pauli X on each
qubit along the path. However, this does not immediately work when we are trying

to sample from the Gibbs distribution.

Denote chp l) be state if we get measurement outcome +c, when measuring p.
Similarly for H’_’cp |). There are two challenges in preparing the Gibbs state. First,
we need to maintain the proper distribution over chp |y and chp |). Second,

applying the correction L, after measuring chp may not yield H’_’Cp W), ie.

LI} |¢(y)) ¢ T2, [6(3)) - (3.5)

Nonetheless, we show that this can be done via an oblivious randomized correction
technique. That is, based on the measurement outcome, we apply the correction
operation L, with some probability u. At a high level, the correctness of the idea
comes from the symmetry of the eigenspace; despite Equation (3.5), we do have
that

LprcpHA(w)ch,, L,= Hf’cpH,l(l/,)Hp

—cp
where I1;(,) is an eigenspace of the non-removed operators corresponding to |i/).

We will leverage this fact by applying a correction uniformly across this eigenspace,
and the correction probability u will depend only IT;,) rather than |i) itself.

Conclusion and future work
In this manuscript, we give a reduction from Gibbs state preparation for various
families of CLHs to the task of Gibbs sampling for classical Hamiltonians. In

particular, based on the Structure Lemma we show that there is a Gibbs sampling
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reduction from 2-local qudit CLHs to 2-local qudit classical Hamiltonians. Based
on the symmetry in qubit CLH and the idea of oblivious randomized correction
we give a Gibbs sampling reduction from various 2D qubit CLH to qudit classical
Hamiltonians. This approach yields a Gibbs sampler based on techniques very
different than those traditionally used, such as analyzing the Davies generator.
We also demonstrate that combined with existing fast mixing results for classical
Hamiltonians, our Gibbs sampler matches the performance of state-of-the-art results
in [CRF20; Bar+23; KB16].

A natural direction to explore is whether our reduction can be generalized to other
CLHs, especially those for which the complexity of proving ground energy is in NP,
such as the factorized qudit CLH on 2D lattice [[J23], the factorized CLH on any
geometry [BV03] and the qutrit CLH on 2D [1J23].

Our work also gives an interesting characterization for the complexity of quantum
approximate counting for specific CLHs. It is well-known that classical approx-
imate counting is in gppNP [Sto83]. Due to the connection between quantum
approximate counting and the Gibbs state preparation [Bra+21], our work shows
that quantum approximate counting for various CLHs is contained in the complexity
class BQPCS, where CS is an oracle which can perform arbitrary classical Gibbs
sampling. It would be interesting to explore whether there exist other families of
quantum Hamiltonians where one can also upper bound the complexity of quantum
approximate counting by BQP? for some oracle O which is weaker than quantum

approximate counting.

3.2 Preliminary

Notation

For two operators & and /', we use [h, h’] to denote the commutator 2k’ — h’h. We
say that 4 and A’ commutes if [Ah, h'] = 0. Given two n-qubit quantum states p
and o, we use ||p — |1 = %tr(| o — o) to denote their trace distance. Given two
probability distributions 9 and D, over {0, 1}", we use || D — D;||; to denote the
total variation distance, that is ||D — D»||; = % 2xefo,pn [ D1(x) = Do (x)], where
D;(x) is the probability of sampling x in distribution O;. Givena graph G = (V, E),
for any vertex v € V, we use N (v) to denote the set of vertices which are adjacent to v
(excluding v). Forv,w € V, we use {v, w} and (v, w) for unordered set and ordered

set respectively. For a positive integer m € N, we use [m] to denote {1,2...,m}.
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Formal problem definitions
k-local Hamiltonians. We say an n-qudit Hermitian operator H is a k-local Hamil-
tonian, if H = X", h; for m = poly(n), and each h; only acts non-trivially on at

most k qudits. We allow different qudits to have different dimensions.

For the special case of k = 2, one can define H via a graph G = (V, E). That is, on
each vertex there is a qudit, and on each edge {v, w} there is a Hermitian term A",

such that
Ho= ) ™.
{v,w}€E
X X|Z Z|X X
L X X|Z Z|X X
b z z|x x|z z 7
P Z zZ|X X|z z VA
X X|Z Z|X X
X X|Z Z|X X
(a) 2D Hamiltonian (b) Toric code (c) 2D Ising Model

Figure 3.3: Examples of k-local Hamiltonians

2D Hamiltonians. Consider a 2D lattice G = (V, E) as in Figure 3.3a, where
qudits are placed on vertices. As above, we can define a 2-local Hamiltonian on
G via Hg = 2, wyep B"™". We can also define a 4-local Hamiltonian over the 2D
lattice by associating a Hermitian term to each plaquette P. We use v € P to denote
that vertex v is in the plaquette P. With some abuse of notations, we also use v
and P to denote the corresponding qubit and the Hermitian term. The 2D, 4-local
Hamiltonian on the lattice is given by

H:ZP.
P

For many of the proofs in this work, it will useful to partition the plaquette terms
{P}p into a set of “black” terms B and “white” terms ‘W by viewing the 2D lattice

as a chess board, as in Figure 3.3a.

There is another natural notion of a 2D local Hamiltonian where the qudits are placed
on the edges and Hermitian terms are corresponding to plaquettes and stars; this is
the version which is primarily considered in [AKV 18]. However, the two settings
(where qudits are on vertices or are on edges) are equivalent when the underlying

graph is the 2D square lattice (See Appendix C in [1J23]).
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Commuting and classical Hamiltonians. We say a k-local Hamiltonian H =

1 hi is a commuting local Hamiltonian (CLH) if [h;, hj] = 0,Vi, j. Whenever
we have a Hamiltonian H = ) p P defined over the plaquettes of a 2D lattice, we
have [p, p’] = 0Vp, p’. We say a k-local Hamiltonian H = 3\, h; is classical, if

each h; is diagonalized in the computational basis.

Defected Toric code and 2D Ising model. Here we give two examples of qubit
CLH:s on 2D. For a vertex v in plaquette p, we use Z”, X? to denote the Pauli Z and
Pauli X operator on the qubit v. When v uniquely identifies a vertex we abbreviate
7! as Z, and similarly for other Pauli operators. For a plaquette term p, we define
ZP = ®,¢pZ, and X? similarly.

As shown in Figure 3.3b, the defected Toric code is defined as

H= ) 2"+ ) c)X”,

pew pesB

where ¢, € R can be arbitrary. The standard Toric code is a special case when all

cp,=-1

Denote the 2D lattice as G = (V, E). As in Figure 3.3c, the ferromagnetic 2D Ising

model is a 2-local Hamiltonian

H= Z 7. ® Z,.
{u,v}eE

The 2D Ising model is a classical Hamiltonian whose eigenstates are all computa-
tional basis. The defected Toric code is not a classical Hamiltonian. The ground
state of the standard Toric code is highly entangled and cannot be prepared by any

constant depth quantum circuit.

Gibbs state preparation. Given a k-local Hamiltonian H = }}; h;, an inverse
temperature 8 < +oo, the Gibbs state with respect to (H, 8) is defined as

p(H,p) = exp(—BH). (3.6)

1
tr(exp(—BH))

Given € > 0, we say an algorithm A prepares p(H, ) within precision e, if A

outputs a state p such that

o= p(H.B)lli <€ (3.7
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When H is classical, the classical Gibbs distribution with respect to (H, ) is
denoted as Dpgy, which samples a classical string x € {0,1}" with probability
exp(—B{x|H|x))/tr(exp(—BH)). We say an algorithm A performs classical Gibbs
sampling Dgy with precision e, if A outputs a distribution D such that

1D — Dgulli < e. (3.8)

Note that Eq. (3.8) is equivalent to Eq. (3.7) when p and p(H, ) are diagonal

matrices.

3.3 Reduction for 2-local qudit CLHs

In this section, we prepare the Gibbs state for qudit 2-local CLHs. In particular, in
Section 3.3 we will prove the Gibbs sampling reduction for general 2-local qudit
CLHs in Theorem 49. Then in Section 3.3 we will give several examples, whose

proofs are put into Appendix 3.7.

General case
Recall that a 2-local CLHs H ((;2) is defined on a graph G = (V, E), where

(2 _ vw
HY = > 1.
{v,w}eE
Here {h""}, wyer are Hermitian terms and commute with each other. The super-
script (2) is to emphasize that the Hamiltonian is 2-local. In this section, we assume
on each vertex there is a gudit rather than a qubit, and we allow G to be an arbitrary

graph rather than just a 2D lattice.

The Gibbs sampling reduction for 2-local CLHs comes from the Structure Lemma,
which was originally developed by [BV03] to study the computational complexity
of commuting Hamiltonians. A constructive proof of the Structure Lemma can be
found in Section 7.3 of [Gha+15]. Intuitively, the Structure Lemma says that one
can decouple all commuting 2-local terms. This will allow us to identify eigenstates
of a 2-local CLH H g) with the computational basis of a classical Hamiltonian H gc)
defined later. In addition, each such eigenstate can be prepared by a constant depth
quantum circuit. Thus, to prepare the Gibbs state of H g), it suffices to first do
classical Gibbs sampling for H (GZ C), yielding a distribution over computational bassi
states, then prepare the corresponding eigenstate of H g) indexed by a sampled basis

state via a constant depth quantum circuit.

We first give the formal statement of the Structure Lemma.
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Lemma 47 (Rephrasing of the Structure Lemma [BV03]) Consider a vertexv €
V and denote the Hilbert space of the qudit on v as H". Consider the commuting

Hermitian terms {h"" },yen(v). There exists a direct sum decomposition of H?,

Iy
vV o _ v
H' = (HH, (3.9)
Jv=1
suchthatV j,, all terms {h"" },,en (v) keeps the subspace W]VV invariant. Furthermore,

each 7-(; has a tensor product factorization:

H = (X) H™, (3.10)
weN (v)
such that for all neighbors w € N(v), the term h""|; (the restriction of h*" onto

7'(].Vv ) acts non-trivially only on W;f’w, ie.

el QT (M) e L£(H ), (3.11)
ueN(v)/{w}
where I (H) is the identity operator on space H, and L(H) is the set of all linear

operators on H.

The Structure Lemma can be understood via Figure 3.4. We can understand Equa-
tion (3.10) as the following: by choosing a proper local basis for the Hilbert space
ﬂj.vv, it is equivalent to the Hilbert space of |N(v)| distinct new qudits.

If for every qudit v, one applies Lemma 47 and chooses an index j, € [J,] and
corresponding subspace 7—(J.Vv, this will decouple all terms in Hs. Each term A"

restricted to the subspaces H J.V ® WJ.VW will act on distinct qudits and
vw (v,w) (w,v)
e L(HM @ H™).
To define the corresponding classical Hamiltonian H gc), we use the indices {J, },ev
to index the eigenstates of H (GZ). Denote
h™|;, ;. = restriction of 2™ onto 7-(;:’W> ® ngf’w.

Note that eigenstates of A""|; ; might not be computational basis states (and
in particular could be entangled). Nonetheless, we have shown that under the

restriction corresponding to {j, }yev, all terms A""|; ; act on distinct qudits and



77
Jv Jw
(v,w) (w,v)
7—[jv 7‘[]w
b<‘v’w> b<'W’V>
Jv Jw

Figure 3.4: Illustration of decoupling the commuting terms. The figure contains
two vertex v (on the left) and w (on the right). The Structure Lemma says that
after choosing subspace j, for H" and j,, for H", all terms are decoupled, that
is they act on different qudits. More specifically, the qudits on v (the big O) can
be interpreted as the tensor product of several qudits of smaller dimension (the
small o). Similarly for the qudit on w. The term A"" only acts on the qudits
correspond to {v, w}, that is 7{ gv,w) and 7{ {w,V> which are associated with edge

W) and b<w v)

{v,w} and are not touched by any other terms. b, are notations for

the computational basis states for ;' V") and H, () respectlvely

we can use the computational basis to index the eigenstates. As shown in Figure 3.4,
let Dﬁ.:’m = dim(ﬂ}vv’m) and write the basis of each subspace (H;vv’m as )bj.:’w>>

where bﬁt’w ranges over [Dj‘t’w]. Then &), en ) bj.:’w>> is a computational basis

state of 7—(; . For each edge {v,w} € E, the term A""| jvjw 18 Hermitian and thus

can be diagonalized; the computational basis states bﬁvjw> are used to index the

eigenstates. Thus, a basis for the full eigenspace of 2""|; ; is given by

Jviw Jviw

vw vy L (w) v,w (v,w) (w,v)
b >._(ij b > b e [DY x DY) (3.12)

Given an index bV.’W. the corresponding eigenstate is denoted a,b(bvw ) and the
eigenvalue /l(bvw ) The classical Hamiltonian is defined by substituting the eigen-

state with its 1ndex, that is

DD VDI

{V W}EE ]v ]w b"".

Jviw

(3.13)

by ) (B3,

Following the usual convention, each term in the summand is implicitly padded with

identities as necessary.

In this way, the eigenstates of H (GZC) are given by specifying an index j, for each

vertex v € V, then a basis state b;t}vy for each of the decoupled Hilbert spaces
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VWY )
H;, " @ H,;

j = {jv}v’ (314)
bj = {bj.vvf;i}W). (3.15)

Thus, by construction, we have the following.

Lemma 48 H(GZC) is 2-local classical Hamiltonian on the graph G.

We can also easily map eigenstates of H gc) to eigenstates of H ((;2) via

Abj) =, by, (3.16)
{v.w}eE
W)= @ b)), (3.17)
{v,w}eE
and any classical Gibbs sampling procedure for H g ) yields a Gibbs sampler for

@
HY.

Theorem 49 For any inverse temperature f3, if one can do classical Gibbs sampling

w.r.t (H(GZC), ﬁ) within precision € in classical time T, then one can prepare the

quantum Gibbs state w.r.t. (H (Gz ), ,8) within precision € in quantum time T + O(m),
where m is the the number of edges in graph G, by firstly using the classical Gibbs
sampling w.r.t. (H (GZC), ,8) to sample the index b j, then prepare the product state
|gb(bj)> in time O(m).

Proof: It suffices to notice that by construction, b ; indexes the eigenvector of H (Gz)
of eigenvalue A(b ), that is |:p(bj)>. [ ]

Examples
In this section, we write down the Gibbs sampling reduction for some specific

Hamiltonians as illustrative examples. All the proofs are deferred to Section 3.7.

We first consider an n-qudit Hamiltonian on a 1D chain
H= Z hi, (3.18)
i

we say that H is r-range if h; only acts non-trivially on qudits i,/ + 1, ..,i +r — 1.

For simplicity we assume #n is an integer multiple of r and the qudit dimension
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d is a power of 2. We say that H is finite-range if r is a constant, and H is

translation-invariant if all the terms #4; are the same.

By coarse-graining H, we can always assume H is 2-local: group each consecutive
set of r qudits as a new qudit so that each h; acts non-trivially on at most two
(grouped) qudits. For each pair of new qudits {j, j + 1}, we associate the new term
H; ;+1, whichis a sum of all terms from H acting on the corresponding qudits. Thus
H can be viewed as a 2-local qudit Hamiltonian on 1D written as H = ), i Hjj1

Note the terms H; ;1 can also be made translation-invariant.

Lemma 50 Consider a finite-range translation-invariant qudit CLH on 1D chain,
denoted as H\p. Then the corresponding classical Hamiltonian H 1(;)) can be made

as 1D finite-range translation-invariant Ising model.

Combined with the rapid mixing Gibbs sampler for 1D finite-range, translation-
invariant Ising model for any constant inverse temperature B [GZ03; Hol85; HS89]
which performs classical Gibbs sampling to precision € in time T (B, €), Theorem 49
implies that one can prepare the Gibbs state on (H\p, B) to precision € in quantum

time T(B, €) + O(n).

We also give another example of a Hamiltonian on a 2D lattice. Recall our first

definition of a 2-local Hamiltonian on 2D (see Section 3.2)

Hp= Y I
{v,w}eE
As usual, H,p is translation-invariant if all terms 4"" are the same. We say that

a 2D lattice has periodic boundary condition if it can be embedded onto torus; we

will assume a periodic boundary for simplicity.

Lemma 51 Consider a translation-invariant, 2-local 2-dimensional qubit CLH
Hyp = Yy wiee " with a periodic boundary condition. Then the classical Hamil-

tonian H;g can viewed as a 2D Ising model under a magnetic field.

Set the precision to be 1/poly(n). If the corresponding 2D Ising model Hég
is ferromagnetic with a consistent field, then there exists poly-time mixing Gibbs
sampler using the Swendsen-Wang dynamics for any constant temperature (as in
[FGW?23]). Via our quantum-to-classical Gibbs sampling reduction, we can prepare

the Gibbs state for the corresponding CLH H»p in quantum polynomial time.
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3.4 Reduction for 2D 4-local qubit CLH without classical qubits

In this section we describe how to prepare the Gibbs state of 2D qubit CLHs. In
Section 3.4 we first review the canonical form of the 2D qubit CLH as developed in
[AKV 18], who establishes a connection between 2D qubit CLHs and the defected
Toric code. Based on this connection and an observation on the symmetry of the
ground space, we use an oblivious randomized correction technique to generalize the
Gibbs state preparation algorithm for the defected Toric code presented in Section 3.1
to prepare the Gibbs state for the more general family of 2D qubit CLHs without

classical qubits.’

A canonical form

This section is primarily a review of the results in [AKV18]. In that work, the
authors prove that 2D qubit CLH'® without classical qubits (which we will define
shortly) is in some sense equivalent to the defected Toric code. [AKV 18] used this
connection to show that one can prepare the ground state of 2D qubit CLHs similar
to the way ground states of the defected Toric code are prepared; this is via the

measure and correct approach mentioned in Section 3.1.

We summarize necessary definitions and theorems which will be used in later
sections. Recall that a 2D qubit CLH is defined as H = . ,cp p, where P is the set
of plaquettes of the lattice.

Definition 52 (Boundary and interior) A qubit is in the boundary of the Hamilto-
nian, if it is acted trivially by at least one of the four adjacent plaquette terms. All
other qubits are said to be in the interior. A plaquette term p which acts only on

interior qubits is said to be in the interior of the Hamiltonian.

Definition 53 (Classical qubit) A qubit is classical if its Hilbert space can be de-
composed into a direct sum of 1-dimensional subspace, which are invariant under
all terms {p} pep. We say that there is no classical qubit if and onlf if all qubits in

the system are not classical.

In other words a qubit q is classical if under some basis for the qubit, all terms look
like [0X0]; ® ... +[1) 1, ® ....

The formal definition of classical qubits is given in Definition 53.

10The definition of a “2D qubit CLH” in [AKV 18] is slightly different; qubits are put on the
edges of 2D lattice while we put qubits on the vertices. However, the two settings are equivalent, as
explained in Appendix C of [1J23].



81

Definition 54 (Access to boundary) We say that a plaquette term p has access to
the boundary if there exists a path (a sequence of adjacent vertices) 'y, starting from
a vertex of p and ending at a vertex correspoding to a boundary qubit. Morever,
there should be some choice of local unitary U, on each vertex of the path such that
the operator

Ly, = ®yey, U, X, U

anti-commutes with p, and commute with all other terms. Note that by construction,
2 _
Lp =T

Lemma 55 (Interior term) Suppose there is no classical qubit, and a term p is in
the interior of the Hamiltonian. Then by choosing a proper basis for each qubit, we

have
p=ayl +c,Z7, (3.19)

with a,,c, € R,c, # 0. Note that replacing p with p — a,I does not change the

Gibbs state and thus we may assume a, = 0.

Even when all terms are in the interior, Lemma 55 does not imply all the terms
should be a tensor product of Pauli Z. To be written in the form of Eq. (3.19),
adjacent plaquettes may need different choices of basis. An example is the Toric

code, where plaquettes are alternate X®* and Z®4.

Recall the chessboard partition of the 2D lattice into black plaquettes 8 and white
plaquettes W.

Lemma 56 (Rephrased from Theorem 5.3 and Lemma 6.2 [AKV18]) Consider
a 2D qubit CLH H = . ,cp p. Suppose there are no classical qubits. Then,

(i) If the set of boundary qubits is not empty, then for any adjacent plaquette
terms p € B, p € ‘W such that p and p are both in the interior, either p or p

has access to the boundary.

(ii) If there are no boundary qubits, then H is equivalent to the defected Toric
code: by a choosing proper basis for each qubit, we have Np € B, p is of the
forma,I +c,XP andVp € W, pis of forma,I +c,Z".

In [AKV 18] the authors use Lemma 56 to reduce the task of preparing the ground
state of any (4-local) 2D qubit CLH to the task of preparing the ground state of a
2-local qudit CLH. This reduction is characterized by the following Corollary.
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Corollary 57 ([AKV18]) Consider a 2D qubit CLH H = . ,cp p. Suppose there

are no classical qubits, and the set of boundary qubits is not empty. Then there
exists a partition of all the terms {p}, as P (punctured terms) and R (terms with

access to the boundary) such that,

(1) After grouping some qubits into qudits, Hp := ) ,cp p can be viewed as a
2-local qudit CLH on a constant-degree planar graph G = (V,E). When

viewed as a 2-local Hamiltonian, we also write Hp as Hg) = Dvwee 7.

(2) All terms in R are in the interior of the Hamiltonian and have access to the

boundary.

For instance, in Figure 3.2 from the technical overview, P is the set of all black terms
8 and non-removed white terms O. Then, Hyp is exactly the 2-local Hamiltonian
HY).

Reduction to a classical Hamiltonian

In this section, we describe how to reduce the task of Gibbs state preparation for
qubit CLH without classical qubits to the task of classical Gibbs sampling. An
explicit and canonical example is the Gibbs state preparation for the defected Toric
code, which is described in Section 3.6. For general qubit CLHs without classical

qubits, our result is summarized in the following theorem.

Theorem 58 Givenan 2D n-qubit CLH H = )’ ,cp p, suppose there are no classical
qubits, and the set of boundary qubits is not empty. Let P, R, Hp = 3 ,cp p and
Hg) be as defined in Corollary 57.

Let H (GZC) be the 2-local classical Hamiltonian derived from H (GZ) as in Section 3.3.
Then for any inverse temperature 3 and precision €, if one can perform classical
Gibbs sampling on (H gc), B) to precision € in classical time T, then one can prepare

the Gibbs state on (H, 8) on a quantum computer in time T + O (n?).

On the other hand, if the set of boundary qubits is empty, then by Lemma 56 item
(ii) the Hamiltonian is equivalent to the defected Toric code and the Gibbs state can

be prepared as described in Section 3.1.

We begin with some notation. Recall that the set of all plaquette terms P is partition
into black and white terms, i.e. P = 8 U W. In Corollary 57 we defined R as the
set of terms which have access to the boundary. Let Q € 8 U W be an arbitrary



83

subset of the plaquette terms. We write R \ Q as the set difference of R and Q. For

p € R define the correction operator L, as in Definition 54.

Define Ap := {1,},¢p to be a set of real values, where each 4, coresponds to an
eigenvalue of p € Q. Let A(Q) = ) peg Ap- Recall that all plaquette terms are
commuting. Thus, the terms are simulataneously diagonalizable and the common
eigenspace of each p € Q with eigenvalue 4, is well defined; we denote this as
WfQ. Formally,

Hy = {19) |p19) = 1,19).Yp € Q. (3.20)

Let H/?Q be the projection onto W/lQQ. Again by commutation, HAQQ is equal to the
product of the individual projectors:
Q0 _ p
ng = ]—[ m . (3.21)
PeQ
Note that for a general 2D qubit CLH, a plaquette term p can be any arbitrary 4-qubit
operator. For example one can set H = pg + 1 where py is an arbitrary operator on

one plaquette. Nonetheless, one can show that all terms in R are in a sense quite

regular.

Lemma 59 Each p € R has exactly two eigenvalues +c,.
Proof: By definition of R, i.e. Corollary 57 (2), all terms in R are in the interior of
the Hamiltonian. Then Lemma 59 is true by Lemma 55. ]

Additionally, the eigenspaces corresponding to each eigenvalue of p are symmetric.
Lemma 60 is the key observation which leads to the oblivious randomized correction

idea.

Lemma 60 For any subset Q C B U W and for any p € R\Q, we have that

Lpnfcpnfgnfcp L} = chpnfgnfcp (3.22)
L,0?, H/?QH’_’CP Lj=m, nfgnfcp (3.23)

Proof: We prove the first equality by moving L, on the very left of the LHS through
chp and H/?Q until we can cancel it with L;. The second equality follows from the

first and the fact that LZ =Jand L, = Lj,. By Lemma 59, we have

n, = L (gpre,d). (3.24)
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By Definition 54, we have L, anti-commutes with p. Thus we have

1
LPH-I:CP = Lp; (+p + CPI) (325)
)4
L cpre,D)L (3.26)
=— (-p+c .
2¢) pcp P
= HECPL,,, (3.27)

and we can rewrite LPHprH/?QHpr L} as H’_’CPLPH/?QHJ’:CPL;. Next, by Defini-

tion 54 we have that L, commutes with all terms in Q, and thus L, also commutes

with each eigenspace projectors Hﬁ’ ’,, Vp’ € Q. Recalling the definition of H/?Q
P

in Equation (3.21), this means that L, commutes with HQQ, and we can move L,

through H/?Q. To conclude, we once again use Equation (3.27) and the fact that L,

is unitary (i.e., LpL;(, = 1), obtaining

LI HfQHprL; =11’ H/?QHP (3.28)

+Cp —Cp —Cp
as desired. ]

A consequence of this lemma is that the the the eigenspace corresponding to A is

balanced across any p’s +c;, and —c, eigenspaces.

P e P =1 Q
Lemma 61 tr (Hﬂ,pn AQILCP) = lur (n AQ).
Proof: Note that

P 0 P p
tr (H+CPH eny, + 1L,

0 _ 210 2110
H/IQHf’cp) —tr((chp ng + (1 )HAQ) (3.29)

—ep
_ 0

— (HAQ) : (3.30)
where the last equality comes is because I, 1., are projections, and [, +
., =71

Since L, is a unitary, by Lemma 60 we have that

tr(chpH/?Qchp :HprH/?QH”. . (3.31)

L,
Thus tr(chpHgQchp = %tr(n/glzg)' -

Underyling the Theorem 58 is the following algorithm. We will prove Theorem 58
by proving correctness via Lemma 62. Recall that by Corollary 57 the Hamiltonian

H éz) is 2-local after we group some qubits into qudits. Using the notation from
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Section 3.3, H éz) and H (Gz ) denote the 2-local CLH and the corresponding classical
Hamiltonian, and {b;};, denote the computational basis of the grouped qudits.
Since G is planar (Corollary 57 item (1)) the number of edges m is O(n), with
n being the number of vertices. As usual, we assume access to a classical Gibbs
sampler which obtains a computational basis state |¢(b j)> with probability p(b ;)
intime 7 + O(m) =T + O(n). That is, we prepare a state

p(P) =" pb))|w(b)) (wb)) (3.32)
bj
such that [o(P) - p(HT, )| <. (3.33)

Here we did not write down the explicit formula for p(b ) since we will not use
it. In the second step of the algorithm, we sequentially measure the current state
with respect to each removed term p € R and perform an oblivious randomized

correction. The details are in Algorithm 2.

Algorithm 2 Oblivious Randomized Correction

1: Set the current completed set as Q = P.
2: Set the current state as p(Q) « |¢(bj)>. {Prepare p(P).} p € R
3: Measure the current state p(Q) w.r.t measurement p. the outcome is A, €

{xcp}
exp(_ﬁ/lp)

W-P- PR, +exp(B1,)
measured states.

5: Set Q « Q U {p}. Denote the current state as p(Q).

exp(Bip)
exp(—B4p)+exp(B41

do nothing and w.p. ,,) apply L, to the

We prove correctness by induction. Define Hg := 3} ,co p. We claim the following.

Lemma 62 Assume bj are sampled from the correct classical Gibbs distribution
over H gc). At the end of each for iteration in Algorithm 2, the current state p(Q)

satisfies
1p(Q) — p(Hg.B)ll1 < €. (3.34)

Proof: When Q = P, note that by definition Hp = H ((;2) . Thus Lemma 62 holds by

assumption on the initial distribution, as given in Equation (3.33).

Suppose Lemma 62 holds for a set Q. Denote Ag be the set of distinct vectors Ag
where HAQQ is not 0. Note that

xp(—A(Q) 0

plHo.p) = D, =55 T

/lQ EAQ

(3.35)
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where Z(Q) is the partition function for Hy at inverse temperature £,

ZQ) =y exp(—,B/l(Q))-tr(H/?Q). (3.36)

/IQ EAQ

Now, consider the next iteration where we measure some p € R\Q. Let us first

assume that in Algorithm 2 line 3, we are measuring the exact Gibbs state

p(Q) = p(Hg,p)

rather than p(Q). We may represent the operation performed during each iteration

as a quantum channel N,,. Then, the state at the end of the iteration is

p(QU{p}) =N, (p(Q)) (3.37)
xp(-BAQ) 1 oy exp(=ply)
- AZQ:A ;L ) [ Z(Q) HAI’H’IQHAI’ exp(—B4,) +exp(B1,)
exp(—B4(Q)) 0 exp(B4p) ]
=2z LN S, + exn (B
xp(-BAQ) 1 0y exp(-ply)
- AZQlA ;L ) [ Z(Q) HAPH’IQHAI’ exp(=B4,) +exp(B1,)
PRUCBNOD 1y oy 0Bl ]
Z(0Q) A7 = exp(—BA4p) +exp(BA,)
(3.38)

2exp(=pA(Q)) exp(—B4,) 0
2 Z(Q)  exp(-BA,) +exp(Bl,) I, T, 0%,

(3.39)

Ag Ape{£cy}

where Equation (3.38) comes from Lemma 60, and Equation (3.39) comes from

renaming the —4,, to A, in the second half of Equation (3.38).
We next argue that 5(Q U {p}) is equal to p(Hguyp}, B). First, notice that since the

terms in Q U {p} are commuting, we have

P @ mr _ Quin}
HAPHAQHAP = H/lQu{p} . (3.40)

Since p(Q U {p}) is a positive linear combination of positive operators, we have
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that 6(Q U {p}) = 0. Moreover, it is correctly normalized:

A — Zexp(—ﬁ/l(Q)) eXp(_IB/lp) ) [0)
r(p(Q U {p})) .—%A {Z} 70) gL repary T M)

(3.41)
:Z Z Zexp(—ﬁ/l(Q)) eXp(_ﬁ/lp) -ltr(HQ)
o yetme,) Z(Q) exp(—pA,) +exp(Bl,) 2 e
(3.42)
exp(=B4(Q)) 0 exp(—p4,)
=y — =2 (Il
AZQ: 7(0) tr( AQ)M;CP} exp(—pB4,) +exp(B4,)
(3.43)
= tr(p(Hgp, p)) (3.44)
=1, (3.45)

where Equation (3.42) comes from Lemma 61. In summary,

* By Equation (3.45), 6(H U {p}) is a quantum state (this can also be inferred
from the definition of the algorithm. However, the above calcuations also

show this explicitly.)

» Equations Equation (3.39) and Equation (3.40) imply that 6(H U {p}) can be
block-diagonalized with respect to the projectors H/?:j{’; ]; , as should be true for
a genuine Gibbs state. Additionally, within a fixed Ag, the term exp(—54,) +
exp(4,) in the denominator of the weights in Equation (3.39) takes the
same value for each 4, € {£c,}. Thus, the eigenvalues are proportional
to exp(=BA(Q) — B4,), which shows that p(H U {p}) also has the correct
weights.

We conclude that
Ny (6(Q)) = p(Q U {p}) = p(Hguip}, B) - (3.46)

Of course, in Algorithm 2 we start the for loop with the state p(Q), which may not
be the exact Gibbs state p(Q). Nonetheless, for the final state p(Q U {p}), we derive

lp(Q U {p}) — p(Houpy, Bt = lINp (0(Q)) = N, (H(2))l1 (3.47)

< lle(Q) = p(O)ls (3.48)
<e. (3.49)
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Equation (3.48) comes from the monotonicity of trace distance under quantum chan-
nels, and Equation (3.49) comes from the induction hypothesis that Equation (3.34)
holds at the beginning of each iteration. ]

Proof:[Proof of Theorem 58.] Theorem 58 is just a corollary of Lemma 62. The
runtime of Algorithm 2 is the sum of the time used for preparing the Gibbs state
of H (Gz) and the time used to perform the randomized correction for R. Recall that
since G is a constant-degree planar graph, the number of edges is O(m) = O(n).

Thus the total runtime of Algorithm 2 is
T+0(m)+|R|xO(n) =T + 0(n?), (3.50)

where the O(n) is the cost for the correction operation L, which is a tensor product

state on at most n qubits. |R| = O(n) is the size of the set R.

3.5 Reduction for 2D (4-local) qubit CLH with classical qubit

A review of the techniques of Aharonov et. al [AKV18]

Recall that [AKV 18] studied the structure of qubit 2D commuting local Hamiltonians
to argue that preparing the ground state can be done in NP. The two main technical
results of our work (Theorems 58 and 76) require opening up this result so that we
are not only able to prepare a single ground state, but sample from the Gibbs state of
the Hamiltonian. This requires a good understanding of their correction operators,
as well as the role classical qubits play in their proof. As such, we dedicate this

section to reviewing the techniques used in their paper.

C*-algebras and the Structure Lemma

The primary technical tool used in [AKV18] (and in nearly all other works on
commuting local Hamiltonians [BV03; Schl1; 1J23]) is the Structure Lemma for

C* algebras.

Definition 63 (C*-algebra) For any Hilbert space H, let L(H) be the set of all
linear operators over H. Then, a C*-algebra is any complex algebra A € L(H)
that is closed under the T operation (playing the role of complex conjugation) and

includes the identity.

Definition 64 (Commuting algebras) Let A and A’ be two C*-algebras on H.
We say A and A’ commute if [h, h'] =0 forallh € A and h' € A’'.
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The connection between local Hamiltonians and algebras is made through the con-

cept of an “induced algebra”.

Definition 65 (Induced algebra) Let h be a Hermitian operator acting on two
qudits q| and q,. Consider the decomposition of h into

h= Z(h,-j)q, ® ([1XjDgs -
iLJ

Here {|i),,}i is an orthogonal basis of H®, the Hilbert space of q,. Then the
induced algebra of h on q\ is the C*-algebra generated by {h;;};; and I, denoted as

Ag, (h) = <{(hij)q1}ij’f> :

If the operator h is clear from context, we will abbreviate Ay, (h) as Ay, .

The following lemma tells us that the induced algebra is independent of the choice

of basis for ¢g».

Lemma 66 (Claim B.3 of [AKV18]) Let h be a Hermitian operator and consider

two decompositions of h
h= Z(hij)ql ® (8ij)g, = Z(ilij)ql ® ($ij)gs »
L] L]

where both the sets {gi;}ij and {g;;}i; are linearly independent. Then the C*-
algebra generated by {h;;};; and {h; i}ij are the same. In particular, the Schmidt

decomposition of h is one way to generate an induced algebra.

The induced algebra gives us a tool to analyze whether two terms commute.

Lemma 67 Let (hy)y4, and (h2)4,q, be two Hermitian operators. Then [hy, ho] = 0
if and only if A, (h1) commutes with Ay (ho).

Finally, we recall the Structure Lemma, which was first applied to understanding
commuting local Hamiltonians by [BV03]. Since then, it has been the principal tool
used by subsequent works on the CLH [AE13; AE11; Schl1; 1J23]. At a high level,
the Structure Lemma says that algebras can be block-diagonalized, and that within
each of these blocks, the algebra takes on a tensor product structure which identifies

its commutant. For a proof of the lemma, see [Gha+15, Section 7.3].
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Lemma 68 (The Structure Lemma) Ler A C L(H?) be a C*-algebra on HA.

Then there exists a direct sum decomposition H1 = P, ‘7-{l.q and a tensor product

structure 7{? = Wg.’l) ® 7{572) such that

A= LA ) I(HL,).

We remark that Lemma 68 is equivalent to Lemma 47 in Section 3.3.

A corollary of Lemma 68, and the reason why it is so useful for characterizing the
properties of commuting local Hamiltonians, is that in order to commute with an

algebra, another algebra must live entirely within the H

i2) subspaces. Formally,

we have the following.

Corollary 69 Let (h), 4, and (h')4 4, be two Hermitian operators with [h, '] = 0.
Let Ay(h), Ay(h') € L(HT) be the induced algebras on H4. Suppose {7-(5 j)}i’j
is the decomposition induced by Lemma 68 applied to A, (h). Then the following
holds:

Ag(h) = €D LIH ) @ T(H{ )

A W) € @ T(HE ) ® LOHE,).
Crucially, all operators keep the decomposition HY = @i 7-(;1 invariant.

Restrictions on 2D commuting local Hamiltonians

With the Structure Lemma in hand, we can see how [AKV 18] apply these tools to
show that 2D qubit CLH is in NP.

We start with some definitions. First, we review the notion of a classical qubit,
defined originally in Definition 53. For a qubit ¢ and a commuting Hamiltonian H,
let N'(q) be the set of terms acting non-trivially on g. We say that ¢ is classical if
7—(;1, with € > 1) and
each term i € N (q) keeps this decomposition invariant. We define Cy(H) as the set

there is a non-trivial decomposition of H? (i.e. H? = P, ,

of classical qubits of H. If the Hamiltonian H is clear from context, we abbreviate
C()(H ) as C().

Definition 70 (Classical restriction) Let H be a commuting local Hamiltonian with

classical qubits Cy. Then, there exists a unitary U = IC—O 0% 4€Co U, such that
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H := UHU" is block diagonal with respect to the computational basis on Cy. A
classical assignment to Cy corresponds to a string s € {0, 1}/ with restricted
Hamiltonian,
H|, = II,HIL, where Il = ® lsgXsqlq -
q<Co

Moreover, H|; is still a commuting Hamiltonian.

Proof: Any classical qubit g € Cy has a decomposition into {7, I — m,} such that
each term & € N(g) commutes with 7, = [y Xy| and T — 7, = |- Xy*|, with

(¥ly*) = 0. This implies there exists a unitary transformation U, on ¢ such that
Uy ly)=10) and U, ly*)=1). (3.51)

Applying this to each qubit ¢ € Cy yields the desired unitary U = (X) 4€Co Uy.

To show that H|, is commuting, we note that each / in the original Hamiltonian is
block diagonal with respect to every {n,,I — n,}, and using Equation (3.51), we
see that UhUT is block diagonal with respect to [0X0| and |1)1|. Since Iy is also
diagonal in the computational basis, UhU' commutes with ITg = ®qlsqXs4l. Thus,
commutation of [L,UAUTI; and IT,UK U 11, reduces to the commutation of 4 and
n. [ |

Remark 2 Since each term in H|s; now acts as |sq)Xs,| on any classical qudit g, we
will treat each term h € H|y as having support only on sup(h) 0 Cy, where sup(h)

is the set of qubits on which h acts non-trivially.

A key point is that an initial restriction H|,, with s € {0, 1} can lead to the creation
of new classical qubits in H|;. For instance, in Figure 3.5, setting s. = |1) removes

h from the Hamiltonian and causes ¢ to become classical.

AC
l0X0] T [1X1]

h h
x4z

L 2
(Z) | ()
h h3

Figure 3.5: c is an initial classical qubit. If ¢ is set to |1}, then all terms
acting on ¢ have local algebras C (Z), rendering g classical.
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Definition 71 (Propagated classical qubits) For a commuting Hamiltonian H, let
Co be the set of qubits which are classical with respect to H. Then given an
assignment sq to Cy, we write Cy(sg) to denote the classical qubits of the restricted
Hamiltonian H|s,. In general, we write Ci(so, ..., si—1) to refer to the classical
qubits of

Hl(osin) = (L) - Dy

Definition 72 (Valid restriction) A valid restriction of H is a sequence \s =
(80, - - ., 8;) and Hamiltonian H|\g such that s; is supported on the classical qubits
from the prior restrictions s, . . . , Si-1, i.e. s; € {0, 1}5i(50--5i-0) " We say that a valid

restriction is terminating if H|\s has no classical qubits and C;41(so, - . ., s;) = 0.

When we refer to a terminating restriction, that restriction is implictly assumed to
be valid.

Definition 73 (Possible Classical Qubits) For a commuting Hamiltonian H, we
write C to be the set of qubit q which are classical with respect to any valid

restriction \s and the Hamiltonian H .

In other words, C is the set of qubits which might become classical when we
sequentially choose an assignment for the current classical qubits. For example in

Figure 3.5 ¢q is a “possible classical qubit” and both ¢, g € C.

Now that we have characterized all the possible classical qubits, we define the notion

of a “fully quantum” qubit (and term).

Definition 74 (Fully quantum qubit) Given a commuting Hamiltonian H, we say
that a qubit q is fully quantum if q is not a possible classical qubit (i.e. for any valid

restriction \s, the qubit q remains non-classical in H|\y).

Definition 75 (Fully quantum term) We say that a term h of H is fully quantum if

all qubits q on which H acts non-trivially are fully quantum.

With this notation, we can understand the first step of the algorithm of [AKV 18] as

applying a valid, terminating restriction \s = (s, ..., s;) to the Hamiltonian.

Classical qudits
In this section we show a reduction from a CLH instance H to a classical Hamiltonian

with constant locality, albeit with some (fully quantum) terms removed, but without
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needing to first remove classical qubits. In general, the choice of classical qubits
can affect the correction operators for a removed term. To deal with this issue, we

make the following assumption.

Assumption 2 (Fully quantum terms are Uniformly Correctable) Let H be an
instance of CLH and suppose h is a fully quantum term (Definition 75). Consider
a terminating restriction of the Hamiltonian H|g;, such that H|y has no classical
qubits. Suppose that in H|g, h is correctable via the correction operator Lj. Then
we assume that h is correctable via the same correction operator Ly, for any other

terminating restriction of the Hamiltonian, H|;, t # s.

Formally, our result is stated as follows.

Theorem 76 Let H be an instance of CLH with some classical qubits. Then, by
removing a set of fully quantum terms R, the resulting Hamiltonian can be converted
t0 a2+0(1)-local classical Hamiltonian H'®) via a constant depth quantum circuit.

Moreover, if

® we assume Assumption 2 and,

e there is an algorithm to prepare the Gibbs state p’ of H') in time T within

precision e,

then there is a quantum algorithm to prepare the Gibbs state p of the original

Hamiltonian H in time T + O(n?) within precision e.

We prove this theorem in two steps. First, in Section 3.5 we show how to modify the
proof of [AKV 18] so that classical qubits do not need to be removed when preparing
a single ground state. Then in Section 3.5 we show how to extend this idea to Gibbs

state sampling and get a proof for Theorem 76.

Characterization of classical qubits

Proving Theorem 76 will require characterizing the set of possible classical qubits
C (Definition 73). We begin with a lemma about algebra on qubits in the interior
(recall Definition 52).

Lemma 77 (Propagation of Classical Qubits) Let ¢ € Cy be a classical qubit in

the original Hamiltonian H, which is acted on non-trivially by a term A. Suppose
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B is another term which interacts non-trivially with A on two other qubits q, q" # c.
Furthermore, suppose that B is an interior term and is supported entirely outside
of Co. Then any projection rn, and ny respecting the local algebras A,(B) and
Ay (B) respectively satisfies

A, (B) = A (ngnyBryny) and A (B) = A (ngnyBrgyny),

where r,r" are the other qubits in the support of B. In particular, “classical-ness”

does not propagate from c through interior terms.

C
€
A
q’ q
B
7’ r
o—0

Figure 3.6: Illustration of the terms A and B and relevant qubits.

Proof: First, we claim that the assumption that B is in the interior and supported
entirely on non-classical qubits implies that A(B) = (Z®*), under some change of
basis. The proof is essentially by Theorem 5.3 of [AKV 18], except that they prove
the claim for each interior term in the entire Hamiltonian, with the assumption that
all classical qubits have been removed. In our case, we only apply their proof for a
single term which is not supported on any classical qubits. For completeness, we

outline the required components.

Consider the sequence of qubits (g, q’,7’,r) acted on by B. Since each of these
qubits is in the interior, this implies that the two “star” and two “plaquette” terms
adjacent to each qubit act non-trivially on it, and thus induce a 2-dimensional algebra
(Claim F.2 of [AKV18]). This implies (by Lemma F.5) that A, , (B) = (Z® Z) for
every length two subsequence of (g, ¢’,7’,r) (i.e. every edge of B). Now consider

length three subsequences (p, p’, p”’). Lemma B.4 of [AKV 18] tells us that
ﬂp,p',p”(B) g ﬂp,p’(B) ® ﬂp” (B) = <Z ® Z> ® <Z>.
Similarly,

Ay (B) € Ay(B) ® Ay pr(B) = (Z) ® (Z ® Z).
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By writing down the permissible expressions for h € A, ,»(B) subject to these
conditions, we find that A, ,» ,»(B) = (Z®Z®Z) (details can be found in [AKV 18]).

Extending this argument once more to length-4 sequences completes the claim.

In conclusion A(B) = (Z®*) and thus B = a7 + BZ®* with 8 # 0. Consider the
effect of applying projector 7, and 7, on qubits ¢ and ¢’. Since A, (B) = Ay (B) =
(Z), the fact that 7, and 7, respect the local algebras implies that 7, and 7, are in
the Z-basis. If both projectors are trivial, the algebra of B on r, r’ is unaffected. We
give the proof for the case when both are non-trivial and dimension 1; the case when
only one is dimension 1 and the other is trivial is similar. The result of applying 7,

and 7 is
ngngBryn, =an,@ny @1 +,8((—1)h17rq) ® ((—l)bzﬂq/) ® Z%?,

where by, by € {0, 1} indicate the possible phase (corresponding to whether 7, 7,/

correspond to the +1 or —1 eigenspaces of Z). We case on the values of (b1, b»).

» If b1 = b, then we obtain the Schmidt decomposition
B=n,8n,® (ol +BZ%%),
and A, - (1,7, Bryn,) remains (Z?).

e If by # by then 1y ® my and (—l)b'ﬂ'q ® (—l)bznqr are orthogonal, and we
have the Schmidt decomposition

B=rn,®n,® (al)+ (—l)blnq ® (—l)bznqr ® BZ%?.

Again, this leaves the local algebra unchanged.

Therefore, no choice of (consistent) projectors on ¢, ¢’ change B’s local algebra on

{r,r'}. [ ]

This lemma provides strong restrictions on the possible set of classical qubits after

“propagating” the initial set of classical qubits.

Lemma 78 (Characterization of Classical Qubits) Let C be the set of all possibly

classical qubits (as in Definition 73). Then, each classical qubit ¢ € C is either

® a classical qubit in the original Hamiltonian H, or
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e supported on a boundary term or a term supported on Cy (i.e. adjacent to an

originally classical qubit).

Proof: Assume ¢ € C is not originally a classical qubit. Then, there must have been
some set of projections n, . . ., m¢, suchthatinthe Hamiltoniann,, ...n. Hnre, ... 7,
the qubit c is a classical. Suppose c is acted on by N(c) = {hy, hy, h3, hsy}. Cer-
tainly, if no projection ., is applied to a qubit in the support of any 7 € N(c),
it does not render ¢ a classical qubit. Otherwise, Lemma 78 implies that if each
h € N(c) is supported outside of Cy and in the interior of the system, no projection
applied to a qudit of A; renders c¢ classical. Thus, some term & € N(c) is either a

boundary term or supported on Cp. [ ]

Uniform preparation of a ground state

In this section, we describe how to avoid restricting classical qubits in the proof of
[AKV18].

Remark 3 (Comparison to the proof of Aharonov et. al [AKV18]) We emphasize
that this new proof does not qualitatively improve on their result as the initial Hamil-
tonian is block-diagonal with respect to C and thus for the task of finding a ground
state, one can always assume the first step is to perform a classical restriction.
Moreover, this new proof is worse in the sense that [AKV18] obtains a 2-local clas-
sical Hamiltonian, whereas, in general, our Hamiltonian can be k-local, for some
k € O(1) depending on the stucture of the Hamiltonian. However, the ideas used
here will be useful for the full proof of Theorem 76 in Section 3.5, which allows us

to prepare the Gibbs state instead of only a single ground state.

Let us first recall the high level proof of [AKV 18], which can be boiled down to:

1. The prover provides a terminating restriction \s such that H|\; contains a
ground state of H. This removes all classical qubits.

2. Remove a set of terms R of H|\, so that the Hamiltonian becomes two local.

3. Prepare a ground state of the two-local Hamiltonian via [BV03] (with the help
of the prover).

4. Correct the removed operators in R to get a ground state for H.
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C Cc c
[0XO[ | [1X1] [OXOL [ [1X1] [0XO] [ |1X1]
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Z| X Z\|x zZ|x
Z| X Z\|x Z|X
X|Z XxZ X772

(a) Goal: Remove one of (b) Suppose the classical (c) Otherwise, if ¢ is set

the two terms highlightedin ~ qubit ¢ is set to |1). This to |0), we remove the top

red. removes the top left term. right term. Now, the cor-
Then, the correction opera-  rection operator Ly, = Z®Z
tor L, = X ® X commutes commutes with all remain-
with all remaining terms. ing terms.

Figure 3.7: The choice of correction operator may depend on the choice of classical qubits.

Our first observation is that Item 2 can be performed without first removing classical
qubits, as this step depends only on the geometric structure of the Hamiltonian.
However, the issue comes in Item 4; depending on the choice of classical qubits, the
set of “correctable” terms may be different. Therefore, if we perform Item 2 without
considering the classical restriction and the resulting set of correctable terms, we

may not be able to correct all terms in R.

More precisely, [AKV 18] characterize the set of correctable terms via paths to the

boundary.

Lemma 79 (Access to the Boundary [AKV18]) Let H be a CLH instance without
any classical qubits, and let h, h' be terms in the interior of the system, such that h
and I’ share a single edge. Then either h or h’ has a path to the boundary. If h (or
h’) has a path to the boundary, we say that h is correctable.

These “paths to the boundary” yield correction operators, and the choice to remove
h or k' depends on which term is correctable. For instance in Figure 3.7, we see
that our choice for the classical qubit ¢ changes which of the two boxed terms may

be removed.

To avoid this issue, we take Assumption 2, which states that if some /4 is correctable
under some valid, terminating restriction H|\s, then it is correctable under any other
valid, terminating restriction H|\,. This implies that the classical restriction can be

deferred until after Item 3 is performed. We will now formalize this idea.



98

Figure 3.8: An example of a triangulation, followed by a co-triangulation.
Within each triangle, a central point is identified. Each point is connected
via one of the sides of the triangle to a center of an adjacent triangle. This
yields “tiles”, demarcated by the dark red lines. The set of qubits within a
tile are identified as a single qubit. Within this grouping, the only original
Hamiltonian terms that are more than 2-local are those at the centers of
the triangles.

Choice of Removed Terms. In the proof of [AKV18], the authors triangulate
the 2D complex, then construct a “co-triangulation”, dividing the surface in tiles
T € 7 such that each qubit within a single tile 7 becomes a new qudit gr in the
transformed Hamiltonian (see Figure 3.8). Under this transformation, terms in the
original Hamiltonian are either 1) internal to a single tile 7' (and are now 1-local), 2)
cross between two adjacent tiles 7, 7" (and are now 2-local), or 3) on the corner of
three tiles (and are now 3-local). Since the goal is to produce a 2-local Hamiltonian,
the natural strategy is to simply set the set of removed terms R to be precisely these
corner terms. However, we need to be a bit careful, since any given term is not
necessarily correctable; all we know from Lemma 79 is that either the corner term
h or its neighbor /4’ is correctable.!! This is easy to handle. As long as the original
triangulation has sufficient girth, the co-triangulation can be “shifted” so that its

corners lie entirely in correctable terms.

In our case, we no longer have the ambiguity of which terms is correctable, but we
instead need to deal with classical terms carefully. Consider a triangulation and
corresponding tiling 7. Let & be an arbitrary term containing a corner of the tiling

7. We consider the following set of cases:

* (Case 1) his a fully quantum term (Definition 75).

TRecall that in [AKV 18] classical qubits have already been removed so 4 and 4’ are automatically
quantum.
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— (Case 1a) A is an interior term.

— (Case 1b) & is a boundary term.
* (Case 2) h is supported on an originally classical qubit g € Cp.

* (Case 3) h is supported on a qubit g € C \ Cp (i.e. a qubit which is classical

under some restriction but which is not classical in the original Hamiltonian).

|

3
q

h p

C y

* - ~
/M/ ho AL y
— — ’ h2

1
/z’ ,” A

1 1
I I
1 1
1 1

Figure 3.9: Illustration of (Case 2). When a center c is placed on a term
supported on a classical qubit, any setting of the classical qubit induces a
hole in the 2D structure.

In the first case, we apply the same logic as [AKV18]: for Case 1a, & is an interior
term, it will be correctable (in our case by Assumption 2) and we added it to the
removed set R; in Case 1b, / is a boundary term which implies a neighbor acts
trivially on one of its qubits. This neighbor results in a “hole” in the original surface.

Place the corner of the co-triangulation in the hole.

In Case 2, we construct the co-triangulation such that one tile contains only the
classical qubits of £; this will ensure that any assignment to the classical qubit
renders this term 2-local as well. For Case 3, we appeal to Lemma 78; since ¢ is
not originally classical but becomes classical, it must be on a boundary term or a
term with a classical qubit. In the boundary case, we apply the same argument as in
Case 1b. In the classical case, apply the argument from Case 2. Finally, we denote
the Hamiltonian with terms in R removed as H.

Construction of the Classical Hamiltonian. Now that we have fixed the tiling 7
and chosen the set of removed terms R, it remains to describe how to translate this
into a classical Hamiltonian. To do so, we introduce some notation. For each tile
T € 7, we denote Q(T) to refer to the qubits contained entirely within 7" and H(T)

as the set of original Hamiltonian terms in H overlapping 7 (i.e. acting non-trivially
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on some g € Q(T)). In addition to the qubits internal to T, the qubits “nearby” T

are also important. Define

om=|J om,
heH(T)
Additionally, let N(T') be the tiles neighboring 7. Then, we define the Hilbert
space of the tile qudit gr as Hr = ®,erH,;. To define the terms in the grouped
Hamiltonian, we define the following sets:

St is the set of Hamiltonian terms which act non-trivially on Q(T) \ Cy (i.e.

on a qudit in 7" which is not originally classical).

St = St N S are the terms acting on both 7 and 7.

hr1 = Dhe S h will be the 2-local terms in the grouped Hamiltonian.

hr =, hes; harethe 1-local terms.
VT'#T h¢ Sy

Then, the grouped Hamiltonian is denoted as Hy = Y7 hr + 21+t hr. Again,
note that hr 7 is technically not 2-local; it only becomes 2-local once a classical
restriction to Cy is fixed. But given such a restriction, we have the following simple

consequence of the Structure Lemma [BVO03].

Lemma 80 Any restriction s € {0, 1} to the classical qubits in Cy induces a
2-local structure in Hy. Therefore, for each qr, the terms hr 1|5, 7" € N(T) are

mutually commuting and induce a decomposition of the Hilbert space of qr as

¢ 4
Ho=PHO =P ®Q HT,
i=1 i=1 T'eN(T)

where within each subspace H (’), the term hr 1|5 acts non-trivially only on ?{T(”T ),
To make the dependence on an assignment s to Cy explicit, we refer to this decom-

. s
position as Dy.

We can say something slightly stronger than this; for a tile 7', the above decomposi-
tion only depends on terms hr 7 which intersect 7' (and the internal terms as well).
Therefore, if we consider a restriction s’ where a bit outside of Q(T) is flipped,

this induces the same decomposition, i.e. Z);/ = Dj. As aresult, when specifying
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a restriction in the context of a triangle, we implicitly imagine s is defined over
{0, ]}|Q(T)QC()|_

Recall our goal is to argue that A7 7|, is classical. Recalling Section 3.3, we see that
the classical terms constructed for a term #,, ,, in Equation (3.13) are only a function
of the decomposition on vertices v and w (in our case g7 and ¢g7-). In particular, for

a fixed assignment s and term &7 7|, we obtain the classical term,

hroloi= )0 ) AT Xe (WL 3.52)
\J=(j1,72) \pT-T’
eler]x[ep] N
where \b(}T/ and ﬂ(\b(}T/) are defined as in Equations 3.14 to 3.17, except that we
use T, T’ to refer to qudits, rather than v, w. Then, we have that the following 2-local

Hamiltonian is equivalent to H|,,

ﬁ(c’s) = Z hT,T"s + Z hT's-

T, T

Now, we have that by construction, any ground state |) to H'“9 is (after some
1-local unitary transformations) equal to a ground state |¢) of H|y; in turn, we can
obtain a ground state of the original Hamiltonian H as |s) ® |¢). In particular, we

can write down a Hamiltonian equivalent to H as

D Issl@ Y =3 X sKsl@hrpl+ D > IsXsl @ hrls.

s€{0,1}I%0! T.T" se{0,1}/C! T se{0,1}/%!

Unfortunately, since |Cp| can be as large as poly(n), this yields an exponentially-large
Hamiltonian. But we use our earlier observation, which is that the decompositions
on T and T only depend on Q(T) N Cy. Since the local decompositions are the same,

so too are classical terms obtained in Equation (3.52). This means that for any 7', 77,
Do Isxslenfy = > ISXs @A,
5€{0,1}1% 57€{0,1}1CoN(STUST/)
and the resulting Hamiltonian is
HO =% 3 ixsleny +> Y XSl h™. (3.53)
LT yref0,1}Crver | T yefo,1}/¢r!

Since each tile T is of constant size, each set Cr U Cr» has constant size as well.
This implies we only get a constant blow-up in the number of terms of H, yielding

a polynomial-size instance. The locality of the instance depends on the max size of
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the set Cr U Crv. Assuming this is bounded by k, we obtain an 2 + k-local classical

Hamiltonian.

Correcting Removed Terms R. As in the original proof, a ground state |¢) for
H'® can be constructed in NP. To obtain a ground state for the original Hamiltonian
H, we need to correct the terms removed terms R. The first step is to remove the
classical qubits. We do this by successively measuring the classical qubits to obtain

a terminating restriction \s = (s, . . ., 5¢).

Lemma 81 Suppose the above operation yields a series of assignments \s =
(80, ...,8¢), taking W) to |¢) = |so,...,s¢)|¢’). Then, |¢) is a ground state
for the Hamiltonian H|\y.

Proof: We show by induction. By assumption |¢) is a ground state of H©). Suppose
this holds for s, ..., s;, with corresponding ground state |y") of H' := ﬁ|so,...,s,~
By definition C” := C;(so, . . ., s;—1) are the classical qubits of H’. This implies that
(after some single-qubit unitary transformation) each term 42 € H’ can be written as
h = Yseoayer IsXsler ® hy, and thus H’ takes the form

2 |S><S|c'®(2ﬁs): 3 ome

s€{0,1}I¢] heH’ s€{0,1}1¢"]

>
heH’

i.e., H' is block diagonal w.r.t. the qubits in C’. Thus, if |¢’) is a ground state of
H’, then,

’ N ’ ’ ’ I H'T; =0 ’ ’ ’
O=WIH W)= > WILHT ) " Vs@/|LHTL ) =0.
s€{0,1}1C’]

This implies that I |”) is a ground state of H’|; for any measurement outcome s.

Therefore, the above procedure yields a Hamiltonian H’ = H l\s and a ground state
l) of H'. Now, recall that the removed term & € R is an interior, fully quantum
term of the Hamiltonian H. Assumption 2 implies that there is a correction unitary
operator Lj; anti-commuting with 2 and commuting with every other term in H’.
Thus, we may perform the measurement M = {%(I + h), %(I — h)} and we can
apply Lj, to flip the measurement outcome if required.
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Gibbs state sampling
In this section, we extend the previous proof so that rather than obtaining a single

ground state of H, we obtain a sample from the Gibbs distribution. Initially, we

apply exactly the same steps as in the previous section, until we obtain a classical

Hamiltonian
HO =3 > Ixsten + > > IsXsIenl™  (3.54)
T ye(o,1yCrver| T yefonylerl

equivalent to the original Hamiltonian with terms R removed. Now, rather than
obtaining a ground state of H'9), we assume that we can sample from the Gibbs
distribution of H), and then argue that we can recover the Gibbs distribution of the
original Hamiltonian, by correcting for the terms R. We will show how to correct
these terms inductively. Let Q be the set of terms that were either not removed or
already corrected, and let HC = Y, neo . Assume we have the Gibbs state p(Q) of
HC
L Pt 0
p(Q) = Y e lsKs o TIf,
s,/ISQ

where we use the fact that the Hamiltonian H? is diagonal w.r.t. s € {0, 1}l
To correct terms i € R, we use the same observation from Lemma 81 that given
some classical restriction s, the resulting Hamiltonian H | is block-diagonal w.r.t.

the qubits in C; (). Thus, we may assume we see the state

0
p(s’t)(Q) — Z e ﬂ/ls,t|s, IXS, lln/%’,
22,

. . . _g12 . .
with probability proportional to }; 0 e Bs:i. Here, H/IQ _ 1s the projector onto the
s,t S,

Ag,-eigenspace of H?|,,. The idea is to apply the proof of Lemma 62 within the

subspace |s,1)Xs,t| ® I. Specifically, we make the following observations.

* Lemma 59 holds since each & € R is a fully quantum term (for any classical

restriction, A is in the interior).

* By Assumption 2 there is a correction operator Lj; anti-commuting with &
and commuting with all other terms of H?|,,, for any choice of s,z. This
assumption means that L itself is only defined over non-classical qubits
and thus for a particular choice of s,7, we can think of this operator as
being |s,)s,t| ® L,. Then, Lemma 60 follows by tensoring both sides of
Equations (3.22) and (3.23) with |s, £ )Xs, t|.
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* Similarly, Lemma 61 holds, again by tensoring both matrices with |s, £ )s, ¢|.

These observations plus the proof of Lemma 62 implies that we can prepare the

state,

p(QU{h}) = D, exp(=Ba%) - exp(=Bn)ls, t)s, 1% ")

Q
AT +A4y
/lSQJ /lhe{icp} =

1
Z(Q U {h})

It’s easy to see that within the subspace |s,)s, | this is the correct Gibbs state.
Moreover, across different (s,1), (s’,¢") pairs, we retain the correct distribution.
This is because correcting additional fully quantum terms % only applies an identical

multiplicative factor across each of the |s, £)(s, f|-subspaces.
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3.6 Appendix: Gibbs sampling reduction for defected Toric code

As described in the proof overview section (Section 3.1), our Gibbs sampler gives
an O (n?)-time algorithm for preparing the Gibbs states of the defected Toric code
Hpr. In this section we instead describe a different and slower Gibbs sampler for
Hpr, which achieves the following Claim 82 and captures the key ideas for our
Gibbs sampler for general qubit 2D CLHs.

We recall the defected Toric code, Hpy. As shown in Figure 3.10a, imagine
partitioning the plaquettes in the 2D lattice as Black 8 and White W. The defected

Toric code is putting Z and X terms in white and black plaquetes respectively:

Hpr= ) cpX"+ > ¢,2", (3.55)
peB peW
where ¢, can be an arbitrary real number. In the standard Toric code ¢, = —1 for

any p. One can check that Hpr is a qubit 4-local CLH on 2D.
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Figure 3.10: Recreation of Figure 3.2. Figure 3.2 is recreated here for convenience, with
more detail on the resulting classical Hamiltonian H(Dz;).

Claim 82 For any inverse temperature 3, if one can do classical Gibbs sampling
with respect to H(Dz;), B within precision € in classical time T, then one can prepare

the quantum Gibbs state with respect to Hpr, 3 within precision € in quantum time
T +0(n?).

In this section we describe the algorithm and the reduction in details, while as the
correctness proof is omitted, as is the same as in Section 3.4. The algorithm will
require removing a set R € W of terms from Hpr. In particular, if we remove
alternating rows of white terms (as in Figure 3.10b) then treat the 4 qubits in the
support of each remaining white term as a single grouped qudit, then the resulting

Hamiltonian H(Dz; is 2-local. We’ll denote the remaining white terms as O = W\ R.

Notation. For simplicity, here we assume the 2D lattice is a square L X L lattice
embedded on a plain which has boundaries. The number of qubits is n = L X L.
For better illustration, here we denote the computational basis as |x) € {+1}" rather
than the conventional notation |x) € {0, 1}", where the Pauli X and Z operators act

as

Z|)=11).Z]-1) =-|-1)
X[ =|-1,X|-1)=1).

(3.56)
(3.57)
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This notion is only used in this section. We say |x) is of even Hamming weight if

there are even 1s in x.

The classical Hamiltonian H(Dz;) . Tomap H(Dz} to the classical Hamiltonian H(DZ;),
we change the basis of the qudit. More specifically, for any term p € O, consider the
4 qubits on p, as shown in Figure 3.10b, name them as u, v, w, 7 . A natural basis
for the 4 qubit Hilbert space is the computational basis, which are common eigen-
values of {Z,},cp. An alternative labeling is choosing another set of 4 independent

stabilizers
St =278 =X,0X,,8; =X, ®X,,8, =X, ®X, (3.58)

The 4 new stabilizers will specify a new basis for the 4-qubit Hilbert space indexed
by s € {+1}*, which can be viewed as the computational basis for 4 virtual qubits.
The 4 new stabilizers act as Pauli Z on the 4 virtual qubits. That is if we use (Z,;)?

to denote Pauli Z on virtual qubit i in plaquette p, then
(Zj)P = SP.

Each s € {+1}*indicates the common eigenvector of Sf w.r.t eigenvalues s;. Denote
the corresponding vector as |s”)* where * means |s”)" is the computational basis
for the virtual qubits rather than the original qubits. As an example one can verify
that |[?) in Eq. (3.63) corresponds to [11117)*. One can check that in this virtual

12

qubit basis, we have that the Hermitian terms - can be re-phrase as

Vp € O’p = Cp : (Z*l)p’ (359)
Besides, note that X, ® X, = S5 x §% x 8%, and X% = X%2 @ X®2 we have

For horizontal p connecting p1, p3, p =¢p - (Z:3)"' ® (Z2 ® Z:3 @ Zo4)"* .
(3.60)

For vertical p connecting p1, p2, p = ¢p - (Z.4)"' ® (Z:2)P?. (3.61)

Thus the resulting Hamiltonian is exactly Hg;) as shown in Figure 3.10c and

Eq. (3.62), where we omitting the subscript * for simplicity,

2¢ . . . .
Hod = Y (e (BBZ) Yy e (Z) T+ Yy )2
horizontal (p, pi, p;) vertical (p, p;, pj) pe0

(3.62)

12With some abuse of notations, we use p to denote both the plaquette and the Hermitian term
on the plaquette.
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In summary, by choosing another basis each qudit can be viewed as four virtual
qubits, and the 2-local Hamiltonian H(DZ% becomes a classical Hamiltonian H(DZ;) w.I.t
those virtual qubits. The computational basis of the virtual qubits |y)* corresponds
to an eigenvector of Hl()z}, denoted as |¢(y)). Denote the eigenvalue w.r.t |y)* and

p € BUO as 4,(y), and define

Asio(y) = > ().
peBUO
Preparation of a ground state

Before describing our Gibbs state sampler, we first review a folklore quantum

algorithm for preparing the ground state of the standard Toric code.

For ease of presentation, for any subset Q € ‘W or Q C B, we use “terms in Q" to
denote the operators (—X?) if p € B, and (-Z”) if p € W. Note that the ground
state of the standard Toric code is the common (—1)-eigenvector of all terms in ‘W

and 8. The first step in preparing the ground state of Hpr is preparing the ground

state of H(DZ}, where
2 ._
Hpp = Z p
peBUO

is two local.

The ground state of Hg% is easy to describe. For each term p € O, denote |¢”) as

the uniform superposition of basis states with even Hamming weights, that is
1
Py = _ P
=5 ), b, (3.63)
xe{x1}?,|x| even

where {+1}? is the computational basis of the four qubits of p. One can check that

[0590) = @ye0 lu7). (3.64)

is the common (—1)-eigenstate of all terms in 8 U O.

Remark 4 The underlying reason that the common (—1)-eigenstates of plaquette
terms in B U O can be chosen as a product of constant-qudit state, lies in the fact
that the Hamiltonian H(Dz% can be viewed as a 2-local qudit commuting Hamiltonian
after grouping the four qubits in p € O as a qudit. Thus by the Structure Lemma,

one can prepare the ground state by constant depth quantum circuit.

Next, we need to correct for the removed terms p € R. Starting with |wBUO>, we

sequentially measure the current state w.r.t the measurement —Z”, for each p € R.
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(a) If we get —1, we know the current state is the common (—1)-eigenstate for all

terms in 8 U O U {p} and we move to the next p € R.

(b) Otherwise we perform a deterministic correction: as shown in Figure 3.2c, we
can connect term p to the boundary by a path y,,. The deterministic correction

is done by applying a sequence of X operator, denoted as

Lp = ®v€va, (3.65)

where X, is the Pauli X on qubit v. Note that L, anti-commutes with p, and
commutes with all other terms. Thus the final state will again be the common
(—1)-eigenstate for all terms in BUO U {p}.

Remark 5 For a state ) before the measurement for p € R is applied, we end
up with a —1-eigenstate whether we fall in the first or second case above. However,
note that the exact states we obtain in each case may not be equal. This contributes
to the difficulty of obtaining a Gibbs sampler.

In summary, to prepare the ground state, one first prepares the ground state of a 2-
local Hamiltonian )’ ,cg —X?+2 ,co —Z”. Then performs a deterministic correction
to modify the ground state of the 2-local Hamiltonian to the ground state of the Toric

code. The ground state preparation for the defected Toric code is similar.

Preparation of the Gibbs state

We now describe how to generalize the ground state preparation algorithm to prepare
Gibbs state for the defected Toric code. At a high level, the idea is to:

 Step 1: First prepare the Gibbs state of the Hamiltonian

Hg% = Z p.

peBUO
by mapping it to the classical 2-local Hamiltonian H(DZ;) defined in Eq. (3.62).

» Step 2: Perform a randomized correction, to modify the current Gibbs state
for Hg} to the final Gibbs state for Hpr.

Step 1: Gibbs state for H(Dz%. As in Figure 3.10b, Hg; is 2-local in the sense that:

if we group every 4 qubits in a plaquette p € O as one qudit, then every p € O only

acts on one qudit, every p € 8 acts on two qudits.
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Moreover, since we only change local basis for every qudit, |¢(y)) is in fact a tensor
product of single-qudit state. Thus we can prepare the quantum Gibbs state of H(Dz}

by a simple algorithm: do classical Gibbs sampling for Hg;), get a string y, and

prepare the tensor product state |¢(y)).

Step 2: Correcting removed terms. Step 2 is more tricky. By Step 1, we assume
that we can sample the string y with probability exp(—B1guo(¥))/Zguo, where

Zguo is the normalization factor.

Then we take a term in the removed set p € R, and try to prepare the Gibbs state
w.r.t. (Hguouip},B). Consider measuring |¢(y)) w.r.t p. Denote the measurement

outcome as A € {+c,}. Denote the projectors to be

P ._ 1 ﬂ - 1 — ﬂ
H+c,, =3 (I+ cp)’ H_CP =3 (I cp)' (3.66)
‘We have
Pr (outcome is 1) = exp(—BAsuo () /Z - (p(¥)IT1F|4(y)). (3.67)

Recall that at this moment, the ideal distribution we want is
Prigeqr (outcome is A) is proportional to exp(—BAguo(y)) - exp(—=B1). (3.68)

Compared to the preparation of ground state, which only needs to correct the
eigenvalue, in the task of Gibbs state preparation, to get Eq. (3.68) from Eq. (3.67),
it seems that one needs to correct

* The probability incurred by measurement, that is (¢(y) |H§ lp(y)).

* The probability incurred by the new energy exp(—34).

This first correction is tricky because it depends on ¢(y), thus the probability to
be corrected is different for every y. We circumvent this problem by an intuitive

oblivious randomized correction. That is if we get outcome A then

 With probability prob := % we do nothing.

* With probability 1 — prob we apply the correction operation L, defined in
Eq. (3.65).
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One may doubt whether the above algorithm successfully prepares the Gibbs state
or not, since the correction only brings us back to the right eigenspace, but does not

really help us get back to the right state, as noted in Remark 5. That is

LI, 6(9)) € T2, 16(¥)) (3.69)

where here ¢ means the two vectors are not proportional to each other. In
fact, L,I1., |¢(y)) might not even be (proportional to) one of the eigenstates
chp l¢(y))}y U {chp |¢(y))}y. The key fact that makes this oblivious random-
ized correction work, is the symmetry of the eigenspace and the fact that L, is a
unitary. More specifically, let HyB YO be the common eigenspace of p’ € BUO w.r.t

eigenvalue 4, (y). Then
L1}, TIPYOny, L, =12, TPV, (3.70)

—Cp*

Finally, note that all p € R can be corrected independently. Thus it suffices to

perform the same measure and randomized correction procedure sequentially.

For general qubit 2D CLH H without classical qubits, denote the removable terms
R as the set of terms whose measurement value can be corrected without changing
the value of other terms. We prepare the Gibbs state of H in a similar way as
for the defected Toric code. That is we first remove terms in R and transform the
remaining 2-local Hamiltonian H® to a classical Hamiltonian H?). Then we first
do classical Gibbs sampling for H¢), then prepare the Gibbs state of H>), then

perform measurement and randomized correction to prepare the Gibbs state of H.

3.7 Appendix: Proofs of reductions for specific Hamiltonians
Proof:[Proof of Lemma 50]

By the argument in Section 3.3, we can always assume that H;p is 2-local. To make

(2
D"

Section 3.3 we can construct a 1D qudit classical 2-local Hamiltonian H ]%C).

the notation consistent with Section 3.3 we rename H,p as H,;,. Then according to

By assumption, we assumed that the dimension of qudit is d = 2¥ for some k, then
every qudit can be viewed as k qubits and the computational basis can be written
as {0, 1}*. Note that with an arbitrary ordering of the k qubits, we can view the n
qudits on 1D chain as nk qubits on 1D chain. Let Z be the Pauli Z operator, note
that

0X0| = 3(Z+1), [1X1]=3(1-2). (3.71)
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Thus we can rewrite classical Hamiltonian H ich) as sum of tensors of Z. that is

Hiy' =) asZ®, (3.72)

S
where S are subset of qubits, and ags = 0 if diam(S) > 2k, where diam is the
diamater of S, that is the farthest distance between qubits in S w.r.t the 1D chain.

Z5 is the tensor product of Pauli Z on qubits in S.

Besides, since H;p is translation-invariant, so does H 8;) . Combined with the rapid
mixing Gibbs sampler for 1D finite-range, translation-invariant Ising model [GZ03;
Hol85; HS89], we complete the proof. ]

The proof of Lemma 51 involves the notations of induced algebra, which should be

read after reading section 3.5. Proof:[Proof of Lemma 51]

Let i be the translation-invariant term in the 2D Hamiltonian which acts on two
systems (qubits) a, b. Let A; and &ZIZ as the induced algebra of % on systems a and

b respectively.

Figure 3.11: Using translational invariance. By translational invariance, each term acting
on qubit ¢ is equivalent to h%?.

As pictured in Figure 3.11, consider a qubit g on the 2D lattice, whose Hilbert space

is denoted by H. Since by assumption all terms are commuting, we have
by _
[A}, Al =0.

By the Structure Lemma'3, that is Lemma 68, the algebra ﬂz induces a decompo-

sition of H,
H = H;, where H; = H; 1) ® H2), and ﬂZ = @ L(Hi) ® T (Hipy).
i=1 i=1

Since ¢ is a qubit thus dim(H) = 2, we know either of the following cases holds:

3Note that there are constructive proofs for the structure Lemma, as in Section 7.3 of [Gha+15].



(a)

(b)

(c)
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m = 1 and dim(H(1,1)) = 1. Then A acts trivially on H. In other words, & is

a single-qubit term acts on system b. By definition of local Hamiltonian, % is
a Hermitian term. We denote (give a name to) the eigenvalues and eigenstates
as Ao,|0) and Ay,|1). One can check that

Hap =2 > A0l0XO0ly + i11X1l,-
g on 2D

m = 1 and dim(H(; 1)) = 2. By the Structure Lemma we know ﬂZ acts

trivially on H. This case can be handled in the same way as (a).

m = 2. In this case dim(H;) = 1 for i = 1, 2. We denote the basis for H;, H,
as |0), |1). Then by the Structure Lemma, Aj keeps |0), [1) invariant. Since
AL, ﬂZ commute, by Corollary 69 ?(Z also keeps |0) , |1) invariant. Thus h
keeps the computational basis {0, 1}? invariant. In other words, & diagonalize

in the computational basis, and thus is a linear combination of terms
|00X00], [01X01], [1OX10], [TT)X11].

Note that
|0X0| = 3(Z + 1) and [1X1]| = 3(1 - Z).

We rewrite H as the 2D Ising model with magnetic fields

Hwp= Y allyj+azZs+ ). BZy®7Zy, (3.73)
g on2D q,q’ adjacent

where we implicitly use the fact that H,p is translation-invariant to get the same

coefficient ay, az, B for different g, ¢’.
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Chapter 4

LOCAL HAMILTONIAN PROBLEM WITH SUCCINCT
GROUND STATE IS MA-complete

4.1 Introduction

A fundamental question in quantum chemistry and condensed matter physics is find-
ing the ground energy of a many-body system. A main obstacle to designing efficient
classical algorithms for finding ground energy, is the need for exponentially many
parameters to completely characterize the ground state. In practice, computational
experts often make an additional assumption on the many-body system, that is, the
ground state can be well-approximated by a succinct classical description. Here
“succinct” refers to that there exists a poly-size classical circuit which computes
the amplitude of the ground state on any computational basis. For instance, the
Density Matrix Renormalization Group method (DMRG) [Whi92; Whi93; Sch05;
LVV15], extensively used in quantum chemistry, operates under the assumption
that the ground states can be represented by matrix-product states (MPS) [Vid03].
The Hartree-Fock method [Fis87], on the other hand, assumes that the ground
states can be represented as Fermionic Gaussian states. For two-dimensional and
higher-dimensional local Hamiltonians, researchers have devised successful heuris-
tic algorithms by representing the ground states by contractible projected entangled
pair states [VMCO08; Corl6; Van+16]. Additionally, there have been endeavors to
model ground states using neural networks [CT17; SSC22; GD17; Car+19].

In this work, we study the complexity-theoretic implications of the succinct ground
state assumption, which is used in the above classical algorithms. Recall that the
decision version of the ground energy finding problem, often referred to as the local
Hamiltonian problem (LHP) [KKRO06], is that given an n-qubit k-local Hamiltonian
H = Zl’.’i | H;, two parameters a, b where b —a > 1/poly(n), determine whether
the ground energy of H, denoted as A(H), is less than a or greater than b. Here we
introduce a variant of LHP, denoted as LHP with succinct ground state, where when
A(H) < a, we further assume that there exists a normalized ground state |y) which
is succinct, that is, there exists a poly-size classical circuit Cy (-) which computes
the amplitude of an unnormalized version of |y) as Cy (x) = ¢ - {(x|) for some c. It
is well-established that the standard LHP is QMA-complete [KKR06]. The central
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question (denoted as Q1) we ask is, how the assumption of a succinct ground state
affects the complexity of LHP, or more precisely, what complexity class LHP with

a succinct ground state is.

It is essential to note that the definition of succinct states is more general than MPS,
Fermionic Gaussian states, and similar representations. For instance, the concept
of a normalized state |¢) being succinct does not necessarily imply efficient sample
access to |¢), that is, the ability to efficiently generate sample x with probability
|(x|¢)|>. This kind of sample access is a crucial element in many dequantization
algorithms [Ten+95; Bra+23b], thus those dequantization algorithms do not apply
to our setting. Besides, the Hamiltonian H we consider is general and may not
be stoquastic, where stoquastic Hamiltonian [Bra+08] is known to be sign-free
and general Hamiltonians suffer from the sign problem [Han+20]. Due to those
difficulties, for a general succinct state |¢), it is highly non-trivial to classically certify
the energy, that is, (¢|H|¢). However, our main result, Theorem 83, demonstrates
that we can still efficiently dequantize the quantum verifier in LHP. More connections
between Theorem 83, dequantization algorithms and stoquastic Hamiltonians are

put into Section 4.1.

Theorem 83 (Main theorem) LHP with succinct ground state is MA-complete.

In addition to exploring the underlying complexity aspects of classical algorithms,
another motivation for LHP with succinct ground state is to gain insight into the
boundaries of quantum advantage. Specifically, there is a widespread belief that
quantum computers may provide an exponential advantage for quantum chemistry
and condensed matter physics [Cao+19; McA+20; Bau+20]. One of the most
promising pieces of evidence is the phase estimation algorithm [Til+22], which
suggests that if we can prepare a guided state, that is, a state which has 1/poly(n)
overlap with the ground state, then there is an efficient quantum algorithm to estimate
the ground energy. The guided states are suggested to be obtained from existing
classical algorithms like DMRG or Hartree-Fock, which has a succinct classical
description. An important and natural question (denoted as Q2) that arises from
this context is, with such classical access to the guided states, can we dequantize the

phase estimation algorithm?

Existing literature partially refutes Q2, while many questions remain under research.
Specifically, one can define the LHP with guided state [GL.22] as a variant of LHP,

where when A(H) < a, we further assume that there exists a guided state. For
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the standard definition of the guided states', existing works do indicate a potential
quantum advantage: LHP with guided state is proved to be BQP-complete by
Gharibian and Le Gall [GL22], when the guided state is given; and proved to be
QCMA-complete by Weggemans, Folkertsma and Cade [WFC23], when the guided
state is viewed as a witness. When relaxing the precision (the value of b —a in LHP)
from inverse-poly to constant, one can efficiently dequantize their algorithms, that
is, in BPP [GL22] and in NP [WFC23] respectively. Conditioned on BPP C BQP
and NP ¢ QCMA, the above complexity results suggest that the quantum advantage
for LHP is achieving higher precision.

However, these complexity results do not provide a comprehensive answer to Q2,
since they overlooked the origin of the guided states. As numerically investigated
in [Lee+23], if the guided states are obtained from existing classical algorithms, for
Hamiltonians in practice it is possible that those guided states are much better than
the standard guided states, which will enable not only an efficient quantum algorithm
for the LHP, but also an efficient classical algorithm?. Inspired by [Lee+23], from
a complexity view we raise the following question (denoted as Q3): Is there a
definition of “strong guided states”, such that the complexity of LHP with such

guided state drops from quantum to classical?

Here quantum refers to QCMA-complete which is the complexity of LHP with
standard guided states [WFC23], classical refers to MA-complete, and LHP with
strong guided state is defined as a variant of LHP, where when A(H) < a, we further

assume that there exists a ground state which admits a strong guided state.

Recall that previous results [GL.22; WFC23] suggest that the quantum advantage
for LHP is achieving higher precision. Our result (Theorem 83) shows that even for
inverse-poly precision, if the guided state in the Yes instance is extremely strong,
i.e. 1is the ground state, the complexity of LHP with such guided states does
drop to MA-complete. This opens the possibility that with a proper definition of
strong guided states, even for inverse-poly precision, the LHP with strong guided
states is MA-complete, which will give an affirmative answer to Q3. This MA-

complete will imply that heuristic randomized classical algorithms might tackle

"'We refer the standard guided state to be a state which has 1/poly(n) overlap with the ground
state, and can be prepared by polynomial-size quantum circuit [GL22; WFC23].

2[Lee+23] also argued that with even standard guided states, for chemistry Hamiltonian which is
a special case of the general local (Fermionic) hamiltonian, it is possible that the classical heuristics
can efficiently estimate the ground energy to the desired precision. Philosophically, [Lee+23] argued
that if a classical algorithm is good enough to get a good guided state, which is non-trivially close to
a ground state, then the problem itself might be classically tractable.
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the corresponding LHP when the strong guided state is given, thus giving a partial
answer to Q2. Based on our work, we propose a definition of strong guided states
to be the succinct approximation of ground state, which has entry-wise 1/poly(n)

overlap with the ground state:

Definition 84 (Strong guided state) We say an n-qubit normalized quantum state
|¢) admits a strong guided state, if there is a normalized state |n) which is succinct,
and satisfies that

Vx, (nlx)(x|¢) = (@lx)(x|$)/poly(n). (4.1

Note that (x|¢) can be a complex number, (r7|x){x|@d) > {(P|x){x|p)/poly(n) im-
plicitly implies that |n) has information about the “sign” of the ground state. We
conjecture the following.

Conjecture 85 LHP with strong guided state is MA-complete.

Theorem 83 is a special case of Conjecture 85, since a succinct ground state admits
a strong guided state as itself. We hope our techniques will be useful for proving
Conjecture 85. Conjecture 85 is known to be true if the Hamiltonian in the LHP is
stoquastic [Bral4]. The definition of strong guided states here is unarguably strong,
which might not be the real reason that makes classical algorithms work [Lee+23].
Here we view the LHP with strong guided state as a starting point of quantitatively
understanding the boundary of quantum advantage for LHP — With a standard
guided state, there is an efficient quantum algorithm for the LHP. However, when
the guided state is too strong, there might also be efficient classical algorithms. What
is the precise definition of strong guided states that enable classical algorithms and

thus invalidate the potential quantum advantage?

For clarity, we give a further remark on the conceptual relationship among previous
work, Theorem 83 and Conjecture 85. Previous work [GL22; WFC23] suggests that
quantum advantage for LHP is achieving higher precision. There are two intuitive
reasons for such quantum advantage. The direct reason is that the overlap between
the guided state and the ground state is 1/ poly(n) which is relatively small compared
to one, and a quantum algorithm which can directly perform quantum operations
on guided states seems more powerful than a classical algorithm which can only
query the amplitude one by one. A further reason is that general Hamiltonians can

have sign problems which makes it hard for classical algorithms to utilize the guided
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states. Otherwise, if the Hamiltonian is sign-free (stoquastic), even for inverse-poly
precision, previous work [Bral4] already showed that the corresponding LHP with
strong guided state could be dequantized, that is, MA-complete instead of QCMA -
complete. Our result (Theorem 83) shows that for general Hamiltonians, the sign
problem can be resolved with the help of extremely strong guided states. Our result
suggests that the sign problem might also be resolved with the help of certain strong

guided states which lie in between standard and extremely strong guided states.

Related works

In this section, we compare our work (Theorem 83) with some related works.

Stoquastic Hamiltonians and quantum Monte Carlo method. Technically,
our work is closely related to the quantum Monte Carlo method for stoquas-
tic Hamiltonian and their generalizations, especially the fixed node Monte Carlo
method [Ten+95; Bra+23b]. For a Hamiltonian H with a ground state |), the
goal of the quantum Monte Carlo method mentioned here is to define a Markov
chain which can efficiently sample from the ground state |i), that is, outputting x
with probability |(x|)|>. To ease notations, we denote those quantum Monte Carlo
methods as sampling algorithms, and denote the runtime required for the Markov

chain to be close to the ground state sampling as mixing time.

To begin with, Bravyi and Terhal [BT10] first proved that if the Hamiltonian is
frustration-free, stoquastic, and has a 1/poly(n) spectral gap, one can design a
sampling algorithm with poly(n) mixing time. For a general Hamiltonian H, one
can transform H to a stoquastic Hamiltonian with some heuristic information by
the fixed node Monte Carlo method [Ten+95]. Roughly speaking, given a general
Hamiltonian H and an arbitrary known (un-normalized) state |¢) which we have
query access to, [Ten+95] constructs a stoquastic Hamiltonian which is called the

fixed node Hamiltonian F#-¢, such that

(1) The ground energy of F¢ is always an uppper bound of the ground energy
of H, that is,
A(FP9) > A(H).

(2) If |¢) is the ground state of H, then |¢) is the ground state of F/¢ and
A(FH9) = A(H).

The drawback of F-? is that its norm can be exponentially large, which might

influence the mixing time. Even assuming |¢) is the ground state of H, there
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is no rigorous bound for the mixing time of most sampling algorithms based on
FH-9 [Ten+95; BH18]. A breakthrough is made by Bravyi et al. recently [Bra+23b].
Instead of defining a discrete-time Markov chain like most sampling algorithms,
from F¢ Bravyi et al. defined a continuous-time Markov chain. Furthermore,
Bravyi et al. proved that if |¢) is the true ground state of H, and the Hamiltonian
has a 1/poly(n) spectral gap together with some other good conditions, then the
continuous-time Markov Chain has poly(n) mixing time, that is, can efficiently

sample from the ground state.

Our work builds from the Markov Chain in [Bra+23b] and the properties of the
fixed node Monte Carlo method [Ten+95; Bra+23b]. The main difference between
our work and [Bra+23b] is that we work on different tasks. [Bra+23b] aimed for
sampling from the ground state, with query access to a trusted ground state. While
we aim for testing ground energy, with query access to an adversarially claimed
“ground state”. The fact that the claimed “ground state” can be adversarial is the
main difficulty of solving LHP with succinct ground state. If the witness (the claimed
“ground state” |¢)) is trusted to be the true ground state, then the LHP with succinct
ground state can be trivially solved by computing the ground energy directly. That
is, A(H) = WHI9) for x with (x|¢) # 0, which can be computed efficiently since H

(xl¢)
is sparse and (x|H|¢) = X, (x|H|y){y|¢).

Another remark is that since we work on a different task from [Bra+23b], we do
not need the Hamiltonian to have a spectral gap or other additional conditions.
Thus even in the Yes instance, one cannot efficiently sample from the ground state.
Instead we utilize the promise gap to distinguish the Yes and No instances. Roughly
speaking, we define a “Markov chain” that is well-defined for the Yes instances but
becomes ill-defined for the No instances. Our verification algorithm distinguishes
the Yes and No instances by testing whether the “Markov chain” is well-defined.

More can be seen in the proof overview, that is, Section 4.1.

Dequantization algorithms. Conceptually, our work is close to several dequanti-
zation algorithms. In particular, Gharibian and Le Gall [GL22] proved when the
promise gap is 1/poly(n), (promise gap is the value of b — a in LHP), and for
the setting where the guided state is given, that LHP with succinct guided state is
BQP-complete. When the promise gap is a constant, one can efficiently dequantize
the quantum phase estimation algorithm. Our main theorem—the MA-complete in
Theorem 83—does not contradict with their result since we are working with suc-

cinct ground state rather than with succinct guided states, and on 1/poly(n) promise
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gap rather than constant promise gap. Our setting is more similar to [Liu21], where
Liu proved that stoquastic LHP with succinct ground state is MA-complete. The
main difference between our work and Liu’s is that we do not assume the Hamiltonian

to be stoquastic.

Besides, although aiming for different tasks, one may wonder whether the dequan-
tization techniques initiated by Tang [Tan19; Chi+22; Chi+20] work for our setting.
Tang et al.’s settings are very different from ours, since they require sample access
to the data, while the concept of succinct does not imply sample access. To illustrate
this point, consider a 3SAT formula S(x), where x = x1x;...x, are the values of the
variables, S(x) € {0, 1} denotes whether x is a satisfying assignment. By definition,
the n-qubit quantum state |¢) which is a uniform superposition of all satisfying
assignments is succinct, since the 3SAT formula can compute the amplitude of an
unnormalized version of |¢). However, it is not evident how to efficiently obtain

uniform samples of all satisfying assignments from the 3SAT formula.

Verification of matrix products. There is an extensive study of the complexity
of matrix verification [Fre79; BS06], that is, given query access to three matrices
A, B, C € R*"*?" verifying whether AB = C. Here we use 2" as the matrix size for

convenience of comparison with our setting.

In particular, [Fre79] gave a classical algorithm with high probability in time pro-
portional to 22*, and [BS06] gave a quantum algorithm in time O(2%*/3). Our
setting is conceptually related to verifying matrix product where the matrices have
different sizes, that is, related to the question where |¢) € R H € R¥*?" and
testing whether the multiplication (¢|H|¢) < a or > b. In Theorem 83 we claim
that we have a MA-type algorithm which only needs poly(n)-queries instead of
poly(2"). Note that this is achieved because we are testing ground energy rather
than testing matrix multiplication for arbitrary |¢), H. Besides, in our setting the
norm of H € R*"*?" is bounded by poly(n). A more detailed generalization where
our algorithm works can be seen in Appendix 4.5. This generalization only involves
linear algebra and thus might be easier to understand for readers outside quantum

information.

Proof overview

To prove Theorem 83, one needs to prove that LHP with succinct ground state is
MA-hard and is inside MA. The MA-hardness directly comes from the Section

4 in [Bra+08], which is originally designed to prove that stoquastic Hamiltonian is
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MA-hard. We explain why it implies LHP with succinct ground state is MA-hard

in more detail in Appendix 4.6.

Our main contribution is proving LHP with succinct ground state is inside MA. For
better illustration, we make some simplifications here. Note that if an n-qubit state

|¢) is succinct, one can efficiently compute the ratio of any two amplitudes, that

(x|)
> (vl
can efficiently compute the amplitude (x|¢), Vx, that is, we have query access to

is Since we only use the ratios, to ease notations, here we assume that we
|¢). For simplicity, in this section, we also assume that @ = 0,b = 1/poly(n), and
assume that H and its ground state are real-valued. We always use the notations |¢)

for the true ground state, and |¢) for an arbitrary state.

To explain our MA verification protocol, we begin with a direct algorithm that fails,
then illustrate the ideas to overcome the difficulties. Note that when a = 0,5 =
1/poly(n), given H and query access to a succinct state |¢), the LHP with succinct

ground state is equivalent to test

* Whether H |¢) = 0 with A(H) =0,
* Or (¢|H|¢) > 1/poly(n).

Here we assume |¢) # 0 which can be checked easily by providing a x where

(x|p) # 0.

One cannot directly compute H|¢), since both H and |¢) are of exponential size.
However, note that since H is sparse, one can efficiently check every row of H|¢),
that is,

(x|H|g) = > (x|H]y)(y]9). (4.2)
y

Utilizing this, one may immediately come up with the following verification algo-

rithm:

Algorithm 3 A direct algorithm

1: fort =1to poly(n) do

2:  Randomly sample x « {0, 1}"

3. If (x|H|¢) # 0, return Reject > Check row x
4: end for

5: Return Accept
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Unfortunately, Algorithm 3 does not guarantee soundness. It checks the number
of zeros in H |¢) rather than the corresponding energy (¢|H|¢p). Here is a simple
counter-example: Let H = I, let [¢) = |0)®". H is a No instance since A(H) = 1,
while Algorithm 3 accepts with probability close to 1. Although one can easily
rule out this case by adding preprocessing, it is easy to construct more complex

counter-examples which still make Algorithm 3 fail.

Our key idea to circumvent the above problem, is instead of uniformly sampling
the rows to be checked, we use the quantum Monte Carlo method to give different
weights to different rows. Specifically, we add checks in the quantum Monte Carlo
algorithm which is originally designed for sampling from the ground state. We first
explain how [BT10] implicitly® used this idea to prove that LHP w.r.t. frustration-
free stoquastic Hamiltonian is MA-complete, then explain how we adapt this idea
to general Hamiltonians. A remark is that the MA verification protocol below is
only a simplified version of the final protocol. In the final protocol, we need more
witnesses and more checks. In particular, for the witness, we not only need a
classical circuit for computing the amplitude of the claimed ground state, but also
need a claimed ground energy, and a “good” computational basis, which is a warm

start of the Markov chain. More details are in Section 4.4.

Let us begin with the MA verification protocol when H is stoquastic, where sto-
quastic means (x|H|y) < 0 for all x # y. When A(H) = 0, one can show that H
has a ground state |) whose amplitudes are real and non-negative [BT10]. Given
query access to the ground state |¢), one can connect H to a Markov Chain [BT10],

whose transition matrix P is defined as

Pacsy = 1PIR) = o1 - BHLY S 43)
where 8 < 1/||H|| is to make (y|I — BH|x) > 0, thus to make (y|P|x) > O since it
represents a probability. Furthermore, when A(H) = 0, every column of P sums to
1, thus P is a stochastic matrix and a legal transition matrix. The key connection
between the Hamiltonian H and the Markov chain P, is that the stationary distribution
of P is the distribution of sampling the ground state, that is, x ~ |(x|)|>. Thus one
can sample from the ground state by a random walk w.r.t. P, where the mixing time
depends on the spectral gap of P. A modification [BT10] of this sampling algorithm

can be used to decide whether A(H) = Qor A(H) > 1/poly(n) when H is stoquastic.

3[BT10] does not explain their results in the way we describe here. In their setting the succinct
classical circuit for the ground state is unknown, their main focus is constructing a circuit that can
compute the ratio of the amplitudes, which obscures the idea we described here.



122

Specifically, consider performing the random walk for time t = poly(n)—in the Yes
instance, P is a legal transition matrix thus the random walk is always well-defined.
In the No instance, for some x, the probability P,_,, is negative or the sum of
column x of P is not 1, and thus the random walk is not well-defined. The algorithm
rejects if the random walk meets that x. Furthermore, in the No instance, one can
show that the accepting probability will be upper bounded by a value proportional
to (1 — BA(H))", which decays exponentially fast since A(H) > 1/poly(n) and
B = 1/poly(n) in the No instance.

When H is not stoquastic, (y|/ — SH|x) can have both positive and negative entries,
and so does the entries in the ground state /). Thus the transition matrix defined
in Eq. (4.3) is not well-defined even in the Yes instance. One way to handle this
problem, that is, making the transition matrix well-defined, is to use the fixed node
Monte Carlo method [Ten+95] introduced in the related work section, which con-
structs a stoquastic Hamiltonian F-? from a general Hamiltonian and an arbitrary
state |¢), with the property that A(F#¢) > A(H). Although F¢ is stoquastic and
thus can be connected to a Markov chain, the main drawback of using F-¢ directly
is that the norm of F#-¢ can be exponentially large. To define a legal probability in
Eq. (4.3), that is, Py_,, > 0, one needs to choose the scaling factor § < 1/||H]| to be
exponentially small, which might in turn make the accepting probability in the No
instance, which is upper bounded by ~ (1—8A(H))’, to be close to 1. In other words,
the exponentially small scaling factor 8 in Eq. (4.3) hides any differences between
the H in the Yes and No instance, thus making it hard to efficiently distinguish the

two cases.

Instead of using a discrete-time Markov chain (DTMC), we build our protocol from
the continuous-time Markov Chain (CTMC) by Bravyi et al. [Bra+23b], which is
based on the fixed node Hamiltonian F¢. In case that the readers are not familiar
with CTMC, we briefly explain some key concepts here. Recall that a DTMC is
described by a transition matrix P, whose entries denote the transition probability.
A CTMC is described by a generator matrix G, whose entries denote the transition
rate, that is, for small r and x # y, the probability of jumping from x to y is
approximately (y|G|x) - ¢. Let the initial distribution be v, and the distribution after
evolving DTMC w.r.t. time ¢ and transition matrix P is P’v; The distribution after

G

evolving CTMC w.r.t. time ¢ and generator G is e“’v.

Now we review the key property of the CTMC [Bra+23b], and explain our MA ver-
ification protocol for the non-stoquastic H. The generator of the CTMC [Bra+23b]
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is a rescaled version of FH-¢ that is, the GH*? defined as

GIGHLx) =A(F9)5,,, — (3] 1)) 2102 (4.4

(xlp)
Note that GH-¢ may also have an exponentially large norm. That means, if one
simulates the evolution w.r.t. G#*¢ and time ¢ = poly(n) with a fixed step-size, that
is, eV = (eG‘S)t/ ® one needs to choose & to be exponentially small, and thus the
algorithm runs in time #/6 and is in-efficient. The key result in [Bra+23b] is that if

|¢) is the true ground state of H, then

(1) Gl isa legal generator.

(2) Furthermore, the CTMC w.r.t. time ¢ = poly(n) can be simulated efficiently
by Gillespie’s algorithm.

Here Gillespie’s algorithm is another standard CTMC simulation method with vary-
ing step-size. In particular, [Bra+23b] proved that if the Hamiltonian has a spectral
gap and some other properties, Gillespie’s algorithm converges to the stationary dis-
tribution of the CTMC in poly(n) time. A very rough interpretation is that by using
the Gillespie’s algorithm, simulating this CTMC does not require the exponentially
small scaling factor 8 anymore, which is what we are searching for. Inspired by the
verification algorithm for stoquastic Hamiltonian described previously, for general
Hamiltonian, our MA-verification algorithm is adding consistency checks in the
CTMC—in the Yes instance, since G is a legal generator, the CTMC is always
well-defined. In the No instance, some parts of the generator are not well-defined.

We reject if the random walk meets such parts.

The completeness and soundness of our protocols come from the following observa-
tions. For the completeness, a concern one may have is that, compared to [Bra+23b],
our setting does not have a large spectral gap, and thus even in the Yes instance the
CTMC cannot be close to the ground state sampling. We observe that the rapid

mixing property is irrelevant for deciding the LHP. Instead what we need is

(1) GH?isa legal generator thus the random walk is well-defined.

(2) One can efficiently simulate the CTMC w.r.t. time ¢ = poly(n).

Note that whether a generator is legal is independent of whether the generator has
a large spectral gap. We will show that both of the above conditions hold without
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a spectral gap [Bra+23b]. The soundness of our protocol mainly comes from the
property of the Fixed node Hamiltonians, that is, the ground energy of F7-¢ is

always an upper bound of the ground energy of H:
A(F) > A(H),

for any adversary state |¢) [Ten+95]. Thus in the No case, the accepting probability

decreases exponentially fast since
A(FE®) > A(H) = 1/poly(n).

Conclusion and future work

In this manuscript, we study the underlying complexity question of existing classical
algorithms for LHP, which assumes that the ground state has a succinct classical de-
scription. More specifically, we define the local Hamiltonian problem with succinct
ground state, and prove this problem is MA-complete. A remark is that similar to
stoquastic, succinct is a basis dependent property. It might be interesting to study
the computational complexity of finding the basis which makes the ground state
succinct (if such basis exists), where similar questions for stoquastic have been stud-
ied in [MLH19; KT19; Ioa+20]. In addition, the MA-complete result is established
by simulating a continuous-time Markov chain using Gillespie’s algorithm. An
interesting avenue for future work would be to investigate whether this result could

also be demonstrated without this continuous-time technique.

As we illustrate in the introduction, one of the most interesting open questions is how
to relax the assumption from classical access of the ground state to classical access
of certain guided states, that is, how to give a proper definition of strong guided states
where the LHP with strong guided states is MA-complete. Based on our work, we
give a candidate definition of strong guided states as Definition 84, and give the
corresponding Conjecture 85. The intuitive reason that we believe Conjecture 85
is true, is because according to Eq. (4.1), the strong guided state contains two key
pieces of information: (a) the strong guided state knows the sign of every amplitude,
which makes the problem closer to stoquastic Hamiltonian; (b) the strong guided
state roughly knows every amplitude with certain errors. Note that although in
this manuscript we choose a basic Markov chain which is sensitive to errors and
cannot handle (b), there exist more complicated and robust quantum Monte Carlo
methods. In particular, the Projection Monte Carlo algorithm in [Bral4] can handle

similar errors as in (b), where they proved if the Hamiltonian is stoquastic, then



125

LHP with strong guided state is MA-complete. The obstacle which prevents us
from extending our Theorem 83 to Conjecture 85 by using the Projection Monte
Carlo method [Bral4], is the step before using the Markov chain. That is, the fixed
node Hamiltonian F¢ builds from a strong guided state |¢) might not keep the
promise gap. One way to tackle Conjecture 85 is to develop or identify variants of
fixed node Hamiltonians which keep the promise gap when assisted with the strong

guided states.

Our primary motivation for defining strong guided states is to dequantize quantum
algorithms, based on the conjectures [Lee+23] that the guided states from existing
classical algorithms are better than the standard guided states. However, on the other
hand, it is also interesting to ask, with strong guided states, can we design better
quantum algorithms? Here better means fewer gates, lower depth quantum circuits,

or much easier to implement in near-term quantum devices.

Structure of the chapter

The structure of this chapter is as follows. In Section 4.2 we give notations and
definitions which are used throughout this manuscript. In Section 4.3 we introduce
the techniques used in our verification protocol. In Section 4.3 we briefly explain
the argument from [Bra+23b] that w.l.o.g. we can assume that the Hamiltonian and
states are real-valued. In Section 4.3 we review the continuous-time Markov chain
and Gillespie’s algorithm. In Section 4.3 and Section 4.3 we list the construction
and key properties of the fixed node Monte Carlo method [Ten+95], and the variant

of using continuous-time Markov chain [Bra+23b].

Finally, in Section 4.4 we give our MA verification protocol and prove Theorem
83. In particular, in Section 4.4 we assume that we have access to continuous-time
randomness, that is, we assume that we can sample u from uniform distribution of
[0,1] in poly(n) time. In Section 4.4 we substitute this assumption by discrete

randomness and prove that the error induced by the discretization is small.

4.2 Notations and Definitions

Notations. We use R, C to represent the real field and complex field. Let S C {0, 1}",
we use |@) € RIS! to denote a vector, H, M € RISXISI to denote matrices, and x, yes
to denote bit strings. The entries of |¢) are indexed by x € S, denoted by (x|¢),
similarly for H, M.

We use || |¢) || to denote the vector L2 norm. We say |¢) is normalized if || |¢) || = 1.
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We say an un-normalized state |¢) is regularized if (x|¢) # O for all x € S. We use

||M]|| to denote its spectral norm, that is,

1M |¢) |l

M| = :
16)eRIS |gy=0 || @) ||

We use amax(M) to denote max, yes [(x|M|y)|. For a Hermitian H, we use A(H)
to denote its ground energy, that is, the minimum eigenvalue. We use A, (H) to

denote its maximum eigenvalue. For d = poly(n), we say H is d-sparse if

(1) Each row and each column of H only have d non-zero entries.

(2) Given a row index x € S (or column index y € S), there is a poly(n)-time
algorithm which can list all the non-zero entries in row x (or column y), that

is, list all z € S such that (x|H|z) # 0, and similarly for column y.

We say a Hermitian matrix H or a vector |¢) is real-valued if (x|H|y) € R,Vx, y € S,
or (x|¢) € R,Vx € §.

A matrix M is stochastic if

(1) (y|M|x) > 0,Vx and y.

2) 2y (vIM|x) =1, Vx.
A Hermitian matrix M is stoquastic if

(x|Mly) <0,Vx #y,xe S,y €S.

Given a vector |¢) € CIS!I, we use supp(¢) to denote the positions of non-zero

entries, that is,
supp($) = {x € S|{x|¢) # 0}.

We use |¢Su D [,> € Clsurp(9)l to denote the vector obtained by deleting 0 values in |¢).
For a vector |¢) € RIS, we use Diag(¢) € RSS! to denote the diagonal matrix
where

(x|Diag(p)|x) := {(x|¢p), forx € S.

When S = {0, 1}", we call H, M € C¥"*?" n-qubit operators, and |¢) , |¢) € C*'
n-qubit vectors. When considering an n-qubit Hermitian H, we will always use
W) € C?" to denote the ground state, and |¢) € C?" to denote an arbitrary n-qubit
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state, which may or may not be the ground state. Note that in this manuscript |)

and |¢) may be unnormalized.

An n-qubit k-local Hamiltonian is an n-qubit Hermitian operator H € C>"*?", where
H = Z'J’.': | H;j, and H; acts nontrivially on at most k qubits. We always assume that

k is a constant, m = poly(n), and ||H|| < poly(n).

For any real number @, we use |« for the largest integer which is smaller than
@, and [a] for the smallest integer which is greater than @. We use In (or log) to

represent the logarithm w.r.t. the natural exponent e (or 2).

Let w be a random variable. We use w.p. as an abbreviation for with probability.
We say w is sampled from the uniform distribution [0, 1], if the probability density
function is p(w) = 1,Yw € [0, 1], and p(w) =0 forw < 0 and w > 1. We say w
is sampled from the exponential distribution of parameter A > 0, if the probability

density function is p(w) = de™ forw > 0, and p(x) = 0 for w < 0.

We also consider the truncated discretized version of the exponential distribution.

Definition 86 Let K be an integer, 6 € R be a small value, and 1 > 0. We
define the truncated discretized exponential distribution Dk s, as a distribution

k. In particular, we say w is sampled from Dk s 5 if the probability

LEER]

over {kd} k=01

[A)

Pryypg s, (W =ko) =
exp(—1kd) —exp(—A(k+1)5), f 0 <k <K-1
exp(—A1kd), ifk =K
0ifk <Oork > K.

Note that
Vk € {0, ...,K},PrWNZ)K’M (w > ko) = exp(—41k9).

Definition 87 (Succinct quantum state) We say an n-qubit normalized state |¢p)
is succinct if there exists a poly(n)-size classical circuit Cg which can compute
the amplitude of |¢) up to a common factor, that is, Cy(x) = cy(n) - (x|¢), where
0 <cg(n) <27 oY) is a function independent of x.

Note that if |@) is succinct then one can compute the ratio of amplitudes of |¢),

 (le) _ Col)
thatis, 7155 = &,

Cy(x) should be efficiently described by poly(n)-bits.

The requirement of c4(n) < 2P0ly(M) comes from the fact that
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Definition 88 (LHP with succinct ground state) Given (H,a, b) where H = Z;’; | H;

is an n-qubit k-local Hamiltonian, ||H|| = poly(n), m = poly(n), k is a constant;
a, b are two parameters and b —a > 1/poly(n). Besides, it is promised that one of
the following holds:

o Yes instance: A(H) < a, and there exists a ground state |y) which is succinct.

e No instance: A(H) > b.

The local Hamiltonian problem with succinct ground state is deciding whether

(H, a, b) is the Yes instance or the No instance.

We implicitly assume that there is a sufficiently large polynomial p(n) = poly(n),
such that every value in Definition 88, that is, (x|H|y), a, b, m, Cy (x) can be repre-
sented by p(n)-bits. More clarification on precision can be found in Appendix 4.11
Remark 6. To ease analysis, we also assume that we can use poly(n)-time to sample
the discretized exponential distribution Dk s 4 exactly for parameters specified in
Appendix 4.11 Remark 7.

Recall our main theorem is as follows.

Theorem 89 Under the precision assumptions (Remark 6 and Remark 7 in Appendix
4.11), LHP with succinct ground state is MA-complete.

We will prove Theorem 89 in the following sections. A remark is that a slightly
modified proof can generalize Theorem 89 from local Hamiltonians to sparse Hamil-

tonians whose spectral norm is bounded by poly(n).

4.3 Preliminaries
We first give two facts on the exponential function and the spectral norm, which will

be used repetitively. The proof can be found in Appendix 4.7.
Fact 90 Forany x € [-1,1], |e™ — (1 —x)| < 2x°.

Fact91 Ler S’ € S C {0,1}" be two non-empty sets. Let M € RISKISI pe ¢
Hermitian matrix. Let N € RISl be the submatrix of M by restricting rows and

columns in S’. Then

AM) < AN) < Apax(N) < Apax(M).
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In particular,

NIl < lIM]].

Reduction to real Hamiltonians

In Definition 88 the n-qubit k-local Hamiltonian H and n-qubit state |/) can have
complex values. This section is to explain w.l.0.g. we can assume that H and |¢)
are real-valued by adding one ancilla qubit. The following argument is simplified
from [Bra+23b].

Let |¢) be any eigenstate of H of eigenvalue . Write H = Hg + iH; where Hg, H;

are real-valued and k-local, write |¢) = |pgr) + i |p;) where |¢dgr),|p;) are real-

valued. Define an (n + 1)-qubit Hamiltonian A’ and (n + 1)-qubit states ¢ *) , |¢'1)

-1
N
[4°) = 162) 10) + 6 11)
1) =161 10) + 9w I1)

as

0
H=HpI+H/®

One can verify that |¢>'O> , |¢>'1> are orthogonal and are of eigenvalue a of H’.
Besides, for any orthogonal n-qubit states |¢) and |n), the set {|¢'0> ,|¢'1>} is
orthogonal to {|77'0> , |77/1>}. Let |¢) ranges over all 2" eigenvectors of H, one will
get a complete set of 2 - 2" eigenvectors of H. Thus H and H’ have the same

spectrum. In particular H and H’ have the same ground energy.

Given H, let |y) be its ground state, define the real-valued H’ and |w'0> as above.
Then H' is (n+1)-qubit, (k+1)-local. Further since H is Hermitian, thus Hp is sym-
metric and H; is anti-symmetric. Thus H’ is symmetric and thus Hermitian. Note
that one can efficiently calculate (x’|H’|y’), (x'|'%) with access to (x|H|y), (x|v),
where x, y are the first n-bits of x’,y’. Thus w.l.o.g. we assume that H, ) are

real-valued.

Review of the CTMC and Gillespie’s algorithm

This section is a brief review of the continuous-time Markov chain and Gillespie’s
algorithm. More can be seen in Section 6 of [And] and other textbooks on Markov
chain and random process [Nor98]. To ease notations, in the following we abbreviate
the discrete state space, discrete-time Markov Chain as DTMC; and abbreviate the

discrete state space, continuous-time Markov Chain as CTMC. In this section, we



130

use S C {0, 1}" to denote the discrete state space, P, G € RISXISI to denote matrices,

and x, y € S to denote the states. For simplicity, we abbreviate }’ ¢ as ...

To introduce CTMC, we first review the concepts related to DTMC. A DTMC
with discrete state space S is a sequence of random variables {£(j)}=o,1..., Where
&£(j) € S is the state at discrete time j. A DTMC is associated with a matrix
P € RIS which is called the transition matrix, where (y|P]x) denotes the
transition probability from state x to state y. P is a legal transition matrix iff P is a

stochastic matrix, that is,

(yIPlx) 2 0,Vx, y; and ) (y|Plx) = 1, V. 4.5)

y
The DTMC w.r.t. P is defined as the discrete-time stochastic process such that at
any time j where £(j) = x, one chooses the next state £(j + 1) to be y w.p. (y|P|x).

A CTMC with discrete state space S is a set of random variables {£(¢)};, where
&(1) is the state at time ¢, and ¢ can take values from a continuous interval, e.g.
t € [0,1]*. A CTMC is associated with a matrix G € RIS™ISI which is called the
generator, where (y|G|x) is called the transition rate from state x to state y. G is a

legal generator iff

(y|G|x) = 0 for y # x; and Z(ylGlx) = 0.
y

Note that when G is a legal generator, one can verify that exp(Gt) is a stochastic
matrix forany ¢ > 0. A remark is that, to make the notations consistent with previous
work [Bra+23b], stochastic matrix in this manuscript (defined as in Eq. (4.5)) has a
column sum of 1 instead of a row sum of 1. Also note that for a legal generator the

diagonal elements are non-positive, since
(x|Glx) = = > (7Glx) < 0.
y#EX

We say a distribution 7 over the state space S is a stationary distribution of the
CTMC w.rt. G if

¥y, > (GIG I (x) =0,

which will imply
D Glexp(Gnlxym(x) = 7 (), ¥y.

4The main difference between CTMC and DTMC is, in DTMC, the index of time is discrete,
while in CTMC, the index of time is continuous.
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There are multiple ways to define a CTMC, here we define a CTMC via Gillespie’s
algorithm as follows: Given a legal generator G € RISXIS| one can first define
a DTMC named the embedded chain, where the transition matrix P € RISXISI ig

defined as Vx,y € S,

0, ifx = y.
OIPX) =1 (y|Glx) . (4.6)

GG Y
The CTMC w.r.t. G can be defined via “Embedded chain + Waiting time”. Roughly
speaking, the CTMC w.r.t. G is defined as the continuous-time stochastic process
that when £ visits the state x at time 7, it will stay in the state x for a “waiting time”
At, where At is sampled from the exponential distribution with parameter |{(x|G|x)|.
Until time 7 + At, it will move to the next state y according to the embedded chain,
that is, w.p. (y|P|x). More precisely, here we define the CTMC w.r.t. a legal
generator G by the Gillespie’s algorithm, as shown in Algorithm 4.

Algorithm 4 Gillespie’s algorithm(G, x;;, t)

I: x «— Xjp,T < 0, £(0) «— x;p,
2: while v <t do

3 if |(x|G|x)| = O then
4: Set&(s) =x forall s € (7,1]
5: Tt
6: else
7: Sample u € [0, 1] from the uniform distribution [0, 1]
8: At « nl/w
(G
9: Seté(s) =xtoralls € (7,7 + At
10: T—T+AT
11: Sample y € S\ {x} from the probability distribution |g ||g||§§|
12: X<y
13:  end if
14: end while
15: Return x

Lemma 92 and Corollary 93 are properties of Gillespie’s algorithm. Lemma 92
describes the infinitesimal behavior of the CTMC. Roughly speaking, Lemma 92
says that at any time ¢ where the current state is x, during a very short time A,
the probability of staying in x is approximately 1 — |(x|G|x)|h. The probability of
jumping to y # x is approximately (y|G|x)h. What’s more, the probability that &
changes its value more than twice during the short time 4 is negligible. The formal

statement is as follows.
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Lemma 92 (Gillespie’s algorithm) Ler S C {0, 1}" be the state space, x;, € S,
and G € RIS pe a legal generator. Let h be an infinitesimal value. Consider the

random variable ¢ in Algorithm 4 w.r.t. (G, X, 1).

For any s < t, let T(x,h) be the number of transitions between time [s,s + h|

conditioned on £(s) = x, that is, the number of times that & changes its values. Then

Pr(T(x,h) =0) =1 — |(x|G|x)|h + O(h?),
Pr(T(x,h) >2) = 0(h?),
Pr(T(x,h) =1,&(s+h) =y,y #x) = (y|G]x)h + O(h?).

Using Lemma 92, one can prove the following.

Corollary 93 (Gillespie’s algorithm) Ler S C {0, 1}" be the state space, x;, € S
and G € RIS pe a legal generator. For any s € [0,t], the random variable
&(s) € S generated by the Gillespie’s algorithm w.r.t. (G, x;,,t) is distributed
according to

7s(x) = (x| exp(Gs)|xin), Vx.

In other words, Gillespie’s algorithm w.r.t. (G, x;,,t) simulates a random process
with transition matrix exp(G's). One can find the proofs for Lemma 92 and Lemma

93 in standard textbooks on Markov chain and random process.

Fixed Node Hamiltonian

Itis well-known that one can connect stoquastic Hamiltonian to Markov chain [Bra+08].
However, in Definition 88 the n-qubit k-local Hamiltonian H can be general and
might not be stoquastic. The fixed node quantum Monte Carlo method [Ten+95] is

a method that transforms any real-valued Hamiltonian to a stoquastic Hamiltonian.

In this section, we give a brief review of the fixed node quantum Monte Carlo
method, which will be used in our protocol later. For technical reasons, in this

section, we do not directly consider n-qubit Hamiltonians. Instead we consider

* AsetS c {0,1}".
* A real-valued symmetric’ matrix H € RISXISI,

* A real-valued state |¢) € RIS,

SReal-valued Hermitian matrix is real-valued symmetric matrix.
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The fixed node Hamiltonian F:1#) € RISXIS| is defined as follows: for X,y €S,

0 if (x,y) € S*;
(x|H|y), if (x,y) €57,
@FTy) =1 1y 8219 (4.7)
(x|H|x) +Z:()§€S+(x| |z) 10)
ifx =y,

where

ST ={(x,y) : x # y and (¢|x)(x|H|y){y|¢) > O},
§™={(x,y) : x # y and (¢|x){x[H|y){y|¢) < 0}.

The key properties of F¢ are

Lemma 94 ([Ten+95], also in Lemma 2 of [Bra+23b]) Given any real-valued sym-
metric matrix H € RSS! and any real-valued regularized® unnormalized n-qubit
state |¢) € RIS!7 | define the fixed node Hamiltonian F?-¢ € RISXIS| a5 above. Then

(1) F1¢ is symmetric and real-valued thus Hermitian. Besides, F™-? is stoquastic

modulo a change of basis |x) — sign ({x|¢)) |x) .
(2) F™2\¢) = H|¢).

(3) A(F1?) > A(H) for any |¢). If further |¢) is the ground state of H, then
A(FH9) = A(H) and |¢) is the ground state of F™-?, that is,

F0 1) = A(F™"?) |g) .
For completeness, we put a proof in Appendix 4.8.

CTMC related to F7-¢

Define F-¢ € RISIS| a5 in Section 4.3. Tt is worth noting that the norm of F#-% i.e.
|F#-||, can be exponentially large, since {x|¢) may be exponentially small for some
x. As we discussed in the proof overview in Section 4.1, the exponentially large

norm influences the mixing time in the quantum Monte Carlo methods designed

®Otherwise Lemma 94 (1) is not a basis change thus not well-defined. In particular if |¢)=0,
then FH#-¢ = H and FH-¢ might not be stoquastic.
7|$) can be arbitrary state. It is not necessary to be the ground state.
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for stoquastic Hamiltonians. To handle this problem, [Bra+23b] describes a generic
way of converting a stoquastic Hamiltonian into a generator matrix of a CTMC.
More details can be found in Lemma 3 of [Bra+23b]. As a concrete application,
[Bra+23b] applies this method to the Fixed node Hamiltonian and defines a matrix
GH¢ e RISXISI based on FH79. Specifically, for any x, y € S, define

OIGH41x) =A(FH9)5, . — (y|F7#10) 12 *3)

(xl¢)
where ¢, = 1iff x = y and 6, , = 0 otherwise. To avoid confusion, we emphasize
here that we will define a slightly different G*+¢ in the following section in Eq. (4.15),
which is used in the final verification protocol. For now, we temporarily focus on
G It is worth noting that G”¢ is not symmetric. The properties of G#+¢ are

summarized as follows.

Corollary 95 (Corollary of Lemma 3 in [Bra+23b]) Given any real-valued sym-
metric matrix H € RSS! and any real-valued regularized state |¢) € RIS!. Define
GH? as in Eq. (4.8).

(1) The spectrum of(~}H’¢ is the same as the spectrum of A(F7-9)[ — FH-9.

(2) (y|(~}H’¢|x) > 0 for y # x. Further if |¢) is an unnormalized ground state of
H, then for any x, we have Zy(ylaH’q’lx) = 0. Thus GH% is a legal generator
of a CTMC.

(3) If |¢) is an unnormalized ground state of H. Define ¢ = || |¢) ||? and n(x) =
|(x|@)|>/c. Then for any y, Zx(y|5H’¢|x)7T(x) = 0, thus © is a stationary
distribution of the CTMC w.r.t. G119,

The key result in [Bra+23b] is proving Gillespie’s algorithm, i.e. Algorithm 4, can
efficiently simulate the CTMC w.r.t. G™-?_ The formal statement is in Lemma 96.

For completeness, we put a proof in Appendix 4.9.

Lemma 96 (Lemma 4 in [Bra+23b]) Given any real-valued d-sparse symmetric
matrix H € RS and real-valued regularized unnormalized state |p) € RIS!

where |@) is a ground state of H. Define G4 as in Eq. (4.8).

For any xi,,t, denote k(xi,,t) as the number of transitions in Algorithm 4 w.r.t.
(GH®, x;n, 1), that is, the number of times that £(s) changes its value. Then there

exists Xi, € S such that (X;,|¢) # 0 and the number of transitions satisfies that

|
Pr (K (fimr 1) < dn3t||H||) > = (4.9)
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Note that Lemma 96 is highly non-trivial, since the norm of G can still be
exponentially large. In particular, in Algorithm 4 line 8, AT may be exponentially
small. Since the running time of Algorithm 4 is proportional to the number of
transitions, exponentially small AT may cause Gillespie’s algorithm w.r.t. (G119,
Xin, 1) to take exponentially long time, even for t = O(poly(n)). In the CTMC
literature, it means that the CTMC may transit exponentially many times in a small
time interval. However, Lemma 96 proves that with high probability, the number of

transitions is bounded, when H is sparse and has a small norm.

4.4 The MA verification protocol

In this section, we describe a MA verification protocol for deciding the local Hamil-
tonian problem with succinct ground state, which is defined in Definition 88. Firstly
in Section 4.4, we will argue that w.l.o.g., we can assume that the instance (H, a, b)

from Definition 88 satisfying
a=0and b > 1/poly(n).

Then in Section 4.4 and Section 4.4, we will give two verification protocols based

on different assumptions. In particular,

* In Section 4.4 we assume Assumption (i): we can sample u# from the uniform

distribution [0, 1] in poly(n) time.

* InSection 4.4 we substitute Assumption (i) by Assumption (ii): we assume that
we can use poly(n)-time to sample from the truncated discretized exponential

distribution Dk 51 with parameters specified in Remark 7 in Appendix 4.11.

In both Section 4.4 and Section 4.4, we show that there is a poly(n)-time algorithm
which takes inputs in the form of an n-qubit local Hamiltonian H, a poly(n)-size

circuit Cy4 for a succinct state |¢), and an n-bit string x;,,, such that

» If (H,a, b) is a Yes instance, there exists Cy and x;, s.t. the algorithm accepts

Ww.p. = constant;

 If (H, a, b) is a No instance, then for any Cy4 and x;,,, the accepting probability

is exponentially small.

The proof in Section 4.4 captures the key technical ideas. The proof in Section 4.4
further addresses the errors introduced by discretization and is our final proof for
Theorem §9.
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Preprocessing

Given an instance (H*, a*, b*), where H* = ;71:1 H;‘ is an n-qubit (k — 1)-local
Hamiltonian, m is the number of terms in H. Here k is a constant, m = poly(n)
and ||[H*|| = poly(n).

By Section 4.3, w.l.o.g. we assume that H* are real-valued symmetric 2*m-sparse
matrix, and is of size 2" xX2". Besides, the ground state of H*, denoted as |¢*) € R%",

is also real-valued.
For the MA protocol, the witnesses are
(i) A real value A*, which is supposed to be A(H*)®. W.l.o.g. we assume that

A* < a*, otherwise we reject immediately.

(ii) A poly(n)-size circuit Cg+ which succinctly represents the state [¢*). |¢*) is
supposed to be the ground state of H™.

(iii) A computational basis x? € {0, 1}", which is supposed to satisfy Lemma 96

w.r.t. (GHs9s x;,.t) which will be defined later. In particular,

e Hg, |ps) ,x;, are defined in the following paragraphs.
o GHs:%s is defined in Eq. (4.15).

o et

€:=b"—a" =1/poly(n), (4.10)
t:=8(n+p'(n))/e, 4.11)

where p’(n) = poly(n) is defined in Remark 8 in Appendix 4.11.

Specifically, define

H:=H" - 1], (4.12)
|¢) = 1¢7), (4.13)
Xin i=X},,. (4.14)

The following properties hold:
* In the Yes instance, since A", |¢*) are the ground energy and the ground state
of H*, we have A(H) = 0 and |¢) is the ground state of H. That is,

H|¢) = 0.
8By Remark 6 in Appendix 4.11, A(H*) can be represented by poly(n) bits exactly.
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* In the No instance, since A(H*) > b* and 1* < a*. We have

A(H) > €.

Define
S := Supp(|$)).

Define Hy € RISXISI to be the submatrix of H whose rows and columns are taken
from the set S. Similarly we define |¢s) from |¢). The main reason we define
Hg, |¢s) is to make the proof rigorous. Feel free to assume that |¢) is regularized,
and thus Hg = H, |¢s) = |¢). One can check the following.

Claim 97 Suppose S + 0,

e Hy is symmetric real-valued, 2*m-sparse, where m = poly(n) and ||Hs|| =
poly(n). Besides, |¢s) is real-valued and regularized.

o In the Yes instance, Hs |¢s) = 0, A(Hs) = 0°. |¢s) is a ground state of Hs.

e [n the No instance,

A(Hg) = A(H) = € = 1/poly(n).

e Forx,y € S, (x|Hs|y) and Cyg(x) can be easily computed in poly(n) time,
which is obtained by directly computing (x|H|y) and Cy(x).

Proof: It suffices to notice that by Fact 91, when S # 0, we have

/l(H) < A(HS) < /lmax(H),
IHsll < [[HI|| < poly(n).

Define F¥s%s as in Eq. (4.7). Note that here instead of using G5-?s as in Eq. (4.8),

we will use Gs-¢s defined below:

(1GT545]x) = ~(y| o5y D195) @.19)
(x16s)

9Since A(Hs) > A(H) = 0 by Fact 91, and 0 is achieved by |¢s) .
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The main reason that we use G595 instead of GHs-¢s is our setting is different
from in [Bra+23b]. More specifically, in [Bra+23b] |¢g) is trusted and is always the
ground state, in this situation

A(FHs9s) = A(Hy).

By Lemma 94 (2), the value A(F#5:#s) can be computed by

Hs.ds) — _ (lHslgs) _ (rlgs) 416
A(F15%) = A(Hs) = =205 j§]<x|hkwy><x|¢s>, (4.16)

where x € § satisfying (x|¢s) # 0. However, in our setting, in the No instance,
|¢s) can be any adversary state. The “A(FHs:#s)” calculated by Eq. (4.16) cannot

be trusted and might break the soundness of the protocol.

Here are some other remarks. Note that in the Yes instance, Eq. (4.8) and Eq. (4.15)
coincide since A(FHs:#s) = 0. It is worth noting that G#5:#s is not symmetric.
However, since F/5:#s is symmetric, by similar argument as Corollary 95 (1) we

have the following.

Fact 98 Gs%s s always diagonalizable and has the same spectrum as —Fs-9s,

As explained in Remark 8 in Appendix 4.11, there exists a polynomial p’(n) > p(n)
such that

amax(GHs#s) < 2"

IGHS 051, [|FFisos) < 272,

Besides, if (x|GH5:%s|y) # 0, then

<x|GHS,¢S|y> > 1/217'(”)’

Protocol with continuous-time randomness
In this section, we assume that we can sample u from the uniform distribution
[0,1] in poly(n) time. Let Hg, |¢s) be the Hamiltonian and the state after the

preprocessing procedure in Section 4.4 Claim 97.

The verification protocol is shown in Algorithm 5. The protocol is very similar to
the truncated version of Gillespie’s algorithm used in [Bra+23b]. The key difference
1s, instead of returning x, we add a checking procedure in line 11, and this algorithm
returns Accept/Reject. Besides, we use G¥5:?s defined in Eq. (4.15) instead of
G'1s-%s in Eq. (4.8).



139

Compared to the setting in [Bra+23b], it is worth noting that in our setting, |¢g) can
be adversarial which might not be the ground state, thus G/5°#s might not be a legal

generator. The first thing to check is that Algorithm 5 is well-defined:

Claim 99 Algorithm 5 is always well-defined and each line can be performed in
poly(n) time.

Proof: By line 4, w.l.o.g. we assume that S # () otherwise we reject immediately.
Then Gs¢s FHs-9s are well-defined since S # 0. Also note that line 4 implies a

good x;, which is not rejected by Line 5 should satisfy

<xin|¢> # 0.

Furthermore, by definition of GHs-9s thatis, Eq (4.15), we have that all the x visited
by the algorithm in Line 25 satisfies {(x|¢) # 0.

For line 11, since G5:%5 is poly(n)-sparse, one can use poly-time to

« list all z where (z|Gs:?s|x) # 0,

e compute Y _s{z|G"5s|x) and check whether one of them is strictly negative.

Similarly since G5:?s is poly(n)-sparse, in line 24, one can use poly-time to list

all y where (y|Gs%s|x) # 0, and efficiently sample y from the distribution.

Besides, when the conditions in line 11 are not satisfied, it is guaranteed that the

sampling procedure in line 24 is always well-defined, that is,

Hs,¢s Hg,¢s
Z |<y|G |x) ~ land (|G |x) > 0fory # 1.

and ——————
£ |(x|G P55 ) |(x|GHs:s]x)|

GIGHs-9s |x)
[(x|G*s-95]x)|
in Algorithm 5 are all in S. Thus all the lines querying entries of G75:#s|x) are

well-defined.

Besides, by definition > 0 implies y € S. Thus all the “x” that & visits

The performance of Algorithm 5 is summarized as follows. The proof is in Section
4.4,

Theorem 100 For any (Hs, ¢s, Xin), Algorithm 5 always runs in polynomial time.

Besides,
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Algorithm 5 Checking(Hs, ¢s, xi)

1:

k20 > Record the number of transitions

2: x<—xin,T<—0,§(0) € Xin

3:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:
23:
24
25:
26:
27:
28:
29:

R e S

Sett =8(n+ p’(n))/e and M = 2kmn’t||H||
if x ¢ S then >A good x;, should satisfy (x;,|¢) # 0
Return Reject
end if
while 7 < t do
if Cy,(x) is not represented by p(n)-bits then
Return Reject >Check the format of Cy (x)
end if
if Y.c5(z|GTs?s|x) £00r Ty # x,y € S s.t. (y|GH5¢S|x) < 0 then
Return Reject >Add a Check
end if
if « > M then
Return Reject
end if
if |(x|G"s:?s|x)| = O then
Set&(s) =x forall s € (7,1]
Tt
else

Sample u € [0, 1] from the uniform distribution [0, 1]
AT In(1/u)

[(x|GHs-9s]x)|
Seté(s) =xforall s € (1,7 + At]

T—T+AT
Sample y € S\ {x} from the probability distribution
Xy
K—«k+1
end if
end while
Return Accept

GIGHs s |x)
[(x|G™s-¢51x))|

o For the Yes instance, there exists ¢s, xin such that Algorithm 5 accepts w.p.
>1/2.

® [n the No instance, ¥ ¢s, Xin, Algorithm 5 rejects w.p. > 1 —27".

Analysis

Note that the number of iterations in Algorithm 5 is bounded by M = poly(n). By

Claim 99 each line can be performed in poly(n)-time, thus the algorithm always

runs in polynomial time.
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In the following, we say a string x “pass line 117 if x does not satisfy the conditions
in line 11, thus will not be rejected immediately in line 12. In the following we give

the proof of completeness and soundness.

Proof:[of Completeness of Theorem 100.] In the Yes instance, we have that
A(Hg) =0 and |¢g) is the ground state.

By Lemma 94 (3),
A(FHs:%s) = 2(Hs) = 0.

Thus GHs:?s coincides with G55, see Eq. (4.8) and Eq. (4.15). By Lemma 96,
we know that there exists x;, € S such that
(Xin|ps) # 0, (4.17)

Pr (k (xijn,t) < M) >

1
z 5 (4.18)

Besides, by Corollary 95 (2), we know that

VxS, ) (@G ) =0,

z€eS

Vy #x,x €S,y €S, (y|GIs9s|x) > 0.

Thus the checks in line 4, 11 in Algorithm 5 are always passed. The check in line
14 in Algorithm 5 is passed with probability greater than % Thus in summary, the
probability of accepting is greater than 1/2.

Proof:[of Soundness of Theorem 100.] W.l.0o.g. assume line 4 is passed, otherwise

the protocol rejects immediately. Thus we have
(Xinlps) # 0 thus |¢ps) # 0.
In the No instance, we know
A(Hg) = € = 1/poly(n), (4.19)

|¢s) can be an arbitrary adversary state, and Hg |¢g) # O.

In the No case G/$:#s might not be a legal generator of a CTMC. To analyze the

soundness, we consider another algorithm without the check in line 14, that is,
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deleting lines 14, 15 and 16. Denote this new algorithm as Algorithm 5*. The
accepting probability of Algorithm 5 can only be less than Algorithm 5* 1.

Define S,,04 be the set of strings which pass line 11. That is,

Seood :={x € S| ) (IG5 |x) = 0,
yeS

Vy #x,y €S, (y|GH#5?|x) > 0}. (4.20)

W.o.l.g. we assume that the first execution of line 11 is passed, otherwise the

protocol rejects immediately. Thus we have

éf(O) =Xip € Sgaod-

Let G?OSO’(ZS and F;‘Z’gs be the submatrix of GHs-9s FHs:¢s where the row and

column indices are in Sg04. Let |¢5 > be the state restricting |@s) in Sgooq. Itis

good
worth noting that

G?{fov‘zs + GHSgoud’¢Sgood , (421)

since the diagonal elements are different. Instead,

Hg, . Hg, . _
G oty = Diag($s,,,0) (= Fpog®)Diag (fs,,,0) ™" (4.22)

We claim that

Claim 101
/lmax(_FZijs) < —€,
Hs,
lexp(=Fyprg )l < 1 - €/2.

where € = 1/poly(n) < 1/2,

Proof: By definition |¢5g > is regularized. Note that by Lemma 94 (3), we have

ood

A(FHs:?s) > A(Hg) > e. (4.23)

10Imagine running Algorithm 5 without any checks, that is, without line 4, 11 and 14, and we
write down all the possible logs on a paper. Each log corresponds to a probability. What the checking
procedure does is assigning reject to some logs. Less check, Less reject. It is possible that Algorithm
5 runs in exponential time. We do not care about the efficiency of Algorithm 5%, we only use it as a
technique to bound the accepting probability of Algorithm 5.
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Since —Fs-%s is symmetric and thus Hermitian, by Fact 91 we have

/lmax (_FHS,¢S)

Hg,
good < /lmax(_F § ¢S)

— _/l(FHSs¢S)
< —€.
Note that
exp(—x) <1 -x/2forx <1/2,

and by definition of exp(-), we know all eigenvalues'' of exp(—FgfiSO’gS) is non-

negative, thus we conclude that!?

I exp(—F;f;j;S)n <1-¢€/2fore<1/2.

In the following, we show that, although G*s-%s does not correspond to a legal
generator, Algorithm 5* w.r.t. to G¥s:#s still have similar infinitesimal properties as

Lemma 92. The properties are summarized in Claim 102.

To describe Claim 102, we define some notations. Consider running Algorithm 5*

W.I.L.
(GHS’¢S » ¢S’ Xin)a

for some x;,'3. Let 7,,4 be the value of 7 when Algorithm 5 returns Accept/Reject.
Let £(s), s € [0, Tenq] be the £(s) in Algorithm 5*. We know that

£(s) € Sgooda Vs € [0, Tena).

To clarify, 7,,4 and ¢ are random variables. For any fixed s, z, let ¢| be the first time

that & changes its value after time s, conditioned on 7,,; > s and £(s) = x, that is,

cr=min{n : > 5,£() # X|Tena > 5,£(s) = x}.
Similarly, define c; to be the second time that £ changes its value after time s, that
is,

cy =min{n : 0 > c1,&(n) # £(c1)[Tena > 5,£(5) = x}.

is diagonalizable since it is Hermitian.

11 Hs, ¢s
Fgood

Rexp(-F, Hs.#s ) is Hermitian, thus its spectral norm is its maximum absolute value of eigenval-
good

ues. It is worth noting that exp(GHS’¢S) is not Hermitian, although it has the same spectrum as
good
exp(—Fgfo’jS ), they do not have the same spectral norm.

13 A probability distribution of x;,, will not get a higher acceptance probability than one particular
Xin which maximize the accepting probability.
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Claim 102 For any fixed s < t, any x, let h be an infinitesimal value. Use notations

defined above. Conditioned on Teng > s and &(s) = x, we have'

® The probability that To,q > s+h and & does not change value in time [x, x + h]

is

Pr(cy = s+ h|teng > 5,&(s) = x)

=1 - [(x|GH?S|x)|h + O(h?). (4.24)

o Fory # x,y & Sgo0d, the probability that Algorithm 5 ends in time between
[s, s+ k] by hitting y is

Pr(cy < s+h,&(c1) = y|tena > 5,€(s) = x)
= (y|GH?S|x)h + O(h?). (4.25)

® Fory # x,y € Sgo0d, the probability that & hits y in time ¢y € [s,s + h], and
keeps iny in [cy,s + h] is

Pr(cy £s+h,é(c1) =y,¢c0 = s+ h|teng > 5,6(s) =x)
= (y|GHs?S|x)h + O (h?). (4.26)

e The probability of other events, that is, the probability that ¢ changes its value

15

more than once™> in [s, s + h] is

Pr(cy < s+ h|Teng > 5,&(s5) = x) = O(h?). (4.27)

We rigorously prove Claim 102 in Appendix 4.10 using properties of the exponential
distribution. On the other hand, one can intuitively imagine the correctness of
Claim 102 from Lemma 92: although G*5:#s may not be a legal generator, one can
consider another legal generator G € RISISI which is obtained by setting column
(x|GHs9s|x) to O for x ¢ Sg00a- Lemma 92 holds for this legal generator G, and
notice that the Algorithm 5* behaves the same w.r.t. G5:%s as w.r.t. G conditioned

on it never hits x ¢ Sgo04-

With Claim 102 we can prove:

14We use ¢ to state this theorem instead of using the number of transitions as in Lemma 92, since
our algorithm ends immediately when it hits a not-good string. It’s a bit tricky to use the notion of
number of transitions in time [s, s + /] here.

15¢ may or may not hit a not-good string in 5.
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Claim 103 The accepting probability of Algorithm 5* w.r.t. (G595, ¢, x;,) is less
than 1/2".
Proof: Consider the random process generated by running Algorithm 5* w.r.t.

(GHs9s g, xin). W.lo. g. assume that x;, € S otherwise line 4 rejects immediately.

Let P,(s) be the probability that 7.,; > s and £(s) = x. Note that by definition of
Algorithm 5%,
f(T) € Sgood, V1 € [0’ Tend]-

Let |Pgooa(s)) € RISzecdl be the vector
[...,Pc(s),...]  forx € Sqo00d-

Let A be an infinitesimal value, by Claim 102, we have for any z € Sgs04,

Po(s+ 1) = Po(s) (1= |GG 5 2)|h + O(h)

&(s) =z, staysin z till s+ &

w2 P (@G h o)

X:X#2,X€8g00d

&(s) = x, jump to z between time [s, s + &), stays in z till s + &

+ O(h?). (4.28)
~——
£(5)€Sg00d, jump more than once in [s, s + /]
but finally stay z in s + &

Note that by the definition of S,,,4, We have

(IG5 Osfy == ) (IGH 1)

y#x,y€S
<0.

Thus we have for z € S;004,
~[(z|Gs:9512)| = (2| GT'$:95]2).
Thus Eq. (4.28) is equivalent to

Ps+h) =P(s)= > GIG"|)P(s)h+O0(h)

xesgood

= > @GS P()h+ O,

xesgood
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where the last equality comes from the fact that z, x € Sg504. Thus

’ Hs,
P/(5) = (2l G o5 |Pgooa(s)),

Hs,
ﬁP;’ood(s) = GgOS;ZS |Pgaod(s)> s

:>Pgood(s) = eXp(GgOSO(ZSS) |Xin) -

Thus

Pr(Algorithm 5% Accept) (4.29)

= Pr(Tepa > t)

= ), P

ZESgnod

D (el exp(Grsen) xin)

ZeSgood

= ) (2IDiag(ps,,,,) exp(~F st t) Diag(s,,,.) " xin)

ZESgood

S0 ) exp( ) )

ZeSgol)d <xln |¢S>

By Claim 101 and Remark 6 in Appendix 4.11 we know that

<Z|¢S> Heds
- in 4.30
ZQSZ < ln|¢S> | Xp( good t) |x > ( )
(z|ps) Hows o1
ZG;L’Uod (Xin|ps) . ‘<Z| exp(= Fgoad ) |xin)
<2"- 270 (1= €/2)f 4.31)
<2

for sufficiently large

t > 8(n+p'(n)/e = 8(n+p(n))/e,
where € < 1/2. [ ]

Thus by Claim 103 finally we conclude that the accepting probability of Algorithm
5, is smaller than the accepting probability of Algorithm 5%, which is smaller than
27,
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Protocol with discrete-time randomness

Recall that we denote S C {0, 1}" as the state space, G € RISXISI as a matrix,
and x,y € S as the states. Additionally, p’(n) = poly(n) is a precision parameter
explained in Appendix 4.11 Remark 8, and M is the upper bound of the number of

transitions used in Algorithm 5,

M =2 mn? - 8(n+ p’(n))/e - |H|| = poly(n).

In this section, we replace the assumption from Section IV B—that one can sample
uniformly from [0, 1] in poly(n) time, and thus can sample from an exponential
distribution in poly(n) time—with its discrete approximation. In particular, we
assume that we can use poly(n)-time to sample from the truncated discretized
exponential distribution Dk s, as in Remark 7 in Appendix 4.11. The value of A

will be specified later in the algorithm, while K and ¢ are chosen to be

5:=22/M, (4.32)
K := [2P"™W*2 0\ (n1n 2 + In M))]. (4.33)

Note that Dk s 1 serves as a discrete approximation of the exponential distribution

in the following sense.

Claim 104 Sample a random variable At according to the exponential distribution
with parameter A. Let Atp be the rounded value of At, which is the largest value in
the set {kd}=o.... k that does not exceed At. Then the distribution of Atp is Dk s 1.

Here, the subscript D in Atp refers to the “discrete approximation”.

The discretized MA verification protocol is derived by modifying Algorithm 5:
First, for clarity, we rename the variables (7, At, &) to (tp, Atp,&p). Due to the
discretization error, in line 3 we change the value of ¢ from 8(n + p’(n))/€ to
(=27") + 8(n + p’(n))/e. Finally, we replace the continuous-time process (lines 21,

22 and 23 in Algorithm 5) with its discrete approximation, as shown below.

Sample Atp from Dy s | GHs-os|v))|
Setép(s) =x forall s € (tp, Tp + Atp]
Tp < Tp + ATD

We denote the discretized MA verification protocol as Algorithm 5D. The perfor-

mance of Algorithm 5D is summarized as follows.
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Theorem 105 For any (Hgs, ¢s, xin), Algorithm 5D always runs in polynomial time.

Besides,

e [or the Yes instance, there exists ¢s, X;, such that Algorithm 5D accepts w.p.
>1/2-27"

® [n the No instance, N ¢s, Xin, Algorithm 5D rejects w.p. > 1 -3 .27

Connecting Algorithm 5 and Algortihm 5D

Based on Claim 104 we can interpret the discretized distribution Dg 5,4 as being
derived from rounding the exponential distribution. Using this perspective'®, we will
prove Theorem 105 by showing that Algorithm 5D is a good discrete approximation
of Algorithm 5.

More specifically, to aid in the proof of Theorem 105, we define a new algorithm that
couples the continuous and the discrete processes. The full description is provided
in Algorithm 6. Algorithm 6 is derived by modifying specific lines in Algorithm 5

as follows.

® Change line 2 to contain the variables for both the continuous and discrete

process:

X — Xip, T 0, £(0) «— x;p,

™ — 0,&p(0) X

@ Delete the sentence in line 3. To keep Algorithm 6 flexible as an analytical
tool, we do not assign specific values to ¢ and M. Accordingly, we modify
line 7 to “While True” which means loop forever. Additionally, we remove

the sentences in lines 14, 15 and 16, and delete line 29.

® Modify lines 21, 22 and 23 to include the updates for both the continuous and
discrete processes. In particular, the discrete process is derived by rounding

the continuous process:

Sample u € [0, 1] from uniform distribution [0, 1]

In(1/u)
AT = RiGHs o)

Set&(s) =xforall s € (7,7 + A1]

16We thank the anonymous reviewers for suggesting this connection, which significantly simplifies
the proof.
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Algorithm 6 Checking_Compare(Hs, @5, Xin)

1:

k<0 >Record the number of transitions

2: x — xjp, T — 0,£(0) « x4,

10:
11:
12:
13:
14:
15:
16:
17:
18:

19:

20:
21:

22:
23:

24
25:
26:
27:
28:
29:

R N

7p < 0,£p(0) « xin
>Do not specify M, t.
if x ¢ S then >A good x;, should satisfy (x;,|¢) # 0
Return Reject
end if
while True do
if Cy,(x) is not represented by p(n)-bits then

Return Reject >Check the format of Cy (x).
end if
if Y.c(z|GHs?|x) #0or Ty # x,y € Ss.t. (y|G75:?5|x) < 0 then
Return Reject >Add a Check
end if

>Delete the check «k > M

if |(x|GHs-%s|x)| = 0 then
Set &(s) = x for all s € (7,+00];
Setép(s) =xforall s € (1p,+0];
T — +00
Tp 400
else
Sample u € [0, 1] from uniform distribution [0, 1]
AT = |<x|gl§,!;2 )
Seté(s) =xforall s € (1,7 + At]
T— T+AT
Let Atp be the rounded value of At, which is the largest value in the set
{k6} k=0, k that does not exceed AT.
Setép(s) =xforall s € (tp, Tp + Atp]
TTp < Tp + ATD

Sample y € S\ {x} from the probability distribution &i:g:s;ﬁjti;'
Xy
Ke—«k+1
end if
end while
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T— T+AT

Let Atp be the rounded value of Ar, which is the largest value in the set
{k6} k=0, k that does not exceed AT.

Setép(s) =xforall s € (tp, 7p + Atp]

Tp < Tp + Atp
We similarly modify lines 18 and 19.

Algorithm 6 either returns “Reject” or loops forever. By Claim 104 and the con-

struction of Algorithm 6, we know that

* the random variables (7, &) evolves in the same way as (7, &) in Algorithm 5,

* the random variables (7p, £p) evolves in the same way as (7p, £p) in Algo-
rithm 5D.

Here, we outline the key observations needed to prove Theorem 105. A more formal
proof will follow in the next section. Roughly speaking, to establish that Algorithm
5D is a good discrete approximation of Algorithm 5, we analyze the differences
between the random variables (7p, £p) and (7, &) in Algorithm 6. Specifically, we
observe that:

* The sampling of At or A7p is independent of the other steps and can therefore

be analyzed separately.

* By construction, |A7—A7p| < § unless At > K&, which is unlikely to happen.
When we further set an upper bound # = poly(n) and terminate Algorithm
6 once T > t, the accumulated error between 7p and 7 is most likely within

0 X (number of transitions in &).

* Note that ¢ is exponentially small. As long as the number of transitions is
poly(n), we ensure that |t — 7p| is exponentially small. In the Yes instance,
Lemma 96 guarantees a non-trivial probability that the number of transitions
is poly(n). In the NO instance, the additional check “If x > M then Return
Reject” in Algorithm 5 and Algorithm 5D ensures that any adversary who

successfully cheats can only have M = poly(n) transitions.
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Proof of Theorem 105
The formal proof of Theorem 105 is as follows. For Algorithm 6, let «(x;,, 7c) be

the random variable which denotes the number of transitions in &(s) for s € [0, 7¢].

Similarly, let «p (x;,, Tp) denote the number of transitions in &p (s) for s € [0, 7p].

To simplify the notation, we use 7¢,fp and M to represent the values specified in
Algorithm 5 and Algorithm 5D:

tc :=8(n+p’'(n))/e, (4.34)
it =tc—27", (4.35)
M = 2"mn’ic||H]|. (4.36)

Note that the ¢ and K from Egs. (4.32)(4.33) satisfy

M6 <27,
M - exp(-AK§) < 27", for A > 277"

Proof:[of Completeness of Theorem 105] Compared to Algorithm 35, its discretized
version (Algorithm 5D) only modifies the sampling of the waiting time, replacing
At from a continuous process with its discrete approximation Atp. The sampling
of At or Atp is independent of the other steps. Thus the Completeness proof of

Theorem 100 also works for Theorem 105, except that we need to bound

Pr(kp(xin,tp) < M) instead of Pr(k(x;n,tc) < M).

According to the randomness in Algorithm 6 we define the following two events.
Event; is described w.r.t. the variables in the discrete process, and Event, is

described w.r.t. the variables in the continuous process:

Eventy := {kp(xin,tp) < M},

Eventy :={k(xjy,tc) < M, and for all the
transitions in £(s) for s € [0, 7¢],
none of the At is greater than K¢.

(Thus |AT — Atp| < 6)}.

Notice that Event, implies Event| since tp < tc — M¢. Thus we have

Pr (kp(xjn,tp) < M) > Pr(Event,). (4.37)
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To estimate Pr(Event,), firstly note that the probability that a particular At exceeds
K¢ is negligible. More specifically, from line 21 in Algorithm 6, At is sampled
from the exponential distribution with parameter A, := |(x|Gs:%s|x)|. By line 17

we have A, # 0, thus by Remark 8 in Appendix 4.11 we have
A, =270
Thus w.r.t. a particular x, we have

Pr(At > K6) = exp(-1,K6) <27"/M. (4.38)

Thus begin with Eq. (4.37) and apply a union bound, we conclude that

Pr (kp(xin,tp) < M) (4.39)
> Pr(Eventy)

> Pr(k(xip,tc) < M)—-M-27"|M

>1/2-27",

where Pr(k(x;n,tc) < M) > 1/2 is from the completeness proof for Theorem 100.
[

Proof:[of Soundness of Theorem 105] Recall that Algorithm 6 either returns
“Reject” or loops forever. We define 7,.; and 7,.; p as the random variables which
denote the value of 7 and 7p respectively, at the moment Algorithm 6 returns

“Reject”.
Define two events w.r.t. the variables in the discrete process:
Events :={Ty¢j,p > tp, and kp (Xjy,tp) < M},
Events :={ty¢j,p > tp, and kp (xiy,tp) < M
and for all the transitions of &p () for

s € [0,1p], none of the At exceeds K¢.

(Thus |AT — Atp| < 6)}.

By the construction of Algorithm 6 we have

Pr(Algorithm 5D Accept) = Pr(Events). (4.40)
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Since the probability that a particular A7 exceeds K¢ is negligible, similar to the

above Completeness proof of Theorem 105, using a union bound, we have

Pr(Event;) < Pr(Eventy) + M - 27" /M
= Pr(Eventy) +27". (4.41)

Moreover, Events implies the event {7,.; > tp — MJ}, which is described w.r.t. the

variables in the continuous process. Thus in the No instance,

Pr(Algorithm 5D Accept)
<Pr(Events) +27" (4.42)
<Pr(Tre; 2 tp — M&)+27"
SPr(trej 2tc—2-27")+27"
=Pr(Algorithm 5% Accept when (4.43)

tissettotc —2-27") +27".

Recall that Algorithm 5* is defined in Section 4.4, which is Algorithm 5 without the
check “if k > M, then Return Reject”. Using the same analysis as in Claim 103, in
particular Egs. (4.29)(4.30)(4.31), we have that

Pr(Algorithm 5* Accept when 7 is setto rc — 2 -27"))
< 2" .23 (] - g/2)lc7FE"
<2.27"

Thus we complete the proof. [ ]

4.5 Appendix:Relationship to matrix verification
Our techniques for proving Theorem 83 work for a slightly general setting, that is,
we can generalize from local Hamiltonians to sparse matrices with small norm. The

detailed setting is as follows.

Consider a matrix H € R¥*?", and a vector |¢) € R*". H is poly(n)-sparse, that is,
every row and every column only have poly(n) non-zero entries. Besides, H has a

small norm, that is, ||H|| < poly(n). Suppose we have query access to H and |¢).
That is,

(1) For any x,y € {0,1}", there is a poly(n) time algorithm which returns
(x|H]y).
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(2) For any row index x, there is a polynomial time algorithm which outputs the
column indices of the non-zero entries in the row, that is, y s.t. (x|H|y) # 0.

There is a similar algorithm for listing all non-zero entries of a chosen column.

(3) Given x, there is a poly(n)-time algorithm which outputs (x|¢) up to a

common factor, that is, ¢4(n) - (x|¢) for some unknown c4(n). Note that this

x1¢)

allows one to efficiently compute the ratio olay

The problem is to design an algorithm to distinguish the following two cases, with

as few queries as possible:

* Yes instance: (¢|H|p) =0, |¢) is promised to be the ground state of H.

* Noinstance: A(H) > 1/poly(n). |¢) can be arbitrary.

Here A(H) is the ground energy of H.

Theorem 106 Under the assumptions in Remark 6 and Remark 7 in Appendix 4.11.
Given query access to (H, |¢p)), where (H, |¢)) is promised to satisfy either the Yes
or No instance. There exists an algorithm A(x) which takes an input x € {0, 1}",

runs in poly(n) time, and only makes poly(n) queries to H, |¢) such that

o If (H,|¢p)) is a Yes instance, there exists x € {0, 1}" such that the algorithm
accepts with probability > 1/2.

e [f it is a No instance, Vx, the algorithm accepts with exponentially small

probability.

Roughly speaking A(x) is a random walk over {0, 1}" which starts from the state

x. We omit the proof since it is the same as the proof of Theorem 83.

4.6 Appendix:MA-hardness

In this section, we briefly explain how the proof in Section 4 of [Bra+08] implies
LHP with succinct ground state is MA-hard. We also check the Hamiltonian in
the reduction satisfies Remark 6 in Appendix 4.11. Let p(n) be a sufficiently large

polynomial.

Consider a problem L in MA, for any instance x, [Bra+08] shows that one can view

the BPP verification circuit as a quantum circuit. Specifically,
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Definition 107 (MA 1) A promise problem L., L,, € X" belongs to MA ;1 if there

exists a polynomial p and a poly-size classical reversible circuit V, that takes input

in (C%)®PX) and is followed by a single qubit measurement, such that
X € Lyes = 31€), P [V, (100...0), [+)®,|&)) = 1] =1, (4.44)
X € Lyy = VIE), P [V, (100...0), [+)®",1€)) = 1] < 1/2. (4.45)

Note that w.l.o.g. we can assume that r is even, since adding one |+) state which is

independent of other parts of the circuit does not influence the accepting probability.

Lemma 108 MA = MA . If x € Ly, the |¢) in Eq. (4.44) can always be chosen

to be a computational basis, denoted as |w).

Proof: Compared to the definition of MA, in Definition 7 of [Bra+08], MA,; in
Definition 107 requires perfect completeness. It is well known that the complexity
class MA remains unchanged if we require perfect completeness. Based on this fact,

one can check that the Lemma 2 in [Bra+08] for proving MA = MA, also works
for proving MA = MA;. |

Begin with the MA-complete problem MA ;| with L,.;U L,,, suppose V, is consist-
ing of T classical reversible gates, denoted as V, := Rr...R;. As shown in Section 4
of [Bra+08], one can use Kitaev’s circuit to Hamiltonian reduction [KSV02] to get
a Hamiltonian H,, where x € Ly, orx € L,, will be mapped to H, with A(H,) < a
or A(Hy) = b where b —a > 1/poly(n). Besides, one can check that each entry of

the Hamiltonian is of form %—; and greater than 1/2P (n),

Then we check that the above reduction from x to H, satisfies the promise of LHP
with succinct ground state. That is, in the Yes case, there always exists a succinct
ground state. Since V, has perfect completeness, one can check that the history state

below is a ground state of Hy,

1
T+1

[Whise) = (Rr...R1]00...0) [+)®" [w)) ® 1),

M1~

Il
o

t

where |w) is the computational basis defined in Lemma 108, and the clock |7) uses

the unary encoding, that is,

=] 0.0 1.1).

T — t zeros, ! ones.
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Given a computational basis x, denote the T bits that correspond to the clock register
as x., and the other bits as x,. One can check that if x is not of the form of unary
encoding, then (x |y p;5;) = 0. If x. = |), then

1
X|nise) = <x0|Rt R1]00...0) [+)*" |w)

1
T+12’/2

D (R R)™x[00..0,y,w).  (4.46)
ye{0,1}"

Since {R;}, are classical reversible gates, one can easily use the poly-size classical
circuit to compute z := (R;...R;)'x,. If in z the bits correspond to the ancillas
|00...0) and witness w are |00...0) and |w), then Eq. (4.46) is the sum of one 7 +1 2,1/2
plus 2" — 1 zeros, thus

1 1
12r/2

<x|whzst> (447)

Otherwise x|y ;) s a sum of 2" zeros thus equal to 0.

Since r is even by Definition 107, one can check that (x| ;) is of form M and

N 9
greater than

; > 2—17(”)‘
poly(n)2r/2

In summary, (x| ;s;) can be computed by a poly(n)-size classical circuit thus is
succinct, and satisfies Remark 6 in Appendix 4.11. Thus LHP with succinct ground
state is MA-hard.

4.7 Appendix:Proof of two facts
Proof:[of Fact 90] For any x € [—1, 1], consider its Taylor series with Lagrange

remainder term, we have
T =1-x+Ri(x), (4.48)
where R (x) = x forn € [-1,1]. Thus

le™ — (1 -x)| < gxz < 2:%. (4.49)
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[ ]
Proof:[of Fact 91] W.l.o.g., we write M as
N E
= . , (4.50)
E" F

where E € RIS'IXUSIZISD e RUSIEISTDXASI=ISD

Since M, N are Hermitians, they can be diagonalized by orthogonal basis. In

particular, for M, for any normalized state |/), we have

AM) < WIM|) < Apax(M). (4.51)

Let |) € RIS be a normalized eigenvector of N with eigenvalue . Let |70) € RIS!
to be the state that extending |7) to RIS by adding 0 values to entries in S\S’. |50)

is normalized by definition. One can verify that

(nO[M|n0) = (n|N|n) (4.52)
=a. (4.53)

Together with inequality (4.51), we have

AM) < a < Apax (M), (4.54)

Thus
AM) < A(N) < Apax(N) < Apax(M). (4.55)
n

4.8 Appendix:Properties of /¢,
Proof:[of Lemma 94 from [Ten+95] [Bra+23b]] Note that H is real-valued and

Hermitian, thus H is symmetric. (1) is true by definition of stoquastic. For (2), one
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can verify that for any x,
(el F gy = el FH2y) (vl
y

= (x| F2]x) (x|¢) + Z (x| H|y){yl#)

yi(x,y)eS-

= (x|H|x)(x|¢) + Z (x|H|z){z|$)

z:(x,z)eSt

+ D (lH) I

y:(x,y)eS™

= > (el HIy)(yle)
y

= (x|H]¢).

Thus F7¢ |¢) = H |¢). For (3), by (1) F¢ is Hermitian and thus diagonalizable,
thus A(F?) is well-defined. Consider that for any complex-valued state |£), one
has

(EF"? — H|¢)
= > (€ IF™? — HIy)(ylé)
X,y

= D EREIHIY)OIE) + > E) x| F™ - Hlx)(xl¢)

(x,y)es*
= X IR G + V(e Y i) P e
(x,y)est x yi(x,y)eSt
= 3 () <y"””g"“”x"f)—<f|x><y|§>]. (4.56)
19)

(xy)es*
For any x, y, define
s(x,y) = sign({x|H|y)).
Note that H is symmetric'’, and thus

s(x,y) = s(y,x), (x[H]y) = (y|H|x).

7Since H is real valued and Hermitian.
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Using the definition of S*, one gets Eq. (4.56) equals to

=3 lHIY)] ['lﬁy T el - o, y><§|x><y|§>]
N o)l
2
v ! O, [x1o)]
=3, gl '\/| el = s(r 1 el
> 0. (4.57)

In other words, H can always achieve smaller energy than F7-¢  thus
A(FE?) > A(H). (4.58)

Notice that when |£) = |¢), Eq. (4.57) equals to 0. Thus if further |¢) is the ground
state of H, then F-? can achieve the energy A(H) w.r.t. |¢), then |¢) is the ground
state of F¢ due to Eq. (4.58). n

4.9 Appendix:Properties of the CTMC
Proof:[of Corollary 95.] The proof comes from [Bra+23b]. For (1), it suffices to

notice that
G"?¢ = Diag(¢)"" (A(F*) I — F%)Diag(¢),

Note that Diag(¢)~! is well-defined since ¢ is regularized and real-valued.

For (2), one can verify <y|5H’¢|x) > 0 for y # x by definition. If |¢) is a ground
state of H,

B v

= A(F™9)—(¢|F™?|x) e | ¢>

_ A(FH9 H.o _
= A(F™7)=A(F )<¢|>< 7 (4.59)

=0,

where Eq. (4.59) is from Lemma 94 (3) and the fact that F is Hermitian, A(F?)

must be real-valued as eigenvalues of Hermitian F7-¢.
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For (3), when |¢) is ground state of H, by (2) we know GH? is a legal generator.

One can verify that for any y,

> GIG ) (x)

= AF")n(y) = 3 (o1 LD
O19)

o
Ole)

C

= AF" ) r(y) = (yIF™T219)

= AF*r(y) = A(F*9)(y|¢)

=0.

Proof:[of Lemma 96] This proof is modified from [Bra+23b]. First note that since
|¢) is the ground state of H, by Corollary 95 (2), G4 is a legal generator of a
CTMC, thus Algorithm 4 w.r.t. G is well-defined.

Define ¢ = || |¢) ||? and 7(x) = |{x|¢}|?/c. Let h be an infinitesimal value.

For any random process generating a random variable ¢ : [0,¢] — S, define
T(7,x, h)[£] as the number of transitions occurring within the time interval [ 1, T+hk],
conditioned on &(7) = x. Let Ip,q[€] be the indicator function that at least 2

transitions happen in any of the time intervals

[0, k], [, 2h], ...., [t — h,t] for t = poly(n).

Here for simplicity we assume that ¢/4 is an integer.

Let p(&) be the distribution of ¢ : [0,7] — S generated by running Algorithm 4
W.I.L. ((F}VH"ﬁ,xl-n, t), where x;, is sampled from distribution 7. By Lemma 92 we

know
Precpie)(T(T,x, h)[€] 2 2) = O(K?), ¥x, 7.

By a union bound we know

Pre oy (Upaalé]l = 1)
t/h

< D Prep)(E(iR) = X)Pre_pie) (T(jh, x, ) [£] > 2)
j=0 x
t

_ - 2
= 0(r)

=0(h). (4.60)
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By Corollary 95 (3), we know that r is a stationary distribution of G4 Thus for
& ~ p(&), at any time s € [0, ], the distribution of &(s) is given by &, which we
denote as ry = 7. For s < t,1et 404,55 Thad,s be the distribution of ¢ (s) conditioned
on “good”, “bad”, that is,

ﬂgood,s(x) = Pr§~p(§)('§:(s) = xllbad(é:) = 0)’ (461)
Tpad,s(X) = Pre-pe)(€(s) = x|Ipaa(§) = 1),

we have

s (x) :Pr§~p(§) (Ipaal€] = 0) Tgood,s (x)
+ Prep(e) Upaa[€] = 1) Tpaa,s(x).

Thus
Tgood,s (x) = n(x) = O(h). (4.62)
In other words, 7go04,s is almost 7.

For s < t, where s is an integer multiple of /4, let Ty,04(s)[£] be the number of



transitions in time [0,s], conditioned on I.q[£] = 0. We have that!8
E§~p(§) [Tgood(s + h) [f] - Tgood(s) ['f]]

-anoodsoo L[ D 616 Iyh+ 0 (h?)

VEX

= Zn(x) D GGy + O (k)

Vy#EX

|<x|¢>| oo 19D )
Z y;}xu ) ey O

— Z Z _<y|FH,¢|x> <y|¢>c<x|¢>h+0(h2)

X YyIy#EX

- Z _<X|H|Y><y|¢)(XI¢>lh +O(h?).
(x,y)€S~ c

Thus

E§~p(§) (Tgaod(t) [£])

- Z —<XIH|y><y|¢><x|¢>%t + %O(hz)_

(x,y)eS~

181n Eq. (4.65), we use

Prep(e)(T(s,x, h)[£] = 1,£(s + h) = y|§(s) = X, Ipaal£] = 0)

=Prep(e)(T(s,x, h)[£] = 1,£(s + h) = y|§(s) =x, T(s,x, W) [§] < 1)

=Prep(e)(T(s,x, ) [€] = 1,&(s + h) = y|E(s) = x)
+ Prepe) (T(s,x, h)[€] < 1|£(s) =x)

- (<y|5H=¢|x>h + O(hz)) - (1 - O(hz))
=(y|GH-?|x)h + O (h?).

162

(4.65)

(4.66)

(4.63)

(4.64)

Here Eq. (4.63) comes from the Markov property, that is, the events occur within the time interval
[s,s + h] are independent from the events occur outside this time interval. Eq. (4.64) comes from

Bayesian rule.



163
Then

E§~p(§) [Tgaod(t) [f]]

< 30 WelHII - (1) - G2l 21 + O(h)

(x,y)esS~

< 3 KelHI - [510)] - 42111 + O (h)

(x,)

1
< |[HI|-t Z [y|o) - [<x|p)| |+ O(h)
€ \y):alHiy#0

ann%t Z<y¢>|2)( Z|<x|¢>|2)

(x.y):(x|Hl|y)#0 (x.y):(x|H|y)#0

+O(h)
1
< ||H||;ra'||<z>||2 +0(h) (4.67)

= dt||H|[ + O(h),

where Eq. (4.67) comes from the fact that since H is d-sparse, for every y, we know

that |(y|¢)|* appears for at most d times in (Z(x’y):<x|H|y>¢0 |(y|¢)|2).
Let kgooa(x,t)[€] be the number of transitions between [0, 7] conditioned on
£(0) = x, Ipaa[&] = 0.

Let A(x) be the distribution of ¢ generated by Algorithm 4 w.r.t. (5H 9. x,1). note
that

Eep(e)(Tgooa (1) [€])
= Z 70(%) Eg~a(x) (Kgood (X, 1) [£]). (4.68)

Combine Egs. (4.67)(4.68), using an average argument, we know that there exists
an X;, with m(%X;,) # 0, that is, (£;,|¢) # 0, such that

Ee a(z;n) (Kgood (Xin, 1) [€]) < dt||H|| + O (h). (4.69)
By a Markov bound, we know

Pre-aten) (Keood (Gin, D[€] 2 dn*t] H]))

< 1/n%. (4.70)
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Besides, we have that

Prep(z) (K(fin, ) [£] > dn’t||H]))
= Pre-aG) (Ipaa €] = 1, k(Rin, 1) [€] > dn’t||H]))
+ Pre (e Ipaal€] = 0,k (&, D) [E] > dr't||H])).

Note that Przoa,,)(Ipaa[€] = 1) = O(h) by a similar argument as Eq. (4.60), we
finally conclude that

Pre-aGe, (k(Rim D) [€] = dn’tI|HI)
<Pre.aGe) (badl€] = 0, K (G, 0 [€] = drt|[HI) + O (h)
=Pre Az, (Ibaa[§] = 0)X
Preatem (Keood (ins DIE) 2 dn*tI1HI| | Ipaal€] = 0) + O(h)
<(1-0(h)1/n*+0(h)
<1/2. 4.71)

In other words,

Pre-a(s,) (K(Zim, 1) [€] < dn’t||H||) > 1/2. (4.72)

4.10 Appendix: Proof of Claim 102
Proof:[of Claim 102] First we define more notations for the proof. Conditioned on

Tenad > 5,€(5) = x, let t, be the time that & last arrives x before time s, that is,
ty :=max{n < s:&(n) # x}. (4.73)

Let A, be the waiting time sampled by line 8 when ¢ reaches x at time #,. Note
that ¢ = 1, + Aty If y € Sy404 1s the state that £ visit next, that is, £(c1), similarly

define A7, be the waiting time by line 8 when £ reaches y at time c;.
To simplify the notations, we denote

uy 1= (1G5 )

Py = (VG595 )x) uy.
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To ease notations, we abbreviate the probability density function p(t, = sy|Tenad >
5,&(s) = x) dsy as p(t, = sy)ds,. Note that by definition

/ p(ty =sy)dsy = 1.
Sx<s§

To complete the proof, notice that

For Eq. (4.24) we can perform calculation in Appendix 4.12 ®.

For Eq. (4.25), when y ¢ S;04, We can perform calculation in Appendix 4.12
®.

For Eq. (4.26), when y € S,,04, We can perform calculation in Appendix 4.12
©.

Eq. (4.27) is one minus of the probability of Eqs. (4.24)(4.25)(4.26). Since
Y, (y|G"s%s|x) = 0, and thus we know Eq. (4.27) holds.

]
4.11 Appendix: Remarks on precision

Remark 6 (How we represent values)

We say x € C is represented by p(n)-bits, if x is of the form % + 1Nv_ii’ where Vi, N;

is an integer and |N;| < 27 thus can be represented by p(n) binary bits.

Note that LHP with succinct ground state is a promise problem, we implicitly assume
that there is a sufficiently large polynomial p(n) = poly(n), such that every value in
Definition 88, that is, (x|H|y), a, b, m, Cy(x) can be represented by p(n)-bits. Note
that those assumptions implicitly imply

(1) Cy(x) can be computed exactly. Thus the ratio of the amplitudes, that is,

gm , can be computed exactly for y where C, (y) # 0.

(2) If Cy(x) # 0, then |Cy (x)| > 1/2P™. Similarly for (x|H|y).

(3) A(H) can be represented exactly by poly(n) bits, since (x|H|y), Cy (x) can be

represented by p(n) bits, and A(H) = W forsomex s.t. Cy(x) # 0.
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For § C {0, 1}", we say a matrix G € CISXISI can be represented by p(n)-bits, if all
entries (x|G|y) can be represented by p(n)-bits.

One can check that if G can be represented by p(n)/2-bits, then there exists p’(n) =

poly(n) such that'

amax(G) < 27" ||G|| < 27"+,
Besides, if (x|G|y) # 0, then (x|G|y) > 1/27'",

Remark 7 (Assumptions for sampling)

Let M = poly(n). Set parameters

§:=2""IM
K :=2""M (nIn2 +In M))].

Note that for any sufficiently large ¢ = poly(n), there is a poly(n)-time algorithm
whose output distribution approximates the truncated discretized exponential dis-
tribution D 5.1 within total variation distance?® 279, Specifically, the algorithm is
sampling ¢ random bits s1, ..., sq € {0, 1}. Let

2

n= Zs]‘Zj_l.

J=1

()

o Ifp € (exp(—A(k + 1)9),exp(—1k9d)] for k < K, output w = ké.

* If n < exp(—4K9), output w = K.

The total variation distance between the output distribution and D s 1 is O( #K ) =
0O (279) for sufficiently large ¢ = poly(n).

To ease analysis, in this manuscript we assume that for the parameters defined above,
we can use poly(n)-time to sample the discretized exponential distribution D s 4

exactly.

9Given any matrix M € RISIXIS| for any normalized vector |¢) € R!S!, since |(x|¢)| < 1, Vx,
we have (IM'MIg) = Y. Aolx)xIMTIy)(yIMIz)(zl¢) < amax(M)*2*". Thus [[M| <
Vamax(M)223" < amax(M)2*".

20Given two probability distribution p,q over a discrete set Q, the total variation distance

drv(p,q) between p and ¢ is defined as dry(p,q) = Yy eo %Ip(x) — q(x)|, where p(x) is the
probability of p = x and similarly for g(x).
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Remark 8 (More on how we represent values)

As in Remark 6, in the following sections, we assume values in H,|¢) can be
represented by p(n)-bits. Note that by Remark 6, if (x;,|¢) # 0, then

(zI9) _' Cy(2)

op(n) 4 op(n)
= <
(xinl@) | [Cyp(xin)

1/2p(m

230, (4.74)

We represent (x|F1s:%s|y) (x|G"s-%s|y) in a similar way as in Remark 6. Note that
Hy is 2¥m-sparse where k is a constant and m = poly(n), and thus there exists
another polynomial p’(n), such that (x|FHs:%s|y), (x|G"5:?5|y) can be represented
by p’(n)/2 bits, where

p'(n)/2 = 0(log[(2""*2'™]) = O (poly(n)).

In particular, we have

(1) The followings holds:

amax(GHs?s) < 2p'(m,

”GHS#’SH, ||FHS,¢S|| < op’ (m)+2n
(2) If (x|GHs-?s|y) # 0, then (x|GHs?s|y) > 1/27" ("),
We always assume p (1), p’(n) are sufficiently large polynomials, and p(n) < p’(n).

4.12 Appendix: Calculation for Equations

The details are as follows:

@ Calculation for Claim 102 Eq. (4.24).

Pr(cy = s+ h|teng > 5,&(s) = x) (4.75)

= / p(ty =s)Pr(Aty = s+ h — sy|Ate = 5 — 5y)dsy (4.76)
Sx<s§

= / p(ty = sx) exp(—uyh)dsy 4.77)
Sx<§

=1—-uh+0(h? (4.78)

=1 = |(x|GH? |x)|h + O(Kh?). (4.79)
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Calculation for Claim 102 Eq. (4.25).

Pr(ci < s+ h,é(c1) = y|Tena > 5,&(5) = x) (4.80)
=Pr(Aty < s+ h— 5y, E(5y + A1) = Y|Tena > 5,E(5) =x) (4.81)

= / p(tx = sx) p(Aty = flAT, > 5 - Sx)nydf dsy (4.82)
Sx<s S—Sx<f<s+h—sy

_p, / Pt = 52) x exp [—ux (f — 5+ 52)] df ds.
Sx<s S—Sx<f<s+h—sy
(4.83)
_p,, / Pty = 50) [1 = exp(—ush)] ds, 4.84)
Sx<s§
= puyityh + O (h?) (4.85)

= (y|Gs9s|xVh + O (h?). (4.86)
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© Calculation for Claim 102 Eq. (4.26).

Pr(ci <s+h,&é(c1) =y,c0 =5+ h|Tong > 5,6(s) =x) (4.87)
=Pr(Aty < s+ h—5¢,E(Sc +ATy) =y, Sc + AT + ATy > 5+ h|Topa > 5,€(s) = x)
(4.88)
= / p(ty = sy) P(ATy = fIAT, > 5 = 53) Py Pr(Aty > h = (f — s+ 5:))df dsy
Sx<S§ S—Sx<f<s+h—sx
(4.89)
~py [ plai=s) e exp [—ue(f = 5+ 50T exp [—uy(h = (f — 5+ 50))] df ds,
Sx<s S—Sx<f<s+h—sy
(4.90)
= ny/ p(ty = sy) Uy eXp [—uyh] exp [(uy —uy)(f—s+ sx)] df ds,
Sx<s S—Sx<f<s+h—sy
(4.91)
= ny/ p(ty = Sy )uy €Xp [—uyh] [exp [(uy - ux)h] - 1] ds,
Sx<S§ Uy — Uy
(4.92)
= Pyyuyexp[—uyhlh (4.93)
= (y|GH?S |x)h + O (h?). (4.94)
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Chapter 5

POSITIVE BIAS MAKES TENSOR-NETWORK CONTRACTION
TRACTABLE

5.1 Introduction

Tensor network contraction is a powerful computational tool for studying quan-
tum information and quantum many-body systems. It is widely used in estimating
ground state properties [Whi93; Whi92; MVC07; VC21], approximating parti-
tion functions [EV15; Zha+10], simulating evolution of quantum circuits [MS08;
Ped+17; Hua+20], as well as decoding for quantum error correcting codes [FP14;
BSV14]. Mathematically, a tensor network 7 := T(G, M) on a graph G = (V,E)
can be interpreted as an edge labeling model. Each edge can be labeled by one of d
different colors, where d is called the bond dimension. Each vertex v is associated
with a function M1, called fensor, whose value depends on the labels of edges
adjacent to v. The tensor M can be represented as a vector by enumerating its
values with respect to various edge labeling. For any edge labeling ¢, denote the
value (entry) of the tensor M by ML[V]. The contraction value of tensor network
is defined to be

X(T) = Z ]—[ MM (5.1)

edge labeling ¢ veV

In applications of tensor networks, the contraction value represents the quantities
of interest and the goal of tensor-network contraction algorithms is to compute the

contraction value to high precision.

It is therefore a fundamental question to determine when y (7") can be computed effi-
ciently. Despite the practical and foundational importance of this question, unfortu-
nately most rigorous results show that tensor network contraction is extremely hard,
with very few tractable cases known, that is, cases for which a (quasi-)polynomial
time algorithm exists. Specifically, it is well-known that computing y (7") exactly is
#P-hard [Sch+07] and therefore intractable in the worst case. The hardness can be
further strengthened to the average case, where Haferkamp et al. [Haf+20] showed
that even for random tensor networks on a 2D lattice, computing y(7') exactly re-
mains #P-hard for typical instances. There, the randomness is modeled by sampling

the entries of the tensor network iid. from a Gaussian distribution with zero mean and
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unit variance. Conversely, (quasi-)polynomial time algorithms are only known for
restricted cases, like tensor networks on simple graphs of small tree-width [MS08],
for example 1D line or tree; or for restrictive symmetric tensor network [PR17] where
each entry is very close to 1, which requires that Vc, v, |Mc[v] - 1] <0.35/(A+1),
where A is the maximum degree of the graph. Besides, for tensor networks with
uniformly gapped parent Hamiltonians, (quasi)-polynomial time algorithm is known

for computing local expectation values [SBE17].

But while efficient and provably correct tensor-network contraction algorithms are
rare, for many many-body physics applications, state-of-the-art numerical algo-
rithms achieve desired accuracy in practice [Oril9; Ban23]. To obtain a better
understanding of when and why such heuristics work, it is important to identify
new tractable cases in tensor network contraction. With this goal in mind, a recent
line of work suggests an interesting direction, namely, that the sign structure of the
tensor entries influences the entanglement and therefore affects the the complexity
of tensor network contraction [GC24; Che+25]. In particular, it has been observed
that there is a sharp phase transition in the entanglement and thus the complexity
of approximating random tensor networks, when the mean of the entries is shifted
from zero to positive [GC24; Che+25].

Main results and technical highlights

In this work, we rigorously investigate the impact of sign structure on the complexity
of tensor network contraction in various regimes. We mainly focus on the contraction
of the physically motivated 2D tensor networks, which are widely used as ground
state ansatzes for local Hamiltonians [Cor16; Van+16] (Projected Entangled Pair

States) and for the simulation of quantum circuits [Guo+19].

Recall that for random 2D tensor network whose entry has zero mean, the exact
contraction is #P-hard [Haf+20]. We first show that a positive bias does not

decrease the complexity of the exact contraction:

Theorem 109 (Informal version of Theorem 133) The exact contraction of ran-
dom 2D tensor network whose entries are iid. sampled from a Gaussian distribution

with positive mean and unit variance remains #P-hard.

While Theorem 109 indicates the exact contraction remains hard, our main re-
sult is proving that a small positive mean significantly decreases the computational

complexity of multiplicative approximation, enabling a quasi-polynomial time algo-
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rithm. This provides rigorous evidence that the sign structure of the tensor entries
influences the contraction complexity, as observed and conjectured in previous

works [GC24; Che+25]. In particular, we show the following.

Theorem 110 (Informal version of Theorem 123) For random 2D tensor network
with intermediate bond dimension d > n, where the entries are iid. sampled from
Gaussian distribution with mean u > 1/d and unit variance, there exists a quasi-
polynomial time algorithm which with high probability approximates the contraction

value up to arbitrary 1/poly multiplicative error.

Here a > b means that a scales at least as fast as b.

While it is expected that tensor network contraction becomes easier when all entries
are positive so that there is no sign problem, our result is much more fine-grained
than this belief since our tensor network is only s/ightly positive, that is, a significant
portion of the tensor entries are still negative. In particular, note that the mean
value > 1/d is far less than the unit variance of the tensor entries. Compared to
previous work [PR17] which shows that tensor-networks whose all entries are close
to 1 can be contracted using Barvinok’s method,! our result allows the entries to
have significant fluctuations and to be a mixture of positive and negative values. We
also note that the threshold value > 1/d matches the phase transition point predicted
in [Che+25]? with respect to the entanglement-based contraction algorithm. The fact
that two different methods (our algorithm and the entanglement-based algorithm)
admit the same threshold might indicate that there is a genuine phase transition in
the complexity of tensor network contraction at this point. The requirementof d > n
on the bond dimension in Theorem 110 is due to the fact that certain concentration
effects set in at d ~ n. One may wonder then whether the intermediate bond
dimension and the nonzero mean make the mean contraction value p"d*" (attained
when all entries in the tensor network take the mean value u) a precise guess for the
contraction value, that is y(T) = u"d*"(1 + 1/poly(n)). This is not the case since
a simple lower bound shows that the second moment of y (T)/(u"d*") is at least
2. In comparison, our algorithm can achieve an arbitrary 1/poly(n) multiplicative
error in quasi-polynomial runtime; recall Theorem 110. Besides, although Theorem

110 is formulated for random 2D tensor networks, the proposed algorithm is well-

"More precisely for 2D tensor network, it requires that Ve, v, |MC[V] -1/ <0.35/(4+1)=0.07.

2To clarify, [Che+25] draws each tensor from a Haar random distribution. If one does the same
calculation for drawing each entry from Gaussian random distribution, the predicted phase transition
point will also be approximately 1/d.



173

defined and runs in quasi-polynomial time for an arbitrary graph G of constant

degree, which may inspire new heuristic algorithms for general tensor networks.

Besides studying the average case complexity for approximating slightly positive
tensor networks, we also investigate the complexity of approximating (fully) positive
tensor networks, where all the entries are positive. Approximate contraction of
positive tensor network is directly related to approximate counting, and we give a

simple proof to show that

Theorem 111 (Informal version of Theorem 139) 1/poly(n) multiplicative ap-
proximation of positive tensor network is StogMA -hard. The StogMA -hard remains
even if we relax the multiplicative error from 1/poly(n) to a value exponentially

close to one.

Here, StogMA is the complexity class whose canonical complete problem is to

decide the ground energy for stoquastic Hamiltonians [BBTO06].

In addition to multiplicative approximation, we also investigate the impact of sign in
the hardness of tensor network contraction w.r.t. certain additive error. In particular,
previously Arad and Landau [AL10] showed that approximating the contraction
value w.r.t. the matrix 2-norm additive error is equivalent to quantum computation,
that is BQP-complete. In contrast, we prove that if the tensor network is positive,
where all entries are non-negative, then approximating the contraction value w.r.t
matrix 1-norm additive error is equivalent to classical computation, that is BPP-

complete.

Theorem 112 (Informal version of Theorem 135) Given a positive tensor network
T =T(G, M) on a constant-degree graph G. Given an arbitrary order of the vertex
{v},, one can view each tensor M as a matrix OV by specifying the in-edges
and out-edges. It is BPP-complete to estimate x(T) with additive error €Ay, for
Ay =TT, 10|y and € = 1/ poly(n).

Technically [AL10] simulates general matrix multiplication by quantum circuits. In

Theorem 112 we simulate non-negative matrix multiplication by random walks.

Technical highlights. Our main technical contribution is to show that a small mean
value dramatically decreases the complexity of approximate contraction. Our result
significantly extends the regime in which efficient approximate contraction algo-

rithms for tensor networks are known. This is formalized and proved in Theorem
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110. The algorithm in Theorem 110 differs from commonly used numerical algo-
rithms for tensor network contraction, which are based on the truncation of singular
value decomposition and whose performance is determined by entanglement prop-
erties [Has07; Ara+17]. Instead, for Theorem 110 we use Barvinok’s method from
approximate counting. This method has previously been used for approximating the

permanent, the hafnian [Barl6a; Bar16b] and partition functions [Bar14; PR17].

At a high level, Barvinok’s method interprets the contraction value y(7') as a
polynomial G(z) where G(1) = x(T), and uses Taylor expansion of InG(z) at
z = 0 to get an additive error approximation of InG(1), thus an multiplicative
approximation of y (7). The key technical part of applying Barvinok’s method to
different tasks is proving the corresponding G(z) is root-free in the disk centered
at 0 with radius slightly larger than 1, which ensures that In G(z) is analytic in
this disk. Denote this disk as B. Previously Patel and Regts [PR17] had applied
Barvinok’s method to symmetric tensor networks where all the entries are close to
1 within error 0.35/5 = 0.07, by proving that G(z) is root-free in 8. Our setting
allows entries to have significant fluctuations, and thus the root-free proof in [PR17]

does not apply. We circumvent this problem using the following two ideas.

* Root-free strip inspired from approximating random permanent. Instead
of applying Barvinok’s method directly and proving G(z) is root-free in the
disk 8B, we apply a variant of Barvinok’s method used for approximating
random permanents by Eldar and Mehraban [EM 18]. There, the idea is to use
Jensen’s formula to find a root-free strip connecting 0 and 1. The advantage of
this variant is that it allows for a constant number of zeros in the unit disk B as
long as there is a root-free path of some width connecting 0 and 1. We notice
that this method from approximating permanent can also be applied to random
tensor networks. In particular, using Jensen’s formula [EM 18], the number of
roots in B can be bounded by estimating the second moment E|A(z)|?, where
h(z) is a rescaled version of G(z), and E denotes the expectation value over
the randomness of the tensor network. Besides, compared to [EM 18], in our

setting we use a different and much simpler method to find the root-free strip.

* Mapping random instance to statistical mechanical model. Since we are
working on random tensor networks, the technique used by Eldar and Mehra-
ban [EM18] to bound E|h(z)|*> for random permanents fails entirely. To
bound E|h(z)|? for random tensor networks, we adapt a technique of map-

ping random instances to a classical statistical mechanical model (statmech
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model). This technique has been used in the physics literature to study phase
transitions in random tensor networks [ Yan+22; LC21; Hay+16] and random
circuits [BCA20; BBA24].

Although in general such mapping and the properties of the statmech model
like its partition function are hard to analyze, and heuristic approximations
are needed in many related literature, we notice that in our application the
statmech model is simple enough to obtain a rigorous result. In particular, we
show that E|h(z)|? is proportional to the partition function of a 2D Ising model
with magnetic field parameterized by z. Then we further use the finite-size
variant of the Onsager solution of the 2D Ising model [Kau49; Maj66] to get
a decent estimate of E|h(z)|? for relevant ranges of z, allowing the Barvinok

method to be applied.

Conclusions and open problems

We investigate how the contraction complexity of tensor networks depends on the
sign structure of the tensor entries. For random tensor networks in 2D, we show
that there is a quasi-polynomial time approximation algorithm if the entries are
drawn with a small nonzero mean and intermediate bond dimension. At the same
time, exactly computing the contraction value in this setting remains #P-hard.
Our work thus provides rigorous evidence for the observations [GC24; Che+25]
that shifting the mean by a small amount away from zero dramatically decreases the
contraction complexity. Compared to [PR17] which similarly uses Barvinok method
but requires all entries to be close to 1, our setting allows significant fluctuations
in the entries and greatly extends the known region where (quasi-)polynomial time
average-case contraction algorithms exist. While it is expected that tensor network
contraction becomes easier when all entries are positive, our result suggests that
even for slightly positive tensor networks, one can still utilize the sign structure to
obtain a (quasi-)efficient algorithm. Moreover, [Che+25] observed that the standard
entanglement-based contraction algorithm starts working at u > 1/d. We show
that a completely different rigorous Barvinok-based algorithm also starts working
at 4 > 1/d. This might indicate that there is a genuine phase transition in the

complexity of tensor-network contraction happening here.

Indeed, we also assess the worst-case complexity of approximating fully positive
tensor networks. Specifically, we prove that approximating the contraction value of
positive tensor networks multiplicative error close to unity is StogMA-hard. But

when requiring only an inverse polynomial additive error in matrix 1-norm there
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exists an efficient classical algorithm.

Our work initiates the rigorous study of how the computational difficulty of con-
tracting tensor networks depends on the sign structure of the tensor entries. If one
views the hardness of contraction as a function of mean value and bond dimension,

while we identify a new tractable region, there are many open questions left.

* First, while our approximation algorithm based on Barvinok’s method works
for typical instances, it remains an open question to what extent a positive bias
can ease practical tensor network contraction. It would therefore be interesting
to understand whether our algorithm or variations of it can aid in practically

interesting cases.

* Moreover, our current proof works for intermediate bond dimension but
not for constant bond dimension. Potentially, techniques like cluster ex-
pansion [MH21; HPR19] may be used to design new contraction algorithm
for constant bond dimension, proving a correspondent of Theorem 112 for
that setting. It might be worth mentioning that a direct application of cluster
expansion does not work, where one can prove the expansion series is not

absolutely convergent. More refined techniques are thus required.

* Finally, although current numerical algorithms have poor performance for
zero-mean tensor network contraction, there is no known rigorous complexity

result to establish the hardness of approximate contraction.

In the context of approximating fully positive tensor networks, it would be interesting
to see whether there exists an efficient classical algorithm that can achieve the same
(2-norm) precision as a quantum computer for positive tensor networks, or whether

there is a room for quantum advantage even for positive tensor networks.>

Structure of the manuscript

The structure of this manuscript is as follows. In Section 5.2 we define notations and
tensor networks. In Section 5.3 we review Barvinok’s method and its variant. In
section 5.4 we adapt Barvinok’s method to tensor network contraction. In Section
5.5 we give a quasi-polynomial time algorithm for approximating random 2D tensor
networks with small mean and intermediate bond dimension. In Section 5.6 we

prove the results concerning approximating positive tensor networks.

3We acknowledge Zeph Landau for raising this question.



177
5.2 Notation and tensor networks

In this section, we introduce necessary notations and definitions for tensor networks.

Notation. We use [k] for {0,1,...,k — 1}. We use z to denote its complex
conjugate. For v € C and € € R, we say ¥ approximates v with e-multiplicative
error if [v — ¥| < €|v|. For x € {x1}", we use |x| to denote the number of —1 in x.

We use ¢;; for the delta function, where 6;; = 1 if i = j and equals O otherwise.

For a matrix A € C*, the matrix p-norm is defined as

[ Axll,

Al = sup

, 5.2)
x#0,xeR? ||x||p

The 2-norm ||A||, is known as the spectral norm. The 1-norm equals to the maximum

of the absolute column sum, that is
N
1ALl = max > |Ay].
1<j<t P

For u,0 € R, we use X ~ Ng(u,o?) to denote that the random variable X is
sampled from the Gaussian distribution with mean u and standard derivation o.
For u € C, we use R(u), I(u) € R to denote the real and imaginary part of y, i.e.
w=R(u)+I(w)i. Weuse X ~ Nc (u, 0?) if

R (X) ~ Ne (mm, %2) L5(X) ~ A (suo, %2) .

Tensors and tensor networks. A fensor N of rank k and bond dimension d is an
array of d k complex numbers which is indexed by N;, ;,... ., where i; takes values
from [d] for 1 < s < k. We call the complex numbers in the array the entries of the
tensor N. We use N to denote the tensor obtained by complex conjugating every
entry of N. For two tensors N and M with the same rank and bond dimension,
the addition N + M is a new tensor obtained by addition of the two arrays. For
convenience, in the rest of the paper we assume that all the indices have the same

dimension d.* We will always assume d = O(poly(n)).

A tensor network T := T(G, M) is described by an n-vertex graph G = (V, E) and

a set of tensors on vertices, denoted as M = {M [V]}V. More specifically, on each

4This is not a restriction, since we can just take d to be the maximum dimension of all indices
in the tensor network, and introduce dummy dimensions elsewhere.
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Figure 5.1: Tensor and operations on tensors. (a) A rank-k tensor. (b) The product of a
rank-k and a rank-/ tensor. (c) Contracting two tensors by identifying edges i; and j;. (d)
Contracting two free edges in the same tensor. (e) A special tensor which can be factorized
into a product of rank-1 tensors. (f) If all tensors have a factorized structure, then the
contraction value of tensor network can be computed by contracting the rank-1 tensors.

vertex v of degree k, there is a tensor M [V] of rank k,, where the indices iy, . ..,i k.
correspond to k, edges. One can interpret [d] as d different colors, and i € [d]
represents that we label the corresponding edge with color i;. Denote this edge
labeling as ¢ : E — [d]'E!, we write M!" = Ml.[lv’.]”’l.k
of edges, we can conceive of the labeling ¢ as a vector ¢ € [d]

. With an arbitrary ordering
IEl. The contraction

value of tensor network is then defined to be

Y(T) = Z l—[MCM. (5.3)
Ce[d]lEl vev

Product and contraction. Besides Eq. (5.3), another equivalent way of defining the
contraction value of tensor network y (7') is via a graphical representation, which is
more intuitive and will be used in the proofs. As in Figure 5.1 (a), for a tensor of
rank k, we represent it as a vertex with k edges. We term such edges which connect

to only one vertex free edges.

With this graphical representation, we introduce two operations on tensors. Consider
a tensor MV of rank k, with free edges indexed by iy, ...,ix, and another tensor
M@ of rank [, with free edges indexed by ji,...,j;. We use Figure 5.1 (b) to
represent the product of M), M® | that is a new tensor MV @ M® of rank k +{

and with free edges indexed by iy, ..., ix; j1, ..., i, where

MY ®M(2)) =MD M? 5.4
( [l seeeslkoJ1seees]l Uoeewslle o J1oeess Ji ( )
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The product operation can be generalized to multiple tensors recursively,
MV oMo MD oM@ = (((MVeM?) e MI) o MP)... (55)
One can check that the order of this recursion does not change the final tensor.

Another operation which defines a new tensor is contraction, that is, connecting
different tensors by identifying a free edge of one tensor with a free edge of another
tensor and summing over that index. Starting from the two tensors M") and M,

contracting the indices /| and j; results in a new tensor P of rank k +/ — 2, with free

edges indexed by iy, . . ., i, j2, ..., ji, where
(1) M
Piyivrit = ) M) M (5.6)
feld]

Graphically, this operation is represented by joining the two contracted edges; see
Figure 5.1 (¢).

One can also contract two free edges in the same tensor. Consider the contraction
of the indices i1, i» of MV, Figure 5.1 (d) represents a new tensor Q of rank k — 2
and with free edges i3, ..., iy where

= Z M (5.7)

The contraction operations can be generalized to contracting multiple pairs of edges
by contracting the pairs one by one. Note that the order of contraction does not

change the final tensor.

One can check that given a tensor network T = T'(G, M), the contraction value of
tensor network defined by Eq. (5.3) is equal to the value obtained when contracting

X, M1 by identifying the free edges according to the edges of G.

For any vertex v, use N (v) for the vertices adjacent to v in G.

Example 113 Here we give an example of how the graphical representation simpli-
fies the computation of the contraction value. Consider a case in which each M

has a factorized structure, that is, there exist vectors @) € C? for w € N(v) such

that
M= Q) et
weN (v)

[v] _ (v,w)
M = 1_[ @, .

equivalently the entry
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Then M) can be represented by a product of [N (v)| tensors as shown in Figure 5.1
(e). As a consequence, one can check that in this special case computing x(T) is
easy: as in Figure 5.1 (f), one can write x (T) in a factorized way, where each edge

v, w) contributes a factor (@), @W")) = > " g ) as follows:
feldl @y f

= > []m (5.8)

all edge labeling ¢ v

1_[ (@) oMWYy, (5.9)

edges (v,w)

2D tensor network. We call a tensor network 7' = T (G, M) a 2D tensor network if
the graph G is a 2D lattice. We assume the lattice has size L X L, withn = L X L,
and satisfies periodic boundary conditions, that is can be mapped onto a torus. The
periodic boundary condition is mainly to ease the analysis. In particular, every

vertex has degree 4. For simplicity, we assume that L is even.

e For u > 0, we define a 2D (u, n, d)-Gaussian tensor network T(G, M) as
an n-vertex 2D tensor network with bond dimension d, where the entries of
every tensor M1 are iid. sampled from the complex Gaussian distribution

Nc(u, 1), ie.
jid.
(MDY ini T Ne(u, 1). (5.10)
* For technical reasons, for z € C we also define the 2D (z,n, d)-shifted-
Gaussian tensor network T(G, M), which is an n-vertex 2D tensor network
with bond dimension d: For every vertex v, Let (A[V])il,iz,i3,i4 . Nc(0, 1),
the entries of MV are defined to be

(M[V])il,iz,i3,i4 =1+ ra (A[V])il,iz,i3,i4- (511)
We write the tensor M V] as
MW = g4 AT (5.12)

where J!"! is a tensor whose entries are all 1. Note that J[! has a factorized

structure
JUT=1,.. ., 118

We abbreviate the 2D (z, n, d)-shifted-Gaussian tensor network 7 (G, M) as
T4(z) where A = {AD]},.
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5.3 Barvinok’s method and its variant

In this section we review Barvinok’s method, which was first developed by Barvi-
nok [Barl6a; Barl6b], and is a general method for approximate counting. It has
been applied to approximating permanents [EM 18], hafnians [Barl6a; Bar16b] and
partition functions [Barl4; PR17]. In particular, Barvinok’s method was applied to
contracting symmetric tensor networks where all entries are very close to 1 [PR17].
Our setting allows the entries having significant fluctuations where the standard
Barvinok’s method fails. Instead our algorithm builds from a special variant of
Barvinok’s method used in approximating random permanents [EM 18], which we
summarize below. All Lemmas and Theorems quoted here are proven in [Barl6a;
Barl16b; EM18].

Roughly speaking, the idea of Barvinok’s method is to approximate an analytic
function via its Taylor series around 0. The performance of this approximation

depends on the location of the roots of the analytic function.

Consider a polynomial G (z) of degree n, where G (z) # 0 for z on a simply connected
open area containing 0 in the complex plain. We choose the branch of the complex
logarithm, denoted as LN, such that LN G(0) is real. Define F(z) := LNG(z).
In our application, G (1) will encode the contraction value of tensor network. An
additive approximation of F(1) will give a multiplicative approximation to G(1).
For r,w > 0, we use 8(r) c C to denote the the disk of radius r centered at 0, and
use 7 (re'?, w) to denote the strip of width w around the line between 0 and re’,
that is

B(r)={zeC|lz| <r},

T (re'’, w) ={zeC | —w<Rze™) <r+w, |I(ze )| < w).

The following lemma quantifies the approximation error incurred by approximating
F(z) using a root-free disk of G (z).

Lemma 114 (Approximation using a root-free disk, see the proof of Lemma 1.2 in [Bar16b])
Let G(z) be a polynomial of degree n and suppose G(z) # 0 for all |z| < n where
n > 1. Let F(z) = LN G(z). Then F(z) is analytic for |z| < 1. Moreover, consider

a degree m Taylor approximation of F(z),

Zk

z=0k!

% F(z)
azk

(5.13)

Pu(z) = F(O)+ )
k=1
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Then, for all |z| < 1,

n
|F(Z) _Pm(z)l < (m+ 1)777"(7]— 1)

(5.14)

Recall that additive approximation of F(z) implies multiplicative approximation
of G(z). To translate Lemma 114 into an efficient algorithm, one further needs to
efficiently compute the first few derivatives of F'. Barvinok shows that the derivatives

of F can be efficiently computed using the derivatives of G.

Lemma 115 ([Bar16a]) Let G(z) be a polynomial of degree n and G(z) # 0. If
one can compute the first | derivatives of G(z) at z = 0 in time t(n), then one can
compute the first | derivatives of F(z) = LN G(z) at z = 0 in time O(I*t(n)).

Lemma 114 implies that the Taylor series at z = 0 gives a good approximation to
F(z) =LNG(z), as long as G(z) is root-free in a disk centered at O that contains z.
Lemma 114 can be generalized to the case in which G (z) is allowed to have roots in
the disk, but instead there exists a root-free strip from 0 to z. The main idea in this
generalization is to construct a new polynomial ¢(z) which embeds the disk into
a strip. Given such ¢, we can then approximate G (¢(z)) using the approximation
via a root-free disk, since G (¢(z)) is guaranteed to be root free in a disk of some
radius. Furthermore, we can still use this approximation to estimate G (1), which

will encode our quantity of interest.

Lemma 116 (Embedding a disk into a strip, Lemma 8.1 in [Bar16a]) For 0 <
p < 1, define

_1-1

a=alp)=1-¢7, n:n(p):ll_e—_f> L (5.15)
1 1 - K ak

K =K(p) = (1+—) e1+5| > 14, crzcr(p)zZ—and (5.16)
p k=1 k

1 & k

6 =9y = 3 O .17

k=1

Then ¢(z) is a polynomial of degree K such that $(0) = 0, ¢(1) = 1, and embeds
the disk of radius n into the strip of width 2p, i.e.,

—p < R(P(2)) < 1+2pand |3($(z2))| < 2p provided |z| < 1. (5.18)
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Corollary 117 (Approximation using a root-free strip) Let G(z) be a polyno-
mial of degree n and suppose there exists a constant p € (0, 1) such that G(z) # 0
forall z in the strip T (1,2p). Define n, K, ¢(z) as in Lemma 116 wheren > 1. Let

F(z) = LNG(¢(2)).

Then F(z) is analytic for |z| < 1. Moreover, consider a degree m Taylor approxi-
mation of F(z),

:  0'F(z), 2
Pm(Z) = F(O) + ; a—zkk:()a. (519)
Then, for all |z] < 1,
K
- (5.20)

|F(z) = Pu(2)] < :

(m+n™(n—1)
Proof: Recall that > 1. By Lemma 116 and the assumption that G(z) # 0
for all z in 7 (1,2p), we have for any |z] < 1, G(¢(z)) # 0. Note that G(¢(z))
is a polynomial in z of degree nK. Then use Lemma 114 w.r.t G(¢(z)) and
F(z) =LNG(¢(z)) we prove the Corollary. [ ]

In the above Lemmas, we have assumed G (z) is a fixed polynomial, and the perfor-
mance of the Taylor expansion of F(z) depends on the location of roots of G(z).
When G 4(z) are random polynomials indexed by randomness A, [EM 18] illustrates

a way of using Jensen’s formula to estimate the expectation of the number of roots.

For convenience of later usage, in the following we use the notation ha(z) for
polynomials instead of G 4(z). In later applications %4 (z) will be a rescaled version
of G4(z). By Lemma 119 [EM 18] connects the expected number of roots in a disk

to the second moment of /4.

Definition 118 (Average Sensitivity [EM18]) Letr ha(z) be a random polynomial
where A is sampled from some random ensembles and hs(0) # 0. For any real

number r > 0, the stability of ha(z) at point r is defined as

|71a(re') IZ]

5.21
RO 621

kh(r) =FEygEx [

2 : . . NPT
where Eg[-] = /9276[-] g—g is the expectation over 0 from a uniform distribution over

[0, 27), and E 4 is the expectation over the randomness of A.
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Lemma 119 (Proposition 8 [EM18]) Let hs(z) be a random polynomial where A

is sampled from some random ensemble and h(0) # 0. Let Nao(r) be the number
of roots of hx(z) inside B(r), and 0 < A < 1/2. Then,

EAs[Na(r—ra)] < % Inkp(r). (5.22)

Lemma 119 bounds the expectation value of the number of roots in B(r). In later
sections, we will apply Lemma 119 to show that our polynomial of interest has very
few roots in the disk. This will allow us to find a root-free strip with high probability.

For completeness, we provide a proof of Lemma 119 in Appendix 5.8.

5.4 Tensor network contraction algorithm from Barvinok’s method
We are now ready to present our algorithm for approximate tensor network con-
traction. The algorithm is based on Barvinok’s method and takes the following

inputs,
* A tensor network 7' = T(G, M), where G = (V, E) is a graph comprising
n = |V| vertices and has constant degree «.
* A precision parameter € € (0, 1].

The goal is to approximate y (7') with e-multiplicative error. In order to achieve this,

we will choose the following parameters that will enter the algorithm appropriately.

* A set of non-zero complex values {u, },ec. We will choose u, to be the mean

value of the entries of the tensor M "1 at vertex v € V.
* A complex value z.,4 # O.

* A real value 0 < p < 1. This value will determine the width of the strip

7 (1,2p) in the complex plane.

The algorithm we describe in this section is well-defined for an arbitrary tensor
network. In Section 5.5 we will apply this algorithm to random 2D tensor net-
work whose entries have a small positive bias and show that it succeeds with high

probability.
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The polynomial

To apply Barvinok’s method in Corollary 117, we map the contraction value of
tensor network to a polynomial as follows. For each vertex v, with some abuse of

notations, we use J"! to represent the tensor by substituting all entries in M[*] by
1. We define

AV = (T - gy Lo (5.23)

end

In other words,
MU = g0 g g g - AP (5.24)

Eq. (5.24) states that we intepret the normalized version of M "] as the all-one tensor

JU interpolated by Al"]. We note that we allow z.,4 to be much larger than 1.

Since the contraction value of T(G, {M™},) equals [], u, times the contraction
value of the normalized tensor network 7' (G, { ,u‘lM }v), without loss of general-

ity, from now on we assume that the tensor network has been normalized and

MU= g0y Al (5.25)

If we substitute z.,4 with a variable z in Eq. (5.25) for each tensor M Ml we will
obtain a family of new tensor networks, denoted by T4(z). The contraction value
x(Ta(z)) is a degree-n polynomial in z. Denoting this polynomial as g(z), we

have

8a(2) = x(Ta(2)), 0<2< 2Zena (5.26)
8A(Zend) = X(Ta(zena)) = x(T). (5.27)

Recall that 0 < p < 1. Define the polynomial ¢(z) as in Lemma 116. For

convenience of applying Barvinok’s method, we also define G 4(z) by rescaling

g(2),

Ga(2) =8a(z-Zena), 0=<z<1. (5.28)
Fa(z) =LNGA(¢(2)). (5.29)

F4(z) will be analytic in the disk B(1) if G 4(z) is root-free in the strip 7 (1, 2p).
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Computing the derivatives of g4

We first note that the first few derivatives of g4(z) can be computed efficiently.

Lemma 120 For any integer m, the first m derivatives {gi\k)(O)}kzowm can be
computed in time O (m>d“"n™*1).

0Tx(2)
aS

obtained by substituting the tensor M "1 with Al at every vertex v € S. Using the

Proof: For any subset S € V, we denote by the tensor network which is

product rule of derivatives and induction on k, one can check that

akgA(Z) _ Z ¥ (6TA(Z)) k! (530)

%
0z SCVIS|=k a8

In particular, note that when z = 0, by the definition of 6Tg‘s(0) , for any vertex w ¢ S,
the corresponding tensor at w in 8T5‘§0) is

Ml = gl L. Al = gD

As in Example 113 and Figure 5.1 (f), we can decompose each tensor JIV1 =

[1,...,1]®% as a product of « all-one vectors [1, ..., 1]. Then the graphical repre-

£ «97"3(0)
S

sentation o consists of many disconnected sub-graphs, where each sub-graph

has at most |S| < m vertices. The contraction value X(a%_s(o)) is the product of the
contraction value of each subgraph, and can be computed in time n - O(d""m).
Here n is an upper bound of the number of sub-graphs, and O (d“"m) is the cost of
directly contracting an m vertices subgraph of a tensor network on degree-« graph.
Thus by Eq. (5.30) for any k£ < m, gE‘k)(O) can be computed in time O (n"d""nm).

.....

O(mdeman)_ -

In later proofs we will set m = O (In(n/€)). When d = poly(n) and € =
O(1/poly(n)), the cost O(m*d*"n™*) of computing the m-th derivative is then
quasi-polynomial.

Using Lemma 120 one can efficiently compute the first few derivatives of F4(z).

Lemma 121 Assume that p is a constant. Then for any integer m, the first m

derivatives of {F/gk) (0)}{, can be computed in time

0 (m4d/(mnm+l + m6) )
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Proof: By Lemma 120 and the definition of G 4 (z), the first m derivatives {ng) O},

can be computed in time O(mzdkmnm+1). Besides, from Lemma 116 and the as-

sumption that p in the definition of ¢ is a constant, ¢(z) is a polynomial of degree
3 . I k

K where K = K(p) is a constant, thus the first m derivatives {¢ )(O)}Z”:O can be

computed in time O(m). Thus by Lemma 143 in Appendix 5.8, one can compute

the the first m derivatives of the composite function G 4(¢(z)) at z = 0 in time
O(mZdean + m4)‘

Note that K is a constant and G 4(¢(z)) is a polynomial of degree nK. Then by

Lemma 115, we can compute the first m derivatives Flgk) (0) in time

0] (m4d’<mnm+l + m6) )

The algorithm and its performance

Our goal is to approximate LN G 4(1) = LN G 4(¢#(1)) with respect to an additive
error, which will give a multiplicative approximation to G4(1) = x(T). The
algorithm is just computing the derivatives and P,,(z) in Corollary 117, that is
Algorithm 7.

Algorithm 7 Barvinok(G 4, m, p)
1: Let Fa(z) =InG4(¢(z)) with ¢ = ¢, as defined in Eq. (5.17).
2: Compute the first m derivatives {Flgk)(O) Yo of F4 using Lemma 121.
3: Compute Py, (1) = F(0) + X FV(0) 1 .
4: Return {(T) := eFm(),

Algorithm 7 returns a good approximation of y(7") with multiplicative error € if
G 4(z) is root-free in 7 (1,2p) and we set m = O(In(n/¢€)).

Theorem 122 Let 0 < p < 1 be a constant. If Ga(z) # O for any z in strip
T (1,2p), then for any €, Algorithm 7 runs in time

0 (m4d’<mnm+l + m6) )

Choosing m = O(In(n/€)), Algorithm 7 outputs a value y(T) that approximates
x (T) with e-multiplicative error. That is

X (T) = x(T)] < elx(T)].
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Proof: As in Corollary 117 and Lemma 116, we define two constants n, K from p.
Set

_ In(enK/e) —In(n —1)
m =

= O0(In(n/e)). (5.31)
Inn

Define the polynomial P, (z) as in Corollary 117. Applying Corollary 117 to the
functions G 4(z), Fa(z), we have for |z| < 1,
|Fa(z) = Ppu(2)] < €/e. (5.32)

One can check that |e* — 1| < e|x| for complex x where |x| < 1. Thus for any
lz| <1,

|eFA(Z) _ er(Z)| — |eFA(z)| 1= er(Z)—FA(Z)| (5.33)
< lefA@] . ¢ e/e. (5.34)
=€ |1, (5.35)
Note that
X(T) = x(Ta(zena)) = €. (5.36)
Since
R(T) =D, (5.37)
Eq. (5.35) implies
X (T) = x(T)| < € |x(T)]. (5.38)

The runtime of the algorithm is the time for computing the polynomial P, (1), which
is dominated by the time for computing Flgk)(O) fork =1,...,m. By Lemma 121

we can compute the the first m derivatives Flf\k) (0) in time

0 (m4dkmnm+l + m6) )

5.5 Approximating random PEPS with positive mean

In this section, we apply Algorithm 7 to the task of approximating the contraction
value of 2D tensor networks. We show that the algorithm succeeds with high
probability if the tensors are drawn randomly with vanishing positive mean and
intermediate bond dimension d > nc™! for constant c¢. The formal statement of the

result is as follows.
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Theorem 123 Suppose d > nc™! for some constant c. Let A be an arbitrary small
constant satisfying 0 < 1 < e 3¢/80. Let € € (0,1] be a precision parameter.

Suppose
1 1

> -
H=a0-2

Then there is an algorithm A which runs in time
0 (1714(1l4m71m+l + m6) form = O(In(n/e)),

such that with probability at least % + % over the randomness of the 2D (u, n, d)-
Gaussian tensor network T, it outputs a value x(T) that approximates x (T) with

e-multiplicative error. That is
X (T) — x (D) < elx(T)].

Note that if a random variable X ~ Nz (u, 1) with g4 > 0, then %X ~ Ne(1, #).

That is . |
—X=1+-YforY ~ Nc(0, 1).
u i

Thus approximating 2D (u, n, d)-Gaussian tensor networks with multiplicative error

can be reduced to approximating 2D (z, n, d)-shifted-Gaussian tensor networks for

=1
z=4

In other words, to prove Theorem 123 it suffices to show that one can approximate
2D (z, n, d)-shifted-Gaussian tensor networks 74 (z) for0 < z < d - (1 —2A4), where

1
u
gives the contraction value, that is y(T) = u" - x(Ta(z4)).

Specify parameters in the algorithm
We use the algorithm 7 in Section 5.4 to prove Theorem 123. Recall that 4 is a
parameter in Theorem 123. We specify the parameters in the input of the algorithm
as:

* k = 4 since the degree of a 2D lattice of periodic boundary condition is 4.

e u,=1forallv e G.

® Zend:d'(l—Z/l).



190

4 .
.« p= ﬁ for the strip 77 (1, 2p).

The key Lemma for proving Theorem 123 is showing that G 4(z) has no roots in
7 (1,2p) with high probability. We use the same notations g4(z), G 4(z) as defined
in Section 5.4.

Lemma 124 (Root-free strip) With probability at least % + % over the randomness
of A, G 4(z) has no roots in 7 (1,2p).

Before proving Lemma 124 we first prove that Theorem 122 and Lemma 124 together
imply Theorem 123.

Proof:[Proof of Theorem 123] By Lemma 124 with probability at least % + % over
the randomness of A, G4(z) # 0 for z € 7(1,2p). Then we prove Theorem 123 by
Theorem 122. ]

Rescaling polynomials. Recall that

24(2) = x(Ta(2)), for0 <z <d-(1-21) (5.39)
Ga(z) = x(Ta(z-d-(1-21))), for0<z<1. (5.40)

For convenience, we also define

ha(z) = x(Ta(zd)), for0 <z < 1-24. (5.41)

Then Lemma 124 is equivalent to the following.

Lemma 125 (Root-free strip) With probability at least % + % over the randomness
of A, ha(z) has no roots in T (1 =24, w) for w = nA*)2.

The following Sections are used to prove Lemma 125. In Section 5.5 we review
the 2D Ising model. In Section 5.5 we map the random 2D tensor network to the
2D Ising model. In Section 5.5 we analyze the partition function of the 2D Ising
model and use it to find the root-free strip. Finally in Section 5.5 we prove the exact

contraction of random 2D tensor network with positive mean remains #P-hard.

2D Ising model

This section is a review of the 2D Ising model. Let L and L; be two integers where

n=LyXL,.
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For simplicity we assume L, is even. Consider an L X Ly 2D lattice with periodic
boundary conditions, meaning that the lattice can be embedded onto a torus. We

assume the periodic boundary condition to simplify the analysis.

Denote the lattice as G = (V,E) and let n := |V|. At each vertex v, there is a
spin which takes a value s, € {—1,+1}. The Hamiltonian (or energy function) of
the 2D Ising model is defined to be the function H mapping a spin configuration

s = {5y }yey to its energy

H(s,J.0)=-J Y sSw—0) su (5.42)
(v,w)eE veV
where J € R is the pair-wise interaction strength and o € R quantifies the strength
of an external magnetic field. The partition function at inverse temperature S is
defined as

Z(B.J.0= ), exp(-BH(s. T, 0)) (5.43)
se{x1}"
= > [ expBTsus) | [expBosy). (5.44)
se{x1}" (v,w)eE veVv

It is well known that when there is no external magnetic field, that is o = 0, the
partition function of the 2D Ising model with periodic boundary has a closed form.
In the thermodynamic limit, this formula is known as Onsager’s solution [Ons44].
For a finite-size lattice, a refined formula has been given by Kaufman [Kau49],
which is summarized in Lemma 126. There is no closed form formula for the
partition function Z (8, J, 0) when o # 0.

Lemma 126 ([Kaud9]) The partition function of the 2D Ising model on an L1 X L,

lattice with periodic boundary conditions and zero magnetic fields is given by

L, Ly

Z(B.T.0) =% (2 sinh 28.9)L1L2/2 % {]—[ (2 cosh %yzr) ] (2 sinh %yzr)

r=1 r=1

(5.45)

L, L,
L L
+ 1:1[ (2 cosh lez,_l) + ]_[ (2 sinh jlm_l)} : (5.46)

r=1

where for j = 1,...,2L,, we define

coshy; :=cosh2H" - cosh2BJ —sinh2H" - sinh 287 - cos(jn/L2), (5.47)
tanh H* = exp(-2B89). (5.48)
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Notice that Eq. (5.47) does not specify the sign of y;. Since here we are only
interested in an upper bound of Z(,,0), we can just assume that y; has a

positive sign.’

Mapping random tensor networks to the Ising model

In this section, we estimate E4|h4(z)|? by mapping it to the partition function of a
2D Ising model. To this end, observe that choosing 3, J such that exp(8.7) = d?
and exp(—B8J) = dVd, we can write

ZB.J.0= ), R (5.49)
se{x1}"
in terms of a function
Rs)= [ ] rew(s), (5.50)
(v,w)eEE

with weights

dVd, if s, # sy,
Fyw(8) = (5.51)
d?, if Sy = Sy.
We then show the following lemma.
Lemma 127 Forz € C, |z| > O, set 8, T, o in the 2D Ising model to satisfy
Ind
BY = a1 Bo =In|z|. (5.52)
Then we have that over the randomness of A, we have that
Ealha(2)]> =d™?12"Z(B. T, 0) (5.53)
= Z R(s)|z?!. (5.54)

se{x1}"

Note thatin Lemma 127, the 2D Ising model has a non-zero magnetic field o # 0, and
thus the closed form formula for 2D Ising model without magnetic fields (Lemma

126) does not directly apply.

SFor readers who are interested in numerically verifying Lemma 126, the sign of y 7 influences
the value of sinh %yj and thus the value of Z(8, J,0). The sign of y; is explained in Remark 15
and Figure 3 of [Kau49]: y; > O for all j # 2n; but y,, is negative if 8 < H_, and is non-negative
if BJ > H., where H, is the critical point which is approximately 0.4407. A remark is [Kau49]
denotes our vy, as yo.
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In the remainder of this section, we prove Lemma 127. Here we use the techniques
of mapping random instances to classical statistical mechanical models, which are
widely used in the physics literature for studying phase transitions [BCA20; SRN19;
Yan+22; LC21]. This section will heavily use the graphical representations of tensor

networks, which was explained in Section 5.2.

Recall that in the 2D tensor network 7’4 (zd), for each vertex v, the tensor M '] can

be written as
MM = g4 zq . Al (5.55)

In the following Lemma 128, we first compute the expectation of the product of
tensor M "l and its conjugate, that is M["] @ MI"]. Evaluating this average will
allow us to compute E4 |74 (z)|?, since ha(z) - ha(z) is the product of two 2D tensor

networks where, for each vertex we can pair the tensors as M [V @ MV as we will
explain in detail in the proof of Lemma 127.

Lemma 128 Define the delta tensor T° to be a tensor of rank 2 with free edges i, i’

and bond dimension d, where (T®);; = ;. As in Figure 5.2, we have
S ®4
Ex [A[V] ® M] T RTRT @ T = (T‘S) : (5.56)
Ex [M[V] ® M[V]] = I g g 4 |z2(a"? - T8, (5.57)

where in Figure 5.2 (a) we use O to represent the vertex for a delta tensor T°, and

in Figure 5.2 (b) we use e to represent the vertex for the tensor [1,1,1...,1].

Figure 5.2: Graphical representation of the expectation of tensor products. (a) The expecta-
tion of the product of A[V] and its conjugate is a product of delta tensors. (b) The expectation

of the product M ® M[v] decomposes into a linear combination of delta tensors and a
product of rank-1 tensors.

Proof: As in Figure 5.2 (a), we label the free edges of the first copy of A"l by
i,j,k,l, and the free edges of the second copy by i’, j’, k’,!’. By definition, all
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entries of A"l are sampled independently from N (0, 1). Thus, we have that

(4[4 & aTT)) = S - 6+ Oir - O (5.58)
kLI T

which proves Eq. (5.56). To prove Eq. (5.57), it suffices to notice that

MUV = gl g ADT, (5.59)
o [JM ®AM] o [A[V] & JI 1] - 0. (5.60)
| ]

Proof:[Proof of Lemma 127]

MW

ha(z) - ha(z) dz ( )d% = O d =&
(a) (b)
Figure 5.3: (a) Pair the tensors M V] and its conjugate in E4lga(z)|?. (b) The ten-

sors with respect to edge (v,w) in T(s). From top to button, the value of (s,, s, ) are
(1,-1), (1, 1), (=1, —1) respectively.

Sw

}] dz = Dg: = 48

—9 o—©O
—@ o—©O

ARAE

As in Figure 5.3 (a), ha(z) - ha(z) is the product of two 2D tensor network, where
for each vertex v, we can pair the tensors as MV @ M. By Lemma 128 we know
that

NV — E, [M[V]®M[V]]:J[]®J 122 (a2 - T%)®*, (5.61)

Define a new 2D tensor network 7'(N) where at each vertex v the tensor is N[V,
Notice that E4|h4(z)|> = x(T(N)) since

Ealha(2)]* = Ea Z [ [ M Z [Tm (5.62)

d]'El veV d]El veV

Z [1E4 (MM ® M[V])C . (5.63)

c’c’e[d] |E| veV

X(T(N)). (5.64)

We map x(T(N)) to the partition function of the 2D Ising model as follows. For
any configuration s = {5, } ey, 5, € {1}, construct a new 2D tensor network 7 ()
as follows:
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e If 5, = 1 we set the tensor on v to be Jhl g giv.

* If 5, = —1 we set the tensor on v to be (d'/% - T9)®*.

As in the top figure in Figure 5.3 (b), for an edge (v, w), if (s,, s,) = (1,—-1), then
the edge (v, w) contributes a scalar factor as d 3 to T (s), which is the contraction
value of the tensor JI"1 ® JII and the tensor (4'/? - 7°)®*. Similarly, as in Figure
5.3 (b), if (s, sy) = (1,1) or (=1, —1), the edge (v, w) contributes a scalar factor
as d”. Thus one can check that the contraction value of T(s) is given by R(s).

With an arbitrary ordering of the n vertices, we write the configuration s = {5, },ey
asavector s € {+1}". Based on Eq. (5.61), one can compute y (7 (N)) by expanding

NI that is for any configuration s,

» We use s, = 1 to represent choosing JI"1 @ JI],

e We use s, = —1 for |z|> - (d'/? - T9)®*,

Then define |s| to be the number of —1 in s, we have

X(TN) = > (T = > R(9)lzP. (5.65)

se{£1}" se{£1}"

One can check that setting 8.7 = % and Bo = In|z|, for any s € {+1}", we have
d"P||" exp(=BH (s, T, 0)) = R(s)|z*". (5.66)

Finding a root-free strip
In this section, we show that one can efficiently find a root-free strip with high

probability. In particular, we will bound E4[|/4(z)|?] and use Lemma 119.

Recall that we consider a 2D lattice with periodic boundary conditions, where the
2D lattice has size n = Lj X L and L, is even. The 2D Ising model and R(s) are
defined in Section 5.5.

The exact formula for the partition function Z (g8, J,0) in Lemma 126 is intimi-
dating. We upper bound Z (8, J,0) by a simpler formula. Then we will use this
formula to bound E4 [|h4(2)|*].
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Lemma 129 (Bound on the partition function with no magnetic field) If 5.9 =
1/4 -Ind and d > 3, we have that

2d? < Z(B.J.0) < 24> (1 + 3) . (5.67)

Proof: Here we use the same notation as in Lemma 126. By the definition of the
partition function, and the fact that there are 2n edges in the 2D square lattice with
periodic boundary conditions, we have
ZB.3.0= >, || eeBIss)=24"7 (568
5s=00..0 or 11...1 (v,w)€eE

Now, note that we can rewrite the definitions in Lemma 126, for any j as
2coshyj =cosh2H" -2cosh2BJ - (1 —acos(jn/Ly)), (5.69)

where a :=tanh2H* - tanh 289 € (0, 1). Since L; is even, we have
Ls)2

]_[(1 —acos(2rn/Ly)) = ]_[ (1 — acos(2rm/Ly)) (1 —acos(2(r + —)7T/L2)

(5.70)
L2/2

= ﬂ (1 — acos(2rr/Ly)) (1 +acos(2rn/Ly)) (5.71)
r=1

Ly)2

= 1_[ (1 — a? cos2(2r7r/L2)) (5.72)
r=1

<1. (5.73)

By the definition of cosh, 2 cosh kx < (2coshx)¥ for any x and any integer k > 0,
we have that

L

Li/2
I'] (2 cosh —er) (H 2 cosh m) (5.74)

r=1

L, L/2
= (cosh2H* - 2 cosh 2. ) F112/2 (l_[(l - acos(Zrn/Lz)))
r=1
(5.75)

< (cosh2H* - 2 cosh2B8.9)1112/2 (5.76)
where the second equality comes from Eq. (5.69) and the last inequality comes from

Eq. (5.73). Similarly we can get the same upper bound for
L2 L2

L = L L
| (2 cosh 71y2r_1) , and ]:1[ (2 sinh 71)/2,) 11 (2 sinh 71y2r_1) ,

r=1 r=1
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where we get the bound for the last two terms by |sinhx| < coshx. Besides, from
tanh H* = exp(-2B9) we have

exp2BT)+1 _Vd+1

exp(2H™) = = (5.77)
b exp(2B9) — 1 Va1
1 [Vd+1 d-1 3
coshop = L[ YA+l Vd-1) | 3 ford > 3. (5.78)
2\Vd -1 Vd+1 d
We estimate
1
2sinh 289 = Vd - — < Vd, (5.79)
Vd
1
2cosh2B9 = Vd + —. (5.80)
Vd
Thus by Lemma 126, we finally conclude that
Z(,BJ'O)<1 di -4 1+3%d% 1+l% (5.81)
T2 d d '
n 3\"
< 2d> (1 + 3) . (5.82)
|
Using Lemma 129 we can now estimate ; R(s).
Lemma 130
4n 3 n
R(s) <2d™(1+ 3) (5.83)

se{x1}"

Proof: Since the 2D lattice we consider has n vertices and satisfies the periodic
boundary condition, there are in total 2n edges. Set z = 1,89 = 1/4 - Ind,
Bo =1In|z| =0, (that is 0 = 0). By Lemma 127 and Lemma 129 we have that

Z R(s)=d"™?Z(B,T,0) < 2d* (1 + f‘z) . (5.84)
se{x1}

|
Then we estimate E4|h4(z)|* for small z and for z < 1. For completeness we also

give a lower bound on E4|h4(z)|? in Lemma 131 (c). (c) will not be used in other

proofs.
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Lemma 131 Let ¢ and p be two constants where 0 < p < 1. Assume d > nc™'.We

have
(a) For|z| < p, Ealha(2)|> < d*(1 +2p%e*).
(b) For|z| < 1, Ealha(2)[* < d* - 2¢.

(c) Forany z, Eqlha(2)]? > d*(1 + 5—[42)”.

Proof: Note that when s = 0...0, R(s) = d*". For (a), since |z| < p, by Lemma

127 we have

Eslha@PP =d™ - 12°+ )" Rl (5.85)
se{x1}":s|>1
< d* 4 p? Z R(s) (5.86)
se{x1}"
3 n
< d*+ p? .24 (1 + 3) (5.87)
< d*(1+2p%e%), (5.88)

where the second inequality comes from |z| < p < 1 and R(s) > 0,Vs; the third

inequality comes from Lemma 130; and the last inequality comes from d > n - c~!.

For (b), by Lemma 127 and Lemma 130 we have for |z| < 1,

Ealha@P < > R(s)-1 (5.89)
se{x1}"
4n 3 "
<d*" (1 + 2) (5.90)
< d*.2e%. (5.91)

For (c), note that for |s| = k, since there are at most 4k edges (v, w) in R(s) which
take values r,,,(s) = dVd, we must have R(s) > a’4”/\/c_l4k. Thus

n

Edlha@P =) > Rz (5.92)

k=0 se{x1}":|s|=k
n n |Z|2 k
4n
2 25 i) () .

=d" (1 + —) . (5.94)
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Recall that N4 (r) is the number of roots of h4(z) inside the disk B(r). With

Lemma 131, we can estimate N4 (r) by using Lemma 119.

Corollary 132 Suppose d > nc™! for some constant c. Let A be an arbitrary small
constant satisfying 0 < 1 < e=3¢/80. We have

1
Pra|Na()=0 & Na(l-2)< = > 4/5. (5.95)
Proof: Note that
ha(0) = d*".
We have
EA[NA(Q)] < Eo[Na (21=21-2/2)] (5.96)
1 |ha(24 - €)?
< -1 A 5.97
TR TN T 627
1
<7 In(1 + 82%¢%) (5.98)
< 81-¢, (5.99)

where the first inequality comes from the fact that the disk of radius 21 — 21 - 1/2
contains the disk of radius 4; the second inequality comes from Lemma 119; and

the third inequality comes from Lemma 131 (a) by setting p = 24.

Similarly from Lemma 119 and Lemma 131 (b) we get
1 i0Y]2
o Jhae)

Ef[Na(1-2)] < =—1 a2 5.100
ANa(I=)] < 7~ InEgEy RO (5.100)
1 3¢
S5y In(2¢%). (5.101)
Then by Markov inequality, we have
Pra[Na(1) =2 1] S EA[Na(Q)] (5.102)
<81-¢* (5.103)
1
< —. 104
3 (5.104)
1
Pra [NA (1-2) > =\ < A2 EA[Na(1=2)] (5.105)
< 1/2 - In(2*) (5.106)
1
(5.107)

< —.
10
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Then we get the desired result by a union bound. ]
Finally we prove Lemma 125.
Proof:[Proof of Lemma 125] Let

M =1/, 6:=2n/M, w:=nra*)2. (5.108)

For simplicity we assume that 1/1 is an integer. Consider the disk 8(1 — 1), that is
the disk centered at 0 and of radius 1 — A. As in Figure 5.4, we divide 8(1 — 1) into
M disjoint circular sectors, where for each sector the central angle is 6. Inside each

sector which is indexed by k € [M], we consider a strip of width w, that is
Te =T ((1 =22, w).
Note that since sinx > x/2 for 0 < x < 7/3, we have
Asin (0/2) > A0/4 = n2*)2 = w. (5.109)

Thus all the M strips {‘72}24: , are disjoint outside B(1). Besides, one can check that
the end part of the strip 7 is inside the k-th sector by noticing

0
0<A<1/80= (1-21)tanz > w.

Denote Sg,04 as the set of tensors A which have no roots in the disk of radius A and

few roots in the disk of radius 1 — A:
Sgo0d ={A: Na(A)=0& Nao(1-2) < %}.
By Corollary 132, we know that
Pra [A € Sgo0a| > 4/5. (5.110)

In the following we argue that S,,4 can be further partitioned into disjoint subsets,
where in each subset, with probability at least (1 — 1) over the randomness of A

there are no roots in 7 (1 — 24, w).

To this end, first we observe that for any k € [M], by the definition of &4(-), we

have

hiko 4 (z) = ha(e™f7). (5.111)
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Note that e*?z is just a rotation of z in the complex plane. By the rotational
symmetry of disks, the roots of h,ixe 4(z) = ha(e*?z) are simply rotated compared
to the roots of h4(z). Thus if A € Sg404, then so is koA,

Next, we partition S,,,¢ into disjoint subsets in the way that A, A” are in the same
subset iff there exists k € [M] such that A’ = ¢/*? A. For convenience, for each

subset we fix an arbitrary A as the representative and write the subset as

Sgaod(A) = {eik0A| k e [M]}

By the definition of S04, for any A € S,,04, there are no roots in 8(A1) and there
are at most 1/42 roots in B(1 — ). Since the M tubes {7;}24: , are disjoint outside
B(A), there is at most a % = A fraction of the M tubes which contains roots of

ha(z). Further, recall that
heikHA (Z) = hA(eikQZ),

and thus the tube 75 with respect to to e’*? A corresponds to the tube 7 with respect to
A. Hence, there is at most a A fraction of A" € S,,,4(A) such that the corresponding
strip 7o contains roots of /4(z).

Figure 5.4: Illustration of dividing the circle into M disjoint circular sectors. The radius of
the small disk and the big disk is A and 1 — A respectively. We divide the big disk B(1 — 1)
into M circular sectors. In each sector we choose a strip of width w. The first strip 7 starts
from —w and ends at 1 — 21 + w. Other strips are rotations of 7y. All the strips are disjoint
outside the small disk B(1).

In summary, we conclude that the fraction of A such that there are no roots in
7 (1 =24, w) is greater than
4

3 1
—-(1=2) > - J—
s (1-D=7+

4 25
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#P-hardness of exact contraction
Finally we prove that the exact contraction of the random 2D tensor network with a
positive mean remains #P-hard. The proof is a simple adaption of Theorem 1 and

Theorem 3 in [Haf+20]. For completeness, we put a proof in Appendix 5.7.

To make the statement rigorous, here we consider the finite precision approximation
of the Gaussian distribution, denoted as N@(,u, o?), where each sample can be
represented by finite bits instead of being an arbitrary real or complex number.
For example here we set the Nec(u, o?) to be the distribution where each sample
z ~ Nec(u, 072) is obtained by firstly sampling y according to Gaussian distribution
Nc(u, o), and then setting z to be the value by rounding y to n2 bits. N¢c(u, 072)
behaves similarly as Nc(u, o%) but makes the statements of exact contraction and

proofs more rigorous.

Accordingly, we consider finite precision 2D (u, n, d)-Gaussian tensor network
instead of 2D (u, n, d)-Gaussian tensor network, where we substitute N (u, o2) by
Ne(u, o?).

Theorem 133 (#P-hard) For any u € [0, poly(n)], n > 25 and d = O(poly(n)),
if there exists an algorithm A which runs in poly(n) time and with probability at
least % + % over the randomness of the finite precision 2D (u, n, d)-Gaussian tensor
network T, it outputs the exact value of x (T), then there exists an algorithm which

runs in randomized poly(n) time and solves #P-complete problems.

5.6 Approximating arbitrary positive tensor networks
In previous sections we have considered approximating random tensor networks. In

this section we move to the task of contracting a fixed tensor network.

For a general tensor network 7' = T (G, M), computing the contraction value y (7)
exactly is known to be #P-hard [Sch+07]. On the other hand, Arad and Lan-
dau [AL10] proved that approximating x(T) up to an inverse polynomial additive

error in the matrix 2-norm is BQP-complete.

In this section, we focus on positive tensor network T = T (G, M). These are defined
by tensors {M "1}, the entries of which are all non-negative. The main part of this
section will establish that when T is a positive tensor network, approximating y (7')

up to an inverse polynomial additive error in the matrix 1-norm is BPP-complete.
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Then, in Section 5.6 we give a short proof showing that approximating positive
tensor network with inverse-poly multiplicative error is at least StogMA-hard.
Section 5.6 is self-contained and can be read independently. We first review the
swallowing algorithm for tensor network contraction. Then we explain Arad and
Landau’s BQP-completeness result and our BPP-completeness result, which are

both based on the swallowing algorithm.

A swallowing algorithm and notations

Recall that in Section 5.2 we have introduced two operations on tensor networks,
taking their product and contraction. Given a tensor network 7' = T(G, M), the
swallowing algorithm (Algorithm 8) is a standard method to exactly compute the
contraction value y (7)), by contracting edges of tensors {M "1}, according to the
graph G = (V,E).

Algorithm 8 The swallowing algorithm

1: Given an ordering of vertex vy, ..., v, of G.

2: Set i « 1. Set the current tensor A[i] to be the tensor M1, which can be
pictured as one vertex and some free edges as in Figure 5.1 (a). i < n {Adding
tensor M1l to A[i]} M+ and A[i] share edges in G

3: Construct a new tensor A[i+ 1] by contraction, i.e. identifying the shared edges

and summing over the corresponding indices.

MUl and A[i] has no common edge.

Then A[i + 1] is defined as the product M+l @ A[].

i—i+1

X(T) — Aln]

A A

High level ideas for Arad and Landau’s result and our result. Let us first describe
Arad and Landau’s result at a high level before writing down formal statements with
heavy notations. As in Figure 5.5, given an arbitrary ordering to the vertices, for
every vertex v;, we implicitly partition the free edges of M ¥l into input and output
edges. With respect to this partition of in-edges and out-edges, one can write M Vil
as a matrix denoted as MVil"-ou ~ Ag in Algorithm 8, the contraction value of the
tensor network is then given by sequentially mapping the in-edges to out-edges,
which can be represented by the matrix multiplication [[; M [vilinout & 1, .. where
1,50 denotes the free edges other than the input edges in A[i —1]. Arad and Landau’s
result shows that this matrix multiplication can be simulated by a quantum circuit
through embedding each matrix M [V17-04 into a unitary, where the embedding is

done by adding an ancillary qubit. Our result is, when every M [Vilin-0u ig a positive
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matrix, instead of embedding it into a unitary, we embed the positive matrix into a

stochastic matrix and simulate positive matrix multiplication with a random walk.

To explain Arad and Landau’s result formally, we define more notation which is

used in the swallowing algorithm. This notation is adapted from [AL10].

F,=K;UJ;

Alil

Figure 5.5: Tllustration of the notations.  F; is the edges connecting {vi,...,v;—1} and
{vi,...,vn}. The edges attached to v; are partitioned into the in-edges K; and out-edges L;.
When contracting the tensor MV we map the in-edges to out-edges. The edges in F; but
not in K; are called J;.

As in Figure 5.5, define:

d Si={V1,...,V,'}.

* F; is the set of edges which connect S;_; and V/S;_;. F; are the free edges in
tensor A[i — 1].

* K; is the set of edges which connects S;—; and v;. K; are the edges being
contracted when contracting A[i — 1] and M"il, Note that K; = 0.

* J; == F;/K;, which are the free edges in both A[i — 1] and A[i]. J; = 0.
» L; is the set of edges of v; which are not in K;. In other words, L; are the new

free edges introduced by adding tensor MVl to A[i — 1].

Denote edges in K; as {e{{" s eﬁé_|}. Denote edges in J; and L; similarly. With
some abuse of notations, we use efi to denote both the name of the edge and the
colors in [d] that the edge efi takes.

In the following, we explain that the update from tensors A[i — 1] to A[i] can be

written as matrix multiplication. More specifically:
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* First note that A[i/] can be viewed as a column vector consisting of dlFisl
entries, where the entries are indexed by the free edges of A[i], that is
Fiy1 = Kiy1 U Jiy1 = L; U ;.

More specifically, write this vector as |A[i]) € C? 'F”ll, then for edges in J;, L;

. J; Ji L L; Ji L
taking colors as e\, . . ., e”’i',el’, el e|L‘i| where ey', e, € [d], we define
J: J: L: L;: . . .
<€11,...,€|}i|,€1',...,elliilA[l]> -:A[l]efi eJi eL,‘ eLi . (5.112)
1 9y ‘Jl‘i 1 1111 |Ll|

« Note that M "] can be viewed as a matrix: when adding M!"l to A[i — 1] in
Line 3 of Algorithm 8, we contract the free edges in K; and introducing new
free edges L;. One can view M Vil as a mapping from ™ o CdlLi‘, denoted

as MiKiLi which can be written as a matrix of size d'Xi!l x dIXil where

L; L; [vil| Ki Ki \ _ as0vi]
<e1 ,...,e|Li|M e’ ek _MeLi L KK (5.113)
R A
. . _ [vi1K:L; ; . dltl
In particular, since K; = 0, Mil%% ig a column vector in C . For

convenience, define |A[0]) to be a scalar,
|A[O]) = 1.
Denote /;, as the identity operator on the indices with respect to edges in J;.

* One can check that the updates from A[i — 1] to A[{] can be written as matrix

multiplication, thatis fori = 1,...,n,
A[i]) = 1, ® MPIKE AT - 1)), (5.114)

in the sense that

J; Ji L; L; .
<e1 Y Y ALLTI R e A[l]>
_ L; L; [vil] Ki K; K; K; Ji Ji .
= Z <e1 T MUle ,...,e|Ki|><el N T AL RRRRR N Ali — 1]>
K; K;
e, ""’eIKi\
(5.115)
In particular, |A[n]) is a scalar which equals to the contraction value. Thus
we have
n
|A[n]) = ]—[ 1;, @ MUKl = (), (5.116)
i=1

To ease notations we define the swallowing operator as

ol = 1, @ MMiIKiLi (5.117)



206

BPP-completeness of additive-error approximation

According to the discussion in the previous section, one can compute y (7") exactly
by updating |A[i]) according to Eq. (5.114). It is well known that computing y (7T')
exactly is #P-hard even for a constant degree graph G, thus one cannot efficiently
perform the exact version of the update Eq. (5.114). However, interestingly [AL10]
showed that one can approximately perform the update efficiently using a quantum
computer, where the approximation refers to an inverse polynomial additive error in

the 2-norm of the tensors.

Theorem 134 (Additive 2-norm approximation of tensor networks [AL10]) Let
G = (V, E) be an n-vertex graph of constant degree. Let T(G, M) be a tensor net-
work on G with bond dimension d = O(poly(n)). The following approximation
problem is BQP-complete: given as input

o a tensor network T(G, M), and a precision parameter € = 1/poly(n), and

® an ordering of the vertices vi,...,Vv,, and the corresponding swallowing
operators Ol defined in Eq. (5.117),

output a complex number x(T) such that

Pr(|x(T) — x(T)| < eAy) > 3/4, (5.118)
where
n
A= [ JH0"™ . (5.119)
i=1

Note that by Eq. (5.117), both the 2-norm || - ||> and 1-norm of || - ||; of Ol equal

to the corresponding norm of MVilKiLi,

We prove that if the tensor network 7 is a positive tensor network, then instead of
using a quantum computer, we can approximate the update Eq. (5.114) efficiently
using a classical computer, where the approximation refers to an inverse polynomial

additive error in the matrix 1-norm of the matrices O,

Theorem 135 (Additive 1-norm approximation of positive tensor networks) Let
G = (V,E) be an n-vertex graph of constant degree. Let T(G, M) be a positive
tensor network on G with bond dimension d = O(poly(n)). The following approx-

imation problem is BPP-complete: given as input
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e a positive tensor network T(G, M), and a precision parameter € = 1/poly(n),

and

® an ordering of vertices vy, ..., vy, and the corresponding swallowing opera-
tors OVil defined in Eq. (5.117),

output a complex number x(T) such that
Pr(|x(T) — x(T)| < €Ar) > 3/4, (5.120)

where
Ay = ]—[ lolily;. (5.121)
i=1

Proof of Theorem 135

The proof of the BPP-hardness part for Theorem 135 is similar to Section 4.2 in
[AL10]. For completeness we give a proof sketch in Appendix 5.9. In the following
we prove the “inside BPP” part of Theorem 135, that is, we provide an efficient
classical algorithm that achieves Eq. (5.120). The main idea of the algorithm is to

simulate non-negative matrix multiplication via a stochastic process.

We say that a matrix is non-negative if all of its entries are non-negative. We first

give a lemma which extends a non-negative matrix to a stochastic matrix.

Lemma 136 Let M # 0 be a non-negative matrix, that is M € RZ". Then there
exists N € Ri’gxn such that N is a stochastic matrix®, and % is the first m rows

of N.

Proof: Since ||[M||; = maxi<j<, 2,12, |M;;l, thus for each column, the column sum

of % lies in [0, 1], thus one can embed % as the first m rows in a stochastic
matrix N. u

Before we state the BPP algorithm, we recall some notations. Recall that we have
defined F}, J;, K;, L, A[i], MV1KiLi in Section 5.6 and Figure 5.5. To ease notation,
we abbreviate M [VilKiLi a5 M[Vil | Since we are working with positive tensor network,

MUl is a non-negative matrix and the entries are indexed by K, L.

Lemma 136 says that we can embed M il /||Mil||; in a stochastic matrix NIV

by adding one ancillary bit, that is NIVl is indexed by L; U {w;} and K;, where

6N is a stochastic matrix iff N is a non-negative matrix, and each column sums to 1.



208

w; € {0, 1} is an index such that w; = O (or 1) refers to the first (or second) d ILi]

rows of NIVl Define

Wi =A{wi,...,wi_1}. (5.122)

We first explain the high level idea of the BPP algorithm, and then give the pseudo
code. The idea of the BPP algorithm in Theorem 135 is to mimic non-negative
matrix multiplication by stochastic methods. From a high level idea, we will embed
the vector |A[i]) in a probability distribution, and embed the matrix Ml in a

stochastic matrix NVl by adding an ancillary bit. Then the update rule
|A[i +1]) = I;, @ MIKL AT (5.123)

is embedded in applying the stochastic matrix Ni! to the distribution A[i], which

can be simulated by a random walk.
Before writing down the pseudo codes we explain some notations.

« We use |k) to represent the (ordered) coloring k € [d]'X! of the edges in K.

When K = 0 we view |k) g as empty, that is writing down nothing. Similarly

for [}, Whw.

* We will use s; to denote a computational basis whose distribution embed the
vector A[i — 1].

* Recall that the free edges of A[i — 1] are F; = K; U J;. Also recall that
Fiy1 =J; UL,

The pseudo codes are stated as Algorithm 9 and Algorithm 10. Their performance

is given in Corollary 138.

Lemma 137 The probability of the Trial algorithm (Algorithm 9) to return “Suc-
cess” is x(T) /Ay where Ay =[]}, lOVi|\. Its runtime is poly(n).

Proof: To ease notation, for a set Q U W where Q is a set of edges of G, and W is a

set of ancillary indices {...,w;,...}, we use
String(Q UW) = [d]'°! x {0, 1}V,

where edges/indices in Q take values in [d], and ancillary indices in W takes values
in {0, 1}.
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Algorithm 9 Trial(T=T(G,M))
I:i=1,81=0.i<n
2: Interpret s; = [k)g, 7)), W)w,. {K1=J1=W;=0.}
3. Recall that NVl has rows indexed by L; U {w;}, column indexed by K;.
4: Since Nl is a stochastic matrix, each column of N[V corresponds to a distri-
bution over the row index. i=1
N1 'is a column vector. Denote the distribution according to this column as
D.
Denote the distribution according to the k-th column of NIVl as D.
Sample a row index according to D.
Denote this row index as |Iw’);,yq,.;» where [ € [d]'Fl, w’ € {0, 1}.
Set siv1 < [Dp, 1), wwhHw.,, - { NPl maps register K; to L; U {w;}.}
10: i «— 1+ 1.
11: Interpret s,41 = [w)y, ., {Weknow L, = J, =0}
12: Return Success if w = 00. .. 00, that is the all zero state; otherwise return Fail.

W

A A

Algorithm 10 Approximating positive tensor network

1: Set K = 102
2: Run the Trial(T), that is Algorithm 9, for K times.
3: Count the number of Success as #Success.

4: Return y(T) « % - A1 as the approximation of y (7).

Define
S; = String(L,- UJ; UWi),

define |mr;;) as the probability distribution of s;,1, which is a probability distribution
over S;. Note that

|m2) = I;, @ N where I;, = Iy = 1 (5.124)
|71 = I, ® NV ;)

i

_TT1, @ N (5.125)
h=1
L Ifh ® M[Vh] .

= ————10...0)y.. +additional terms (5.126)
Lty Wit
ol

= ————10...0)y... +additional terms (5.127)
L Loty Wi

where Eq. (5.125) is from Algorithm 9; Eq. (5.126) is from the definition of N (va]
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that NIV#] embeds M1"#]; and the last equality comes from definition of O1"#],
ol =1, @ M, (5.128)
lot iy = My (5.129)

From Eq. (5.116) we conclude

X(T)

|7Tpa1) = |0...0)y, ., +additional terms (5.130)

To prove the runtime is pol y(n), notice that in Theorem 135 we assume that G is a
graph of constant degree, thus |L;|, |K;| are constants, thus d'“!, d'Kil are poly(n)
whenever d = poly(n) and N is a matrix of size poly(n) x poly(n). Thus Line
7 in Algorithm 9 can be done efliciently. [ ]

Corollary 138 Fort = poly(n) sufficiently large, the output 3 (T) in Algorithm 10

satisfies

Pr(lx(T) = $(T)| < €Ay) > 3/4, (5.131)

where Ay =[], |lolily;.
Proof: The proof directly follows from Eq. (5.130) and Chebyshev’s inequality.
Write X; as the result of the i-th trial, where X; = 1 if the Trial algorithm (Algo-
rithm 9) returns Success and = 0 otherwise. By Lemma 137, we have

E[X;] = x(T)/A;.
Besides, note that |y (7")/A;| < 1 since it corresponds to a probability, we have

\Var(X)| < E|X;|* + |E[X]* < EIX;|*+ |x(T)/A1* < 2. (5.132)

Define X := (X; +...+ Xg)/K, we have
x(T)

E(X) = =——, (5.133)
Ay
Var(X) 1V (X)<2 (5.134)
ar = —=Var —. )
K Y=k
By definition of y(7) in Algorithm 10, use Chebyshev’s inequality we have
Pr(lx(T) = x(T)| z €Ay) = Pr (lX( ) -X|> e) (5.135)
X
< YartX) (5.136)
€
2

< — 5.137
Ke? ( )

1/5. (5.138)
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StogMA-hardness of multiplicative-error approximation
In this section, we consider the task of approximating a positive tensor network up
to a multiplicative error. We show that this approximation is StoqgMA-hard up to

exponentially close to 100% error.

Theorem 139 Let G = (V, E) be an n-vertex graph of constant degree. LetT(G, M)
be a positive tensor network on G with bond dimension d = poly(n). Consider the
following approximation problem: given as inputs a tensor network T (G, M) and a

precision parameter € < 1 — exp(—n), output a complex number yx(T) such that

Pr(|x(T) = x(T)| < elx(D)]) = 3/4. (5.139)

If there exists a poly(n)-time randomized algorithm for solving the above approxi-
mation problem, then there exists a poly(n)-time randomized algorithm for solving

StogMA with probability greater than 3 /4.

Note that € < 1—exp(—n) means we allow very large (close to 100%) multiplicative
error. Recall that StogMA is a subclass of QMA which is related to deciding ground
energy for stoquastic Hamiltonians [BBTO06]. For our purpose, we use an equivalent

definition of StogMA that makes use of the notion of a stoquastic verifier.

Definition 140 (StogMA, from [BBT06]) A stoquastic verifierisatupleV = (n, n,,, ng, ny, U),

where

® 1 is the number of input bits, n,, is the number of input witness qubits.
® 1 is the number of input ancillas |0), n, is the number of input ancillas |+).

e U is a quantum circuit on n + n,, + ng + ny qubits with X, CNOT, and Toffoli

gates.

The acceptance probability of a stoquastic verifier V on input string x € X" and
witness state |¢) € (C*)™ is defined as

Pr(Vix, ) = WinlU e Ulin), (5.140)
where Wi, = |x) ® ) @ |0)2"0 @ |+)®™ (5.141)
Iy = |+> <+|1 ® Loige- (5142)
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A promise problem L = Ly.s U L,, € X* belongs to StogMA iff there exists a

uniform family of stoquastic verifier V which uses at most poly(n) qubits and gates,

and obeys the following:

e Completeness. If x € L.y, then there exists ) such that Pr(V;x,y) > b,

e Soundness. If x € L,,, then for any |¢) we have Pr(V;x,¥) < a,

where 0 <a <b < landb—-a > 1/poly(n).

| el )+ —lz) (z] —— ) (+H— —lz)
\\._n’w I e — I —_ — I
1 n
<0|®'n,0 U L . U *|0>®n0 <0‘®H,07 Ut L . U *‘0)@;”0
(Hlom — - e e —— e e

Figure 5.6: Represent t7(M?) as a tensor network. The above figure contains two copies of
M,. When connecting the right side of the first M, and the left side of the second M, we
get the operator M2. Further connecting the left side of the first M, and the right side of the
second M, by the dashed line, we get tr(M?).

The proof of Theorem 139 is adapted from the folklore proof of QMA C PP, where
the adaption is mainly translating matrix operations (multiplication, trace, etc) to

tensor network operations. We only give a proof sketch here.

Proof:[Proof of Theorem 139] In this proof we use the notions in Definition 140.
Consider a language L = Ly.s U L,, in StogMA with stoquastic verifier V in
Definition 140. For input x, as pictured in Figure 5.6 we define a positive semi-

definite Hermitian operator acting on n,, qubits as

M, = (¢|U T, U|#), (5.143)
where |¢) = |x) ® |0)®"0 ® |+)®"™ . (5.144)

Denote the maximum eigenvalue of M, as Anyax(x). By assumption we have that

o If x € Ly,y, then Apax(x) > b.

e If x € Ly,, then A (%) < a.
Since M, is positive semi-definite, then for any k£ € N we have

o If x € Ly,s, then tr(MF) > bk.
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s If x € Ly,, then tr(MF) < 2" ak,

Recall that € < 1 — exp(—n) is the precision parameter. By the assumption in

Theorem 139, there is a poly(n)-time randomized algorithm A such that with
probability at least 3/4, the algorithm returns

(I-elx(M =< x(M] <A +e)lx(T)] (5.145)

To distinguish the yes and no cases, set

1
k > (nwln2+1n1+€

)/ln b = poly(n).
a

— €

We have
2wak(1+¢€) < b*(1 - e). (5.146)

Thus one can distinguish whether x € L., or x € L,, by approximating tr(MF)
using the algorithm A.

It remains to explain that ¢7(MF) can be represented by a positive tensor network
T =T(G, M) with poly(n) bond dimension, where G is a poly(n)-vertex graph of

constant degree.

First notice that similarly as Section 5.9 or Section 4.2 in [AL10], one can naturally
represent M, as a tensor network T = T(G, M) with poly(n) bond dimension.
Since the gates in U are X, CNOT, and Toffoli, and the ancillas are computational
basis or |+), one can check that 7 (G, M) is a positive tensor network. Further, since
U has poly(n) gates and each gate has constant number of input qubits and output

qubits, we have that G is a poly(n)-vertex graph of constant degree.

To represent tr(M¥) as a tensor network, as in Figure 5.6, it suffices to additionally

notice that

» The tensor network for the operator M? can be represented by putting 2 copies
of M, in a line, then connecting the right side of the first M, and the left side
of the second M,, that is contracting the free edges w.r.t register n,, for the

first and second copy.

* Similarly as explained in Eq. (5.7) in Section 5.2, if we further connect the
left side of the first M, and the right side of the second M, by the dashed line,
we get tr(M?).
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» The tensor network for the operator tr(MF) can be represented similarly, that
is, putting k copies of M, in a line, and then contracting the free edges w.r.t

register n,, sequentially.

Acknowledgements

We thank Garnet Chan and Zeph Landau for helpful discussions. Part of this
work was conducted while the authors were visiting the Simons Institute for the
Theory of Computing during summer 2023 and spring 2024, supported by DOE
QSA grant #FP00010905. D.H. acknowledges financial support from the US DoD
through a QulICS Hartree fellowship. N.S. acknowledges financial support by the
Austrian Science Fund FWF (Grant DOIs 10.55776/COEI1 and 10.55776/F71) and
the European Union’s Horizon 2020 research and innovation programme through
Grant No. 863476 (ERC-CoG SEQUAM). Jiaqing Jiang is supported by MURI Grant
FA9550-18-1-0161 and the IQIM, an NSF Physics Frontiers Center (NSF Grant
PHY-1125565). Jielun Chen is supported by the US National Science Foundation
under grant CHE-2102505.

5.7 Appendix:#P-hardness of exactly contracting random 2D tensor networks
Here we prove that the exact contraction of the random 2D tensor network with a

positive mean remains #P-hard.

Firstly we prove some properties of standard Gaussian distribution, while the finite
precision Gaussian distribution behaves similarly up to O(exp(—n)) derivation in
the error bounds. Recall that we use X ~ Nc(u,0?) (or X ~ Ng(u,0?)) to
denote that the random variable X is sampled from the complex (or real) Gaussian
distribution with mean y and standard derivation o-. We use X = (X1, X2, ..., Xim) ~
[T, Ne(ui, o?) to denote the random variable X where each X; 1s independently
sampled from Nc(u;, 02). When u; = u, Vi, we abbreviate the notation as X ~
Nec(u, 02)™. For two distribution Dy, D,, we use || D — Ds|| to denote the total

variation distance.
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Lemma 141 (Analogy of Lemma 5 in [Haf+20]) 7 For u; € C. It holds that

INc (i, (1 = €)*0)™ — Ne(u, 7?)™|| < dme, (5.147)

- 2
I [Netui o) = NelGr o™ < = (un =l + 4 L = ). (5.148)

i=1

Proof: Recall that for u € C, we use R (u), I(u) € R for the real and imaginary
part of y, that is g = R(u) + J(u)i. Besides, X ~ Nc(u, o) iff R(X) ~
Nr (R (u), ‘772), I(X) ~ Nr(3(w), %2). It suffices to notice that

I [Nt o)™ = NeGu )" (5.149)
1 / n |X1 —Hi |2 1 |x, ll
=5 exp 2ot — | | ———=exp 2" ax, .. d,
2 J xtoeeetm) 1—[ 27T(0'l/\/_ )2 L L 2n(0/2)?
(5.150)
1 / 1 i || 25
== ——— €Xp i /‘/7 exp 2 2 dxl dx
2 J (xtetm) !:1[ 27(07/V2)? 1—1[ 77(0'/2)2 "
(5.151)
= || n Ne(ui = p, ?)™ = Ne(0, )™ ||. (5.152)

Thus by Lemma 5 in [Haf+20], we have
INc (i, (1= €)™ = Ne(u, o)™ = INe(0, (1 — €)?a?)™ — Ne(0,0H)™ ||

(5.153)
<2 X2me (5.154)

] | Neui o) = Ne(ua o)l = 1 ] Ne (s = 1, 0%) = Ne(0, 0"l

i=1 i=1
(5.155)
1
SZX;(Im—MI+---+Ium—ﬂI),
(5.156)

where we add a 2x since we are working with N¢c while Lemma 5 in [Haf+20] is
with Ng. [ ]

TThere is a remark on the notation difference. [Haf+20] uses Nc(u, o) to denote Gaussian
distribution with mean value yu and standard derivation o. In this manuscript we denote this
distribution as N (u, %) which is the more standard notation.
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Proof:[Proof of Theorem 133] The proof follows directly from the proof idea of
Theorem 2 in [Haf+20]. Here we only give a proof sketch.

Firstly [Haf+20; Sch+07] showed that one can encode any n-variable boolean func-
tion f(xy,...,x,) into a projected entangled-pair states (PEPS) of poly(n) vertices,
which describes an un-normalized state |¢), such that computing (¥ |) exactly is

equivalent to computing the value

s(f) = H{x e {0, 1}": f(x) = 1},

which is #P-complete. One can check that in this case (¥|¢) equals to the con-
traction value of a 2D® tensor network of poly(n) vertices, where the 2D tensor
network has bond dimension d = O(poly(n)), and every entry of the tensor network
is bounded by a constant. one can further make the underlying 2D lattice for the 2D
tensor network to have periodic boundary condition, by adding edges connecting
boundaries and slightly modify the tensors near the boundary to make sure the con-
traction value remains invariant. Denote the final 2D lattice with periodic boundary
condition as G. Denote the final 2D tensor network which encodes the fixed boolean

function f as
T (G, (P[V])V) :

where PI"! is the tensor on vertex v. Note that PI"] has d* entries and thus (PI']),
are described by in total d* x n entries. For convenience, we assign an arbitrary
order to those entries and denoted them as { p,-}l‘.lif. Recall that by construction we

have |p;| < ¢ for constant c.

Theorem 133 is proved by an argument of average to worse case reduction via

interpolation. Here we define the polynomial for the interpolation. Set

1 1
‘= mi , =1 5.157
€ mm{4(c+,u+1)d4n3 2} ( )
k = poly(n) be sufficiently large. (5.158)
Let S = {t;}ic[x] be the set of k equidistant points in [0, €]. (5.159)

Recall that 0 < u < poly(n) thus € = 1/poly(n).

We randomly sample a 2D (u, n, d)-Gaussian tensor network 7 (G, (Q[V])v). Let

t € S, define a new 2D tensor network 7'(¢), where for vertex v the tensor R(¢)!"! is

8(y|y) is a stack of two PEPS. One can transform it into a 2D tensor network by contracting the
stack of two PEPS via free boundaries of the two PEPS.
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defined as

R(OM =P+ (1 - 1ol (5.160)

Denote the exact contraction value of 7'(¢) as ¢(t). Note that ¢(z) is a degree-n
polynomial of 7. Besides, from construction we know that computing ¢g(1) will

solve #P-complete problem.

In the following, we show that if one can compute the exact contraction value of
finite precision 2D Gaussian tensor network with high probability, then we can
compute g(1) with high probability by interpolation. More specifically, for input
T(t), denote the value returned by the algorithm A in Theorem 133 as A(z).

(i) First we prove that since 7 is small, A(¢) is a good approximation of ¢ (7).
Specifically, define
i =tpi+ (1 =1)u. (5.161)

By Eq. (5.160), we know that the entries of (R(t) [V]) are sampled from distribution
1%

d*n

D= ]:[/Vc(ui, (1-1)2). (5.162)

Since N¢ approximates A within exponential precision, we know that
. . d*n .
1D = Ne(, DTl < O(exp(-n)) + | l_[ Ne(pis (1=1)%) = Ne(u, DO,
i=1
(5.163)

where by Lemma 141 we have

d*n d*n

I [ Meui (1 =07 = Ne(u DI < ] Neuis (1= 107) = Ne(u, (1= 0D
i=1 i=1

4 4
+ N (e, (1= )" = Ne(u, D

<

2
<4-d*n-(c+pe+d-dn-e, (5.164)

<4-d*n-(c+u+le

1
<=, (5.165)
n
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where Eq. (5.164) comes from the fact that
t<e<l1/2, (5.166)
lwi — ul = |t(pi — )| < (c +pe. (5.167)

Egs. (5.163)(5.165) together imply

—_ 4 1
1D = Ne(u, DT < O(exp(—n)) + = (5.168)

In other words, for any ¢; € S, the distribution of (R(t) [V]) is almost the same as
\4

the finite precision 2D (u, n, d)-Gaussian tensor network. Let n and k = poly(n)

be sufficiently large. By Eq. (5.168) and the assumption of the performance of A

we have
Pr (A(t) =q(t;)) = 3 + 1. O(exp(—n)) — iz > 3 + i, (5.169)
4 n n 4 pn?
Elfi s A() = g} > (§ ; 12) k. 5.170)
4 n

where in the second inequality E refers to expectation. By Chernouff bound we

know that for sufficiently large k = poly(n),

k+n
2

Pr (|{i CA() = q(t) )} = ) > 1 —exp(-n). (5.171)

(if) We then use the following theorem to recover the degree n polynomial ¢(¢)

Theorem 142 (Berlekamp-Welch [Mov18]) Let g be a degree-n polynomial over
any field F. Suppose we are given k pairs of elements {(x;, y;) }l’.‘:l with all x; distinct,
and with the promise that y; = q(x;) for at least max(n+ 1, (k +n)/2) points. Then,

one can recover q exactly in poly(k,n) deterministic time.

In Theorem 142 let
X; =1, (5.172)
yi = At). (5.173)

Then by Eq. (5.171) we can recover ¢(¢) with probability 1 — exp(—n) in poly(n)-

time.

(iii) Finally, we have ¢(t) in hand, which is correct with probability 1 — exp(—n).
Since g(t) is a degree n polynomial, we can easierly compute ¢ (1), which solves a
#P-complete problem.
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5.8 Appendix:More on Barvinok’s method

Proof:[Proof of Lemma 119] The proof uses Jensen’s formula and follows the idea
from [EM18]. Letzy,...,zj,...betheroots of h4(z), Jensen’s formula establishes

the connection between the roots in the disk B(r), and the average of In |4 (z)| on
the boundary of B(r):

> In =+ In|ha(0)] = EgIn|ha(re™). (5.174)
: |21
|Zj|5r
First notice that
Yz Y m (5.175)
=yl LAy 1wl
|zjl<r |z;1<r(1-2)
’
> 1 5.176
2, Iy ©-170)
|zjl<r(1-1)
> A-Na(r(1-=2)), (5.177)
where in the last inequality we use In ﬁ > AforAd < 1/2. Thusby Egs. (5.177)(5.174),
we have
1 |ha(re)|
Ep[Na(r—rd)] £ =EgEsIn —— 5.178
A [Na(r r)]_/leAn (0] ( )
1 |ha(re)|?
= —FgEpIn ——— 5.179
2 E T op O
1 |ha(re®)|?
< —mEj)E,————. 5.180
N TR 150
where the last inequality holds since In is a concave function. ]

Lemma 143 (Derivatives of composite function) Ler G(z) and ¢(z) be two func-
tions satisfying ¢(0) = 0. Let m be an integer. Suppose the first m derivatives
{GR(0) Yoo and {60 (0) Yoo can be computed in time t(n) where n is a parame-
ter. Then the first m derivatives of the composite function G(¢(z)) at z = 0, denoted

m
z=0}k=1

Proof: For integer k and r, define the Bell polynomial to be

as

31(
{6_z’<G(¢(Z))

can be computed in time t(n) + O (m*).

Bi, (0" (2), 6P (2),..., 0% (2))

_ k! ¢(1)(Z) i ¢(2)(Z) 2 ¢(k)(Z) Jk-r+1
_Zjlljz!...jk_,+1!( T ) ( 5 ) ( x ) (5.181)
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where the summation is
Ji+jo+...+jikpm=rand j1+2j2+...+(k—r+1)jr_1=k. (5.182)

To compute the derivative of the composite function G (¢(z)), we will use the Faa

di Bruno’s formula which states that

o Qe (1) @) (k=r+1)
TR0, = Y6760 B 067 0. 64 (0)

(5.183)
k

= > G0) - Bi (¢7(0),62(0), ..., "D (0), (5.184)
r=1

where the notation G (¢(0)) refers to G (z)] 2=¢(0) and the last equality comes
from ¢(0) = 0. For each By ,, we define the corresponding partial ordinary Bell
polynomials as

r!
k!
where y; = > . They satisfy the recurrence formula

Bir(V1s- s Viers1) = =B (X1« o Xkera1)s (5.185)

k—r+1

Bi,y (31, Ykore1) = Z YiBi-ir—1 (Y1, - s Ykora1=i)- (5.180)
i=1

Then after computing the first m derivatives {G %) (0}, and {p® (0)}}., in time
t(n), Algorithm 11 computes By, in time O (k?r). It suffices to compute B,, , for
r = 1,...,m since all lower orders can be computed along the way, which takes
total time O(m®). Therefore, the first m derivatives of G(¢(z)) at z = 0 can be

computed in time 7(n) + O(m*). n

Algorithm 11 Compute Bell polynomials [Tag23]

1: SetyAlw—x,-/i!A,i:1,...,k—r+1

2 Set Boo=1,Bio=0,i=1,....k—rl=1,....ri=l,....k—r+l
30 Biy(V1s ey Yiere1) < 3;11“ YiBisjiot (Vs ey Yiore1)

4: Set By (x1, ...y Xpers1) — HBrr(31s .oy Yeers1)

5.9 Appendix:BPP-hardness of additive-error approximation (Theorem 135)
In this section, we prove the approximation problem in Theorem 135 is BPP-hard.

This proof is similar to Section 4.2 in [AL10] and here we give a proof sketch.

First we embed classical randomized computations into quantum circuits. Given a

parameter n, consider a quantum circuit of following form:
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e Takes input as |0)? |+)? for p, g = poly(n).

* Applies a sequence of gates Q = Q ...Q;, where L = poly(n) and {Q;};

are reversible gates on constant qubits.

* Measure the first qubit in computational basis.

Denote pg as the probability of getting measurement outcome 0 in the first qubit.

Suppose it is promised that either one of the following holds:

* Yescase: pg = 2/3,

* No case: pg < 1/3.

One can check that the problem of given such a circuit, output Yes/No correctly with
probability greater than 2/3 is BPP-hard.’ In other word

Claim 144 An algorithm for estimating po with high probability is BPP-hard.

Similarly as [AL10], to write pg as a tensor network, we first define a related circuit
U on p + g + 1 qubits: As shown in Figure 5.7, U firstly applies Q to [0®(P*+1) 494,
then copies the first qubit of Q to the additional qubit by CNOT, and then applies
o'

=)

N
%

{
{
{

EE_
=)
S~ S~ ~—

e Q

+

(+Hl —
(+Hl —

_|_

Figure 5.7: Illustration of Circuit for pyg.

One can check that
<0®(p+1)’+®q|U|O®(p+1)’+®q> = po.

One can transform (0®(P+1) 484 |U |O®(1’+1), +%4) to a tensor network 7 similarly as
[AL10], then

x(T) = (0P*D 48|y |o®P+D) 484y = p (5.187)

where

9Readers who are not familiar with randomized reduction may read Definition 7.19 in [AB09].
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« Each reversible gate Q; on constant qubits is translated to a tensor M1,
which is of constant rank (constant degree) and bond dimension 2. Note that

since Q; is a reversible gate, which is a permutation, thus we have ||Q;||1 = 1.

* We pair the input qubits on the left and right in Figure 5.7. |0)(0] is translated
11

, |+)(+] is translated into a tensor M *] = _—

=

1
into a tensor M9 =
00

Note that || M|, = | M|, = 1.

Thus the approximation scale A} in Eq. (5.121)isequal to 1. Thusfore = 1/poly(n),
the approximation problem in Theorem 135, that is Eq. (5.120), requires approxi-
mating y(T) = po within precision € with high probability, thus is BPP-hard by
Claim 144.
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Chapter 6

COMMUTING LOCAL HAMILTONIAN PROBLEM ON 2D
BEYOND QUBITS

6.1 Introduction

Understanding the properties of ground states of local Hamiltonians is a central
problem in condensed matter physics. Kitaev famously formulated this problem
as a decision problem, amenable to analysis from the perspective of computational
complexity, by defining the local Hamiltonian problem (LHP), which asks whether
the ground energy of a local Hamiltonian is below one threshold or greater than
another. The LHP can be interpreted as the quantum generalization of the Boolean
Satisfiability problem (SAT), where for SAT, all the terms {4;}; are diagonal in the
computational basis. Kitaev showed that the LHP is QMA-complete [KKRO06],
a quantum analog of the Cook—Levin theorem showing that SAT is NP-complete.
Formally, a k-local Hamiltonian H = }}; h; is a Hermitian operator on n qudits, where
each term h; only acts on k qudits. Given two parameters a, b with b —a > m,
the LHP is to determine whether the ground energy of H, namely the minimum

eigenvalue, is smaller than a or greater than b.

It is widely believed that QMA # NP, which would imply that the LHP is strictly
harder than the SAT. A natural question then to ask is what properties make quantum
SAT (LHP) harder than classical SAT? Alternatively, what additional constraints can
make LHP easier than QMA-complete? An intermediate model that sits in between
classical and quantum Hamiltonians is the Commuting Local Hamiltonian problem
(CLHP) [BVO03], in which the terms of the local Hamiltonian pairwise commute.
Compared to the general LHP, the idea that CLHs should be more classical in
nature stems from the intuition [FS97] in quantum physics, which suggests that it
is the non-commutativity that makes the quantum world different from classical
(The Heisenberg’s uncertainty principle). Moreover, since all the terms of a CLH
can be simultaneously diagonalized by a single basis, every eigenstate of the full
Hamiltonian can be specified up to degeneracies by the corresponding eigenvalue for
each term. The fact that the eigenstates have a classical specification suggests that
the structure of the eigenbasis is more classical in nature. Based on this reasoning, it

might be natural to conjecture that CLHP is equivalent to SAT. In fact, initial results
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showing that special cases of CLHP are in NP did so by showing that the ground
states of such CLHs are of limited entanglement, i.e. can be prepared by constant
depth quantum circuits. If this held for all CLHs, then the general CLHP would
be in NP, since one can take the constant depth circuit as a witness and check the
ground energy classically by a light-cone argument. Unfortunately, it is not the case
that ground states of all CLHs exhibit limited-entanglement. Indeed, the eigenstates
of CLHs can potentially be highly entangled, as is true for the famous example of
Kitaev’s toric code [KitO3b]. Therefore, more sophisticated techniques need to be
developed to prove certain subclasses of CLHP are in NP, as will be described in

more detail later.

Commuting Hamiltonians provide a lens to study many fundamental aspects of
quantum computing and many-body systems. For example, the stabilizer frame-
work [Got97] is the basis for most error-correcting codes, and stabilizer codes can
be seen as the ground states of commuting Hamiltonians. Commuting Hamilto-
nians are commonly used as a test ground for attacking difficult problems such as
the quantum-PCP conjecture [AE11; Has13], NLTS conjecture [ABN23], Gibbs
states preparation [KB16] and fast thermalization [Bar+23; Bar+23]. In particular,
studying the ground state structure of commuting Hamiltonians could potentially
provide insight into the area law and its connection to the efficient expressibility of
ground states. The Area Law states that for ground states of gapped Hamiltonians
on a finite-dimensional lattice, the entanglement entropy between two regions of
ground states scales with the boundary between the regions as opposed to their vol-
ume. The area law is known to hold for 1D Hamiltonians and is known for 2D only
under the assumption that the Hamiltonian is frustration-free and uniformly gapped
[AAG22b]. It is widely hoped that proving the area law will lead to insight into
whether such ground states can be efficiently expressed or constructed by quantum
circuits. As a subclass of LHP, it is well known that the area law holds for CLHs,
and yet, even in 2D, we do not know whether the ground states of CLHs can be

efficiently represented or constructed.

Previous Results

Despite two decades of study, the complexity of CLHP still remains open, with a few
special cases known to be in NP ([BVO03; AE13; AE11; Schl1; AKV18; Has12]).
Bravyi and Vyalyi initiated this line of work, showing that qudit 2-local CLHP is
in NP [BVO03]. Their proof uses a decomposition lemma based on the theory of

finite-dimensional C*-algebra representations. All subsequent work on the CLHP
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has made use of this framework.

Aharonov and Eldar [AE11] extended the results to the 3-local case for qubits and
qutrits. Specifically, they proved that 3-local qubit-CLHP is in NP. They also proved
that 3-local qutrit CLHP is in NP on the Nearly Euclidean interaction graphs. All
the above results are proved by showing that there is a trivial ground state, i.e. the
ground state can be prepared by a constant depth quantum circuit. This constant
depth circuit is the NP witness and the energy of this trivial ground state can be
checked in classical polynomial time by a light-cone argument. However, for 4-local
CLHP, even if the interaction graph is a 2D square lattice, there are systems like the

Toric code which have no trivial ground states.

In this work, we mainly focus on 4-local CLHP on a 2D square lattice with qudits
(abbreviated as qudit-CLHP-2D). Specifically, consider a 2D square lattice as in
Figure 6.1(a) with a qudit ¢ on each vertex and on each plaquette p, there is a
Hermitian term acting on the qudits on its four vertices. With some abuse of
notations, we also use p to denote the Hermitian term on the plaquette p. The qudit-
CLHP-2D is given an n-qudit Hamiltonian H = ), p where {p},, are commuting,
two parameters a,b where b — a > 1/poly(n), decide whether the minimum
eigenvalue of H is smaller than a or greater than b. There is an alternate 2D
setting in which qudits are placed on the edges and there are Hermitian terms on
“plaquettes” and “stars”. The two settings, i.e. qudits on vertices or qudits on edges,
are equivalent when the underlying graph is a 2D square lattice. ( See Appendix

6.7.)

pi | pS
q1—44 q — 14—
l4
i v | (2
q2—43 q2——43
(a) (b) (c)

Figure 6.1: Illustration of qudit-CLHP-2D. (a) Definition of the qudit-CLHP-2D. (b) The four
terms which involve g are p1, p», p’l, pé. (c) An example of 1D structure in Schuch’s [Sch11]
proof. In the figure the symbol o represents the plaquette term acts non-trivially on the qudit.
Specifically here among the 9 plaquettes in (c), only terms p,, pp, p. acts non-trivially on
at least one of g1, g2, g3, q4.

Along this line, Schuch [Schl1] first proved that the qubit-CLHP-2D is in NP.

Schuch’s proof provides a witness showing that a low-energy state exists without
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giving an explicit description of the state. Indeed his proof leaves open the question
of whether an explicit description of the state even exists. Aharonov, Kenneth, and
Vigdorovich [AKV 18] later gave a constructive proof, showing that after some trans-
formation, the qubit-CLHP-2D is equivalent to the Toric code permitting boundaries.
We say a proof is constructive if the prover shows that the ground energy is below
a by providing a circuit for preparing the ground state. A boundary roughly means
a qubit g where one of the four terms involving this qubit, i.e. p1, p2, p, pj, in
Figure 6.1(b), acts trivially on g. A Hamiltonian is equivalent to the Toric code
permitting boundaries if after choosing an appropriate basis for each qubit, terms
{p}p in the Hamiltonian act similarly as X or Z on the non-boundary qubits. Both
proofs [Schl1; AKV18] for the qubit-CLHP-2D heavily depend on the restrictions
to the qubits, since the induced algebra of a term p on a qubit g can only have a very
limited structure. The limited structure for the qubits case does not hold for higher

dimensional particles, not even for qutrits.

Hastings [Has12] proved a subclass of the qudit-CLHP-2D is in NP with some
restrictive assumptions. Roughly speaking, he grouped all qudits on the same
vertical line as a supersite, then viewed the 2D lattice as a 1D line, which reduced
the qudit-CLHP-2D back to the “qudit” 2-local case [BV03]. However, the main
problem is that those supersites are not really qudit of constant dimension. In
fact, the dimension of the supersite is sub-exponential in the number of qudits.
Thus Hastings further assumes that several technical conditions hold, like certain
operators in the proof can be efficiently represented by matrix product operators of

bounded dimension.

Besides the 2-local qudit-CLHP-2D, Bravyi and Vyalyi [BV03] also addressed
the special case of the commuting Hamiltonian problem where all the terms are
factorized (CHP-factorized). Thatis H = }; h;, and each term #4; is a tensor product
of single-qudit Hermitian operators. For example, the Toric code is an instance of
CHP-factorized, since each term is X®* or Z®*. In general, in CHP-factorized each
h; is not necessarily local, and there are no constraints on the underlying interaction
graph. Bravyi and Vyalyi give a non-constructive proof to show that the qubit-CHP-
factorized is in NP. It is an open question whether their proof can be generalized
to higher dimensional particles (qudit-CHP-factorized) or whether their proof for

qubits can be made constructive.

All of the above results prove that subclasses of CLHP are in NP. On the other
hand, Gosset, Mehta, and Vidick [GMV17] give a result that indicates CLHP might
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be harder than NP, or even as hard as the general LHP. They show that the ground
space connectivity problem of commuting local Hamiltonian is QCMA-complete,
which is as hard as the ground space connectivity problem for the general local

Hamiltonian.

Main results and proof overview

Main results

In this work, we give two new results on the qudit-CLHP-2D. The family of Hamil-
tonians considered in both results contains the Toric code as a special case. In this
section we give an overview of those results and the correponding proof techniques.

The formal proofs are in Section 6.4 and Section 6.5.

Theorem 145 extends the results for the qubit-CLHP-2D [Sch11; AKV 18] to qutrits.

Theorem 145 The qutrit-CLHP-2D is in NP.

As far as we know, Theorem 145 is the first result for CLHP on 2D lattice beyond
qubits. As noted, the results for the qubit-CLHP-2D [Schl1; AKV18] heavily
depend on the limited dimension of qubits — the induced algebras on qubits have a
very limited structure — which does not hold for qutrits. Our key idea to circumvent
this problem introduces a technique to decrease the dimension of qudits. Specifically,
denote the qudit-CLHP-2D instance as H = ., p and the Hilbert space of a qudit
g as H4. Under certain conditions, we observe that it suffices to consider a new
instance of qudit-CLHP by (1) Restricting /7 to a subspace of smaller dimension
and (2) Constructing a new Hamiltonian by projecting all p to the smaller subspace,
and then rounding all non-1 eigenvalues of the projected terms to 0. Moreover, the
new instance preserves the correct answer in that “no” instances are converted to
“no” instances, and “yes” instances are converted to “‘yes” instances. Thus, we show
that our “decrease dimension and rounding” method (Lemma 167) can be interpreted
as a non-constructive self-reduction for the qudit-CLHP. Here self-reduction means
we reduce the original qudit-CLHP to a new qudit-CLHP where some qudits have
strictly smaller dimensions. We emphasize that the key lemma, Lemma 167, works
for the qudit-CLHP rather than only for qutrits, even without 2D geometry. This
lemma might be of independent interest and bring new insights to tackle the general
CLHP. We will explain this in more detail in the proof overview.

We next consider the special case of qudit-CLHP-2D where all the terms are fac-

torized (qudit-CLHP-2D-factorized). Our second result, namely Theorem 146, is a
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constructive proof showing that qudit-CLHP-2D-factorized is in NP. Although we
do not give the details here, our proof could be considerably simplified to provide a
non-constructive version based on the ideas of [BV03] and [Sch11]. Here we give

a stronger constructive proof that characterizes the structure of the ground space.

Theorem 146 (Informal version of Theorem 189) The Hamiltonian in the qudit-
CLHP-2D-factorized is equivalent to a direct sum of qubit stabilizer Hamiltonian. In
particular, a factorized 2D commuting local Hamiltonian always has a ground state
which is equivalent to qubit stabilizer state. This implies qudit-CLHP-2D-factorized
is in NP.

We first briefly explain terminologies in Theorem 146. We say a commuting
Hamiltonian H = ); h; on space H. := ®,H, is equivalent to a qubit stabilizer
Hamiltonian, if (1) For each H, by choosing an appropriate basis, H; is factorized
as a tensor of Hilbert spaces of dimension 2. Thus each H, can be interpreted as
several qubits. We allow dim () = 1 which corresponds to 0 qubit. (2) Each
term h; acts as a Pauli operator up to phases, with respect to the basis of those
“qubits”. We say a subspace H, € H = ®,H, is simple, if H, is a tensor product
of subspaces of each qudit, i.e. H, = ®,H,/. We say a commuting Hamiltonian
H on n-qudit space H = ®,H? is equivalent to a direct sum of qubit stabilizer
Hamiltonian, if the H is a direct sum of simple subspaces {#.}., such that Vi, h;

keeps each H, invariant, and H is equivalent to qubit stabilizer Hamiltonian on ..

Although one might conjecture that factorized commuting Hamiltonians (CHP-
factorized) are equivalent to a direct sum of stabilizer Hamiltonians even when not

restricted to 2D, this is still an open question even for the qubit case [BVO03].

To illustrate the difficulty, consider two factorized terms acting on two qudits g and
q": h:=hy;®hy and h = fzq ® fzq/. If hquq # 0 and hq/fzq/ # 0, then it must be the
case that the factors in each individual qudit must commute or anti-commute which
gives rise to a stabilizer-like structure. By contrast, if s,k, = 0, then [k, k] = 0
for any choice of hq/,fzq/. This means that s, and fzq/ can have an arbitrary
relationship to each other and the two commuting terms 4, i may look very different
from stabilizers. This second possibility suggests, alternatively, that factorized
CLHs in 2D could have a different topological order from stabilizer Hamiltonians.
More precisely, one may conjecture that there is a factorized Hamiltonian, such
that no ground state can be prepared by applying a constant depth quantum circuit

to a stabilizer state. We show a negative answer to this conjecture, by proving
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that the qudit-CLHP-2D-factorized is equivalent to a direct sum of qubit stabilizer

Hamiltonian.

Overview for Theorem 145

We start by reducing the more general CLH problem to a slightly restricted case
where the commuting terms are projections and the energy lower bound a is equal
to 0. We will argue that if the more restricted version is in NP then the more
general CLHP is also in NP. Consider an instance of the more general problem with
Hermitian terms {/;}; and bounds a and b, where b—a > 1/poly(n). The NP prover
can provide a vector describing the energy eigenvalue A; for each individual term #4;
such that }}; 4; < a. Then the verifier can replace each term A; with fzi =1-11,,
where II; ,, 1s the projection onto the eigenspace of h; corresponding to eigenvalue
A;. The new instance has a state |) where &, |¢) = 0 for all i if and only if
hi W) = A; |w) for all i. Since the ; are all commuting projectors, the eigenvalues
of the Hamiltonian are non-negative integers. Thus, the verifier can set the new b to
be equal to 1, resulting in a promise gap of 1. Therefore, when describing the proof
of Theorem 145, we shall assume the terms are projections and that the question is
whether there is a |y) where /; ) = 0 for all i (i.e. a frustration-free ground state).
Note that this reduction does not work for the factorized case because even if the A;

is factorized, the resulting A, is not necessarily factorized.

We start by introducing the framework of induced algebras. The basic ideas are
sketched here and specified in more detail in Section 6.3. Denote L (H) as the set
of all operators on a Hilbert space H. A C*-algebra is any algebra A C L(H)
which is also closed under the f operations and includes the identity. Consider a

Hermitian term p acting H ® H€. The operator p can be decomposed as
p=) el
iJ

The induced algebra of p on space H, denoted as A*!, is the C *-algebra generated
by {Iy} U {]’l?j{}ij- Note that the particular decomposition of p is not critical
other than the fact that the |i)(j| terms acting on H¢ are linearly independent.
The key technique introduced by [BV03] is the Structure Lemma which decouples
two commuting terms in their overlapping space: consider two terms p, p sharing
only one qudit g. If [p, p] = 0O, then the induced algebras, ﬂ;’q and ﬂ?q, must

. . q . .
commute, meaning that every operator in &1([7,{ commutes with every operator in



230

ﬂ;{q. Furthermore, p, p’ can be decoupled in H9, in that is there exists a direct

sum decomposition H? = (P, 7-{l.q, where

* each 7—(;1 has a factorized structure: 7-(1.‘1 = 7-(1.(11 ® 7-(;12

 and p only acts non-trivially on ‘Hl.ql and p only acts non-trivially on ﬂl.qz.

Both proofs showing that the qubit-CLHP-2D is in NP [Sch11; AKV 18] depend
heavily on the properties of qubits. In particular, if g is a qubit, then there are
only two ways to have a direct sum decomposition of %, namely as the direct
sum of two 1-dimensional spaces or as a single 2-dimensional space. Note that we
must also consider the case in which an induced algebra is frivial, meaning that
ﬂ;ﬂq = {cl4s}. which implies that the operator p acts trivially on qubit g. Using

the Structure Lemma the following statement is true.

Fact 147 Any two commuting non-trivial induced algebras on a qubit must be

diagonalizable in the same basis.

Note that Fact 147 is not true for qutrits. One may understand this statement
intuitively by only basic linear algebra. In particular, if Ay, ho, h are Hermitian
operators on a qubit, where / is not proportional to the identity and both 4; and
h, commute with /4, then all three operators can be diagonalized in the same basis.
This observation is not true for qutrits, as there exist operators A, hy, hy on a qutrit
with £ nontrivial, such that # commutes with 4| and h;, but the three operators

cannot be diagonalized simultaneously.

Since the structure of our proof follows the same outline as Schuch’s proof, we briefly
explain how [Schl11] used Fact 147 to prove qubit-CLHP-2D is in NP. Consider
an arbitrary qudit-CLHP-2D instance H = ), p. As argued above, we can assume
{p}, are commuting projections, and the goal is to determine whether A(H) = 0
or A(H) > 1. Note that in this setting, proving A(H) = 0 is equivalent to proving
tr(I1,(I - p)) > 0.

Now consider a qubit g in a 2D lattice (as shown in Figure 6.1(b)). We name the
terms acting on g as pi, pa, p}, p5- We define the set of removable qubits (defined
implicitly in [Sch11]) as follows:

* g € R: If the induced algebras of p, p; on g can be diagonalized in the same

basis; or this condition holds for p’l, p’z.
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The set R is called removable since they can be effectively traced out. Specifically,

suppose ¢ € R and assume pi, p, can be diagonalized in basis {|@1), |¢2)}. Then

tr [ﬂ(l—p)
p

i l|¢i><¢i|(1 = PDIdiXeil (1 — p2)|piXéil l_[ (1-p)|.
)

D#P1.P2

1

Each quantity in the sum on the right is the trace of a product of two positive
semi-definite Hermitian operators, and therefore, each quantity in the sum is non-
negative. Thus, t7([],(/ — p)) > 0 if and only if one of the two quantities in the
sum is positive. The prover will then provide a |¢1) or |¢,) for qubit g for which the
trace is positive. Note that the proof is non-constructive because the ground state
may not lie entirely within either the space spanned by the space spanned by |¢;) or
the space spanned by |#;). Suppose that the witness for qubit g is |¢). The verifier
must verify that

tr |1¢1Xe1l(1 = p1)l@iXd1l(1 — p2)|d1 X1l r| (1-p)|>0.
P#P1,P2
The other two terms that might act non-trivially on qubit g are p/ and p),. By Fact
147 we know either one of the induced algebras of p’, p} on g acts trivially on g, or
they can be diagonalized in the same basis. By considering each case separately, it
can be argued that the qubit g can be traced out of all the terms. This process can
be applied simultaneously for all the removable qubits. The remaining Hamiltonian

will only contain terms that operate non-trivially on qubits that are not removable.

Using Fact 147, we know that if ¢ is not removable (¢ ¢ R), then one of p;, p; and
one of p}, pj, act trivially on g. Now consider a graph where each vertex represents
a plaquette term p and two terms are connected if they operate non-trivially on a
common qubit. Schuch argues that if none of the qubits are removable then this
graph cannot have a vertex with a degree larger than two, namely the graph is a set
of disjoint chains and cycles. The trace of each chain or cycle can be computed in
classical polynomial time by representing each term as a tensor and contracting the

tensors along the chain.

When moving to qutrits, we need to address the fact that the Structural Lemma
allows for more complex decompositions of the Hilbert space of a qutrit, and in

particular, Fact 147 no longer holds. Our key observation to tackle the problem,
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is to introduce a new way to decrease the dimension of the particle — Decrease
Dimension and Rounding (Lemma 167, Sec. 6.4), which can be applied to qudits
that have a property which we call semi-separable.

We first describe the stronger condition of a separable qudit, which was introduced
in [AEI1]. Consider a CLHP H = }; h;. A qudit is separable if there exists a non-
trivial decomposition H9 = @_/ 7—(J.q such that all the terms h; keep all subspaces
?{;’ invariant. Note that if there is a separable qudit and a solution (i.e. a frustration-
free ground state) exists, then a ground state must lie entirely within one of the 7—(;1.
Thus a prover can provide the projector qu. onto the subspace of qudit ¢ which
contains the solution. The verifier can replace each term 4; with Hl]q. - h; - qu. and the

dimension of the problem has been reduced.

We now extend this notion and define a qudit to be semi-separable if we allow at
most one term to not keep the decomposition invariant. Our key observation is that,
for CLHP, even for a semi-separable qudit g, an NP prover can similarly decrease
the dimension of the qudit ¢, in a non-constructive way. Specifically, the NP prover
will choose a subspace 7—(].q and restrict all the terms in this subspace. Since there
is one term (call it hg) that is inconsistent with the decomposition, such restriction
can not be done naturally. Instead, we project hg on the subspace 7-(;1 and then
round all the not-1-eigenvalue to 0. By doing this we claim that we again get a
new CLHP instance with a smaller dimension in qudit g. More importantly, we
prove that the original CLHP has a frustration-free ground state iff there exists a j
such that the new CLHP H|; also has a frustration-free ground state. The reduction
is non-constructive because the ground state in the new instance may not be the
same as the ground state in the original instance. The “semi-separable” technique
is powerful especially for CLHP-2D where H = 3, p, since on 2D lattice as in
Figure 6.1(b), for any qudit g, if we consider the decomposition of H? induced by
the induced algebra of p; on g, there are at most 2 terms, i.e. p}, p, which do not
keep the decomposition invariant. This observation is also true for CLHP embedded

on a planar graph.

By the above argument, to prove the qutrit-CLHP-2D is in NP, w.l.0.g we can assume
that there are no semi-separable qutrits. We further prove that the condition — the
qutrit-CLHP-2D without semi-separable qutrits — leads to strong restrictions on the
form of the Hamiltonian. In particular, we show that for the qutrit-CLHP-2D without
semi-separable qutrits, if we consider again the graph of plaquette terms where two

terms are connected by an edge if they act non-trivially on a common qutrit, then
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this graph must also consist of disjoint chains or cycles. The trace of the 0-energy
space can be computed as before in classical polynomial time by contracting 1D
chains of tensors. The NP witness will be the indexes of subspaces chosen when

removing all semi-separable qudits, and the subspaces for the removable qutrits.

Overview of Theorem 146

Recall that Theorem 146 is a constructive proof for the qubit-CLHP-2D-factorized,
where factorized means each term is a tensor product of single-qudit Hermitian
operators. As we mentioned in the main results section, finding a constructive proof
that CHP-factorized is in NP is made difficult because if the product of two terms
h and h is equal to 0, then their terms on individual qudits can have an arbitrary
relationship. Namely, it is possible that h? h? # +h9h9. On the other hand, [BVO3]
showed that if all the terms are commuting obey the condition that h7h9 = +hh4

for each qudit, then the Hamiltonian will be related to a qubit stabilizer Hamiltonian.

The key part to proving the Theorem 146, is to remove the possibility that 2977 #
+h4h4 for some ¢, without changing the ground space, which will imply a construc-
tive proof by showing a correspondence with stabilizer Hamiltonians. In general,
this removal is hard to achieve. Even for the qubit-CHP-factorized, it is still an open
question whether there exists a constructive proof. However surprisingly, we can
give a constructive proof for qudit-CHP-factorized, when the underlying interaction
graph is 2D, i.e. qudit-CLHP-2D-factorized. Specifically, by using proof of con-
tradiction, firstly we prove that qudit-CLHP-2D-factorized, if there are no separable
qudits, then all terms must commute in a regular way. With a slight clarification, we
show that the qudit-CLHP-2D-factorized without separable qudits is equivalent to
qubit stabilizer Hamiltonian. For the more general case where there are separable
qudits, we then notice that there exists a partition of the n-qudit space into simple
subspaces, such that the restricted Hamiltonian on each subspace has no separable
qudits. This partition is achieved by the following: when there is a separable qudit
q w.r.t decomposition H? = @ ﬂ-(;’, we partition the whole space according to this
decomposition. We recursively perform this partition until for each subspace, the

restricted Hamiltonian has no separable qudits.

Structure of the manuscript
The manuscript is structured as follows. In Sec. 6.2 we give notations and definitions

which are used throughout this manuscript. In Sec. 6.3 we review the necessary
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definitions and techniques of C*-algebra and the Structure Lemma required for
proving that the qutrit-CLHP-2D is in NP. In Sec. 6.4 and Sec. 6.5, we give proofs
for the qutrit-CLHP-2D and the qudit-CLHP-2D-factorized respectively.

The manuscript is written in a way that several proofs can be read separately.
In summary, for readers interested in Lemma 167 (The Decrease Dimension and
Rounding Lemma), the suggested order is Sec. 6.2 and Sec. 6.4. For readers
interested in the qutrit-CLHP-2D, the suggested order is Sec 6.2, Sec. 6.3, Sec. 6.4.
For readers interested in the qudit-CLHP-2D-factorized, the suggested order is
Sec 6.2, Sec. 6.5, and then Sec. 6.3 if necessary.

Conclusion and future work

In this manuscript, we give two new results of the qudit-CLHP-2D. First, we
proved that qutrit-CLHP-2D is in NP, by introducing a non-constructive way of
self-reduction for the qudit-CLHP, when there are semi-separable qudits. This self-
reduction (proven in Lemma 167) works for qudit and might be of independent
interest. Second, we prove that qudit-CLHP-2D-factorized is in NP, by showing

that the Hamiltonian is equivalent to a direct sum of qubit stabilizer Hamiltonian.

One direct question is whether our proof for qutrit-CLHP-2D can be made to be
constructive, that is, whether one can prepare the ground state by polynomial-size
quantum circuits. Aharonov, Kenneth and Vigdorovich [AKV 18] proved that the
qubit-CLHP-2D is equivalent to the Toric code permitting boundary. It is natural to
ask whether qutrit-CLHP-2D, or general qudit-CLHP-2D, can have different ground
space properties from the stabilizer Hamiltonians. Another question is whether our
constructive proof for the qudit-CLHP-2D-factorized can be modified to prepare the
ground states of the qubit-CHP (without 2D geometry). Recall that the qubit-CHP
is in NP by a non-constructive method [BV03].

A further question is to extend the frontier of the complexity of CLHP. In particular,
we conjecture that Lemma 167 can be used in more general settings. As we have
mentioned, Lemma 167 works for qudits of any finite dimension, which implies
w.l.0.g we can assume that there are no semi-separable qudits in the Hamiltonian.
To prove qudit-CLHP-2De NP, one must further prove that qudit-CLHP-2D without
semi-separable qudits is restricted in such a way that there exists an NP proof. We
are only able to prove this restriction for the qutrit case. The intuitive reason is
that 3 is a prime while 4 is not. Despite this, Lemma 167, viewed as a techinque

for simplifying qudit-CLHPs by removing semi-separable qudits, might become
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more powerful when combined with other simplification techniques like removing
terms [AKV18]. It is interesting to see whether one can prove that the qudit-CLHP-
2De NP by combining Lemma 167 and other techinques. Another promising
setting of further utilizing Lemma 167 is considering 3-local qutrit-CLHP, without
any geometry constraints. Recall that [AE11] proved for 3-local qubit-CLHP is in
NP, by showing that after removing all separable qubits, the resulting Hamiltonian
can be viewed as a 2-local qudit-CLHP. It is possible that for 3-local qutrit-CLHP, if
we remove all semi-separable qutrits, the Hamiltonian is again of a 2-local structure,
which will imply 3-local qutrit-CLHP is in NP.

Most known results are trying to show that CLHP is in NP. On the other side, it will
be very interesting to provide any evidence that CLHP might be harder than NP.

6.2 Preliminaries

Notation

Given a Hermitian operator H, we use A(H) to denote its ground energy, i.ec.
minimum eigenvalue. For two operators, 4 and h’, we use [h, h’] to denote its
commutator hh’ — h’h. In particular, [h, h’] = 0 means h, i’ are commuting. Two
sets of operators, S and S’, commute if [A, fz] =0,Vh € S, h € S. For a set of
Hermitian operators {#;};, we use ker{4;}; to denote its common 0-eigenspace, i.e.
ker{h;}; :={|y) | h; |¥) = 0,Vi}. We say ker{h;}; is non-trivial iff ker{%;}; # {0}.

Here 0 refers the zero vector. With some abuse of notations, we use 0 both for real

number zero, and zero vector.

For ease of illustration, we also denote a Hermitian H = }}; h; as a set {h;};,. We
say a Hermitian operator I is a projection if IT> = IT. When {/;}; are commuting

projections, we have A(H) = 0 iff ker {4;}; is non-trivial.

Let H be a finite-dimensional Hilbert space. We use L(H) to denote the set of
linear operators on H. For Hermitian i, we use & = 0 to denote & is positive
semidefinite, that is all of its eigenvalues are non-negative. We use [ to denote the
identity matrix. Let 4 be a Hermitian operator on Hilbert space X = H ® Z, we say
h keeps the decomposition H = P, H; invariant if & keeps the subspace H; ® Z

invariant, Vi. We say the decomposition H = EB:ZI ‘H; is non-trivial if m > 2.

In the following, we use g to denote a qudit, and H to denote the Hilbert space of
the qudit g. Consider an operator s acting on n qudits. We say that £ acts trivially
on a qudit ¢ if & acts as identity on 9. When & acts non-trivially on only k of
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the n qudits, we will interchangeably view 4 as an operator on k qudits or a global
operator on n qudits. The meaning will be clear in the context. We use trg() for
tracing out the qudits in S, and use #r() for tracing out all the qudits. We use S¢ to

denote the set of qudits outside S.

Formal Problem Definitions

Commuting k-Local Hamiltonian We say a Hermitian operator H on n qudits is
a commuting k-local Hamiltonian, if H = Y1, h; for m = poly(n), where each
h; only acts non-trivially on k qudits, and h;h; = h;h;, Vi, j. We allow different
qudits to have different dimensions. In particular, for qutrit k-local commuting local

Hamiltonian, we allow the dimension of each qudit to be either 1,2 or 3.

2D and Factorized Variants Consider a 2D square lattice as in Figure 6.1(a), on
each vertex there is a qudit ¢, and on each plaquette p there is a Hermitian term
acting on the qudits on its four vertices. With some abuse of notations, we also use
p to denote the Hermitian term on the plaquette p. We say a commuting (4-local)
Hamiltonian is on 2D if there is an underlying 2D square lattice and plaquette terms

defined as above such that H = },, p and all {p},, are pairwise commuting.

We further say a commuting (4-local) Hamiltonian on 2D is factorized, if each p
is factorized on its vertices, that is p = p?' ® p9> ® p?* @ p?* for Hermitian terms
p? acting on qudit ¢g;, as shown in Figure 6.1(a). We call p? factors. For the Toric
code, p € {X®* 784},

Commuting k-Local Hamiltonian problem Given a family of commuting k-local
Hamiltonian H = }; h; on n qudits and parameters a, b € Rwithb—a > 1/poly(n).
The commuting k-local Hamiltonian problem w.r.t (H, a, b) is a promise problem
that decides whether A(H) < a or A(H) > b. We denote this problem as k-qudit-
CLHP(H, a, b), abbreviated as k-qudit-CLHP when H, a, b are clear in the context.
For 2D and 2D-factorized variants of commuting k-local Hamiltonian problem,
k = 4 is clear and we abbreviate them as qudit-CLHP-2D and qudit-CLHP-2D-

factorized respectively.

We define a special case of the k-qudit-CLHP called k-qudit-CLHP-projection
where each term h; is a projection, b = 1, and a = 0. Note that since {h;}; are
commuting projections, we know A(H) must be a non-negative integer. Thus in
the No instance we use A(H) > 1 rather than A(H) > 1/poly(n). We define
qudit-CLHP-2D-projection similarly.
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More Definitions

Consider a commuting k-local Hamiltonian H = }}; h; on n qudits with Hermitian
terms {/;};. Although A; acts non-trivially only on k qudits, in this section we view
it as an operator on n qudits. We will name the n qudits as ¢y, g2, ..., g,- When we

refer to an arbitrary qudit, we name it as g.

Definition 148 (Separable qudit) A qudit q is separable w.r.t Hermitian terms
{h;}; if there exists a non-trivial decomposition of its Hilbert space H9 = @?Izl 7{]’?
s.t all h; keep the decomposition invariant. Here non-trivial means m > 2. We use

I1; to denote the projection onto H ;1.

The definition of separable is first introduced by [AE11]. Roughly speaking, it says
all the Hermitian terms {%; }; are block-diagonalized in the same way. We introduce
the notion of semi-separable qudit, which will play a key role in the proof of the
qutrit-CLHP-2D.

Definition 149 (Semi-separable qudit) A qudit g is semi-separable w.r.t Hermi-
tian terms {h;}; if there exists a non-trivial decomposition of its Hilbert space
H = @Tzl 7—(J.q s.t all but one h; keeps the decomposition invariant. Here non-
trivial means m > 2. We use 11; as the projection onto 7{;’. By convention
when referring to a specific qudit, we will denote the term which does not keep the

decomposition invariant as hy.

Semi-separable qudit is a relaxation of separable qudits, in the sense that we allow
one term to be not block-diagonalized w.r.t the decomposition H9 = @'}Ll H jq.
Note that by the definition of semi-separable, &; is Hermitian and we have [h;,I1;] =
0,Vi # 0,Vj. We will repeatedly use this fact. It is also important to keep in mind

that [Ao, IT;] might not be equal to 0, since we allow 5 not keeping ﬂj.q invariant.

6.3 Review of C*-algebras and the Structure Lemma

This section is a review of C*-algebra and the Structure Lemma [BV03], which
is the key tool to analyze the structures in the commuting local Hamiltonians. A
more detailed proof on those techniques can be seen in Sec. 7.3 of [Gha+15].
The following notations and lemmas are rephrased from [AKV 18] and Sec. 7.3 of
[Gha+15].
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Basics of C*-algebras
Definition 150 (C*-algebra) Let H be a finite dimensional Hilbert space, a C*-
algebra is any algebra A C L(H) which is closed under the T operations and

includes the identity. We say that two C*-algebras, A and A’, commute if [a,a’] =
0,YVae A,a € A

Definition 151 (Trivial operator and algebra) Let H be a finite-dimensional Hilbert
space. We say an operator h € L(H) acting trivially on H if h = cly for some
constant c. We say a C*-algebra on A € L(H) is trivial if every operators in ‘A

is trivial, i.e. A = {cly}e. If H = Hy ® Hy, we say h acts trivially on H, if
h = cly, ® hy for hy € L(H).

Definition 152 (Center of C*-algebra) The center of a C*-algebra A is defined as

the set of operators in A which commutes with A, that is

Z(A) :={a € Al|la,a’] =0,Va’ € A}. (6.1)
Then we introduce the induced algebra, which connects a Hermitian operator and a
C*-algebra.

Definition 153 (Induced algebra) Let h be a Hermitian operator acting on Hilbert
space H @ H’'. Consider the decomposition

h= Z !l e iy (1™, (6.2)
i,j

where {|i)}; is an orthogonal basis of H'. The induced algebra of h on H, denoted
as ﬂz{, is defined as the C*-algebra generated by {h?;.{}l- i U {lgr}. We abbreviate

ﬂh(H as Ay when H is clear in the context. We abbreviate ﬂhﬂq as ﬂZ for qudit q.

The induced algebra is independent of the chosen decomposition for Hermitian 4.

Lemma 154 (Claim B.3 of [AKV18]) In Definition 153 consider two decomposi-

tions
h=> wlegl = ilegll, (6.3)
ij ij

where the sets {g?j{/},- 7 {g?f’}U are linearly independent respectively. Then the
C*-algebra generated by {h?]“.{},- | is the same as the one generated by {fz?f}i ;.
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By Lemma 154 we know the induced algebra of 2 on H, i.e. &ZIZ{ in Definition 153,
is independent of the decomposition we choose, thus ﬂhﬂ is well-defined. Note that
if there is a decomposition H = @i H; such that ﬂz{ keeps H; invariant, Vi, then
it follows that & keeps H; invariant, Vi.

The Structure Lemma

The Structure Lemma [Tak+03] says that every finite-dimensional C*-algebra is a
direct sum of algebras of all operators on a Hilbert space. See Sec. 7.3 of [Gha+15]
for an accessible proof of the Structure Lemma. The following statement is taken

from [AKV 18], which is a classification of finite dimensional C*-algebras.

Lemma 155 (The Structure Lemma) Let A C L(H) be a C*-algebra where H
is finite dimensional. There exists a direct sum decomposition: H = B, H; and a
tensor product structure H; = ?{il ® ?{l.z such that

A= (P L) & T(H).

Furthermore, the center of A is spanned by {I1;};, where 11; is the projection onto

the subspace H;.

Given a C*-algebra A, we denote the decomposition H = P, H; in Lemma 155
as the decomposition induced by A. Note that here we do not argue whether the
decomposition in Lemma 155 is unique or not. However, for clarity when we
mention the decomposition induced by A, we always refer to the same canonical
decomposition. For example, we can set the canonical decomposition to be the one
obtained by the proof in Sec. 7.3 of [Gha+15]. In the following we give some
definitions of decompositions, and a further remark on Lemma 155.

Definition 156 (Trivial, Better decomposition) Consider the decomposition of a
finite-dimensional space H = EB;ZI H;. We say the decomposition is trivial if

m = 1. We say one decomposition is better ! than another if it has a bigger m.

Lemma 155 implies all operators in A keep the decomposition H = P, H; in-

variant. It is worth noting that the decomposition induced by ‘A might not be the

"Here we measure “better” only in terms of 7. We do not require any relationship between the
subspaces of the better decomposition H = @/, H; and the worse H = @, H for m > m’.
Note that even for two commuting algebras A, A C L(H), the two decompositions of H induced
by A, A might not be finer than each other. That’s why we use “better” rather than “finer” here. We
define in this way just to ease notations and make our proof more precise.



240

best decomposition that A keeps invariant. In particular, consider the C*-algebra
A generated by I, i.e. {cI}.ec. The decomposition of H induced by A is trivial,
i.e. H = H,, but A keeps any decomposition of H invariant. Using Lemma 155,

we can analyze how two induced algebras can commute with each other.

Corollary 157 (The Structure Lemma) Let Aj, be a C*-algebra acting on a finite
dimensional H. Let H = P, H;, H; = 7‘(1.1 ® 7‘11.2, is the decomposition induced by
Ap by Lemma 155. Consider another C*-algebra Ay on H which commutes with

Ay, we have

An=EP LH) @ T(H})
A € P I(HY) ® LIHD).

In particular, all operators in Ay, Ap keep the decomposition H = P, H; invari-

ant.

Proof: Firstly by Lemma 155 we can get the decomposition of H induced by Aj,.
Further let I1; be the projection onto H;, by Lemma 155 we know I1; € Z(Ay) C
Ap. Since Ay commutes with Ay, thus Ay, commutes with I1;, thus Ay, keeps
‘H; invariant. Since only ¢/ can commute with all operators in a Hilbert space, i.e.
L(Hl.l), thus we finish the proof. [ ]

In the following, we give a sufficient condition that implies the decomposition of

space induced by the C*-algebra is non-trivial.

Lemma 158 (Non-trivial decomposition) Let A be a C*-algebra on a finite di-
mensional H. Denote the decomposition induced by A in Lemma 155 be H =
P, Hi. Consider another C*-algebra A’ on H which commutes with A. If
Jh#0e€ AN +0 e A such that hh' = 0. Then the decomposition H = EBl. H;

is non-trivial.

Proof: With contradiction suppose the decomposition is trivial, i.e.
H=H, =H &H.
By Corollary 157 we have
_ 1
heA —L(?{l)®I(HIz,
’ ’ 2
heA C lel ® L(H;).

Since h # 0, i’ # 0, we have hh’ # 0 which leads to a contradiction. [
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Partitions Inducted by Commuting Operators

The following definitions will be used throughout Sec. 6.5.

Definition 159 Let h, h’ be two Hermitian terms acting on X @ H ® Z where
dim(H) = d. Suppose that h acts trivially on Z, h' acts trivially on X, [h, h'] =0,
and at least one of h, I’ acts non-trivially on H. Let the decomposition H = P, H;
be the better one induced by ﬂZ{ or ﬂZ,{. We say that h, h' commute in (dy, ..., dp)-
way on H if dim(H;) = d;.

Note that by Corollary 157, h,h’ have a tensor-product structure on ;. Since
the dimension of any Hilbert space must be an integer, two terms on a qutrit g of

dimension 3 can only commute in the following ways.

Lemma 160 Ler h, h’ be two Hermitian terms acting on X@H®Z where dim(H) =
3. If h acts trivially on Z, I’ acts trivially on X, [h, h'] = 0, and at least one of
h, h' acts non-trivially on H. Let the decomposition H = B, H; be the better one
induced by ﬂz{ or ﬂZ}’. then h, W' must commute on H via one of the following

ways

o (1,1, 1)-way:

H = H P+ D 7.

where dim(H;) = 1, Vi.

e (1,2)-way:
H =H (D,
where dim(Hy) = 1, dim(Hy) = 2.
e (3)-way:
H =H,,

where dim(H;) = 3. One of h, ' acts trivially on H, and for another the
induced algebra on H is the full algebra L(H).

Proof: By corollary 157, we get a decomposition
H =P H,
i

where H; = 711.1 ® 7{1'2' Since the dimension of a subspace must be an integer we get

the above 3 possible ways. Further for the (3)-way, by assumption the decomposition
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induced by both &Z(Z{, &ZIZ‘,( are H = H,;. Since dim(H,) = dim(H) = 3 is a prime,
which means it can only be a tensor product of a one-dimensional Hilbert space
and a three-dimensional Hilbert space. Thus for both ﬂﬂ, ﬂZ{,
{cI}. or L(H). Since at least one of &, h’ acts non-trivially on H, we know one of

they equal to either

the induced algebra are L(H), w.l.o.g suppose ﬂhﬂ = L(H). Again by corollary
157, ﬂZf should be {cl}., thus A" acts trivially on H. n

Similar arguments for qubits are widely used in the proof of the qubit-CLHP-2D is
in NP [Sch11; AKV18]. We summarize it as below.

Lemma 161 If we change dim(H) to be 2 in the statement of Lemma 160, then

h, h’ must commute on H via one of the following ways

o (1,1)-way if H = Hy @ H, where dim(H,) = dim(Hs) = 1.

o (2)-way if H = H, where dim(H,) = 2. One of h, ' acts trivially on ‘H, and
for another the induced algebra on H is the full algebra L(H).

Note that Lemma 160 and Lemma 161 only involve 2 commuting terms A, 4’, and
their overlapping space is only H. Those techniques do not directly apply to 2D

Hamiltonians, where some of the terms overlap on 2 qudits.

6.4 Qutrit Commuting Local Hamiltonian on 2D

In this section, we will prove that the qutrit-CLHP-2D is in NP. This proof is
non-constructive. Note that if the qutrit-CLHP-2D-projection is in NP, then the
qutrit-CLHP-2D is in NP. The proof of this statement is in Appendix. 6.6. Thus
in this section, w.l.0.g we assume that all the terms p are projections and prove that
the qutrit-CLHP-2D-projection is in NP.

The proof sketch is as follows. In Sec. 6.4 we prove that we can further assume
that there are no semi-separable qudits. In Sec. 6.4 we prove that for the qutrit-
CLHP-2D without semi-separable qudits, there are strong restrictions on the form
of Hamiltonian. Finally, in Sec. 6.4 we prove that with such restrictions, we can use
Schuch’s method [Sch11] again.

Self-reduction for CLHP with semi-separable qudits
Lemmas in this section work for k-qudit-CLHP-projection 2 , that is we do not

assume that each particle is a qutrit, or the Hamiltonian is on 2D. Recall that k-

2W.1.0.g we can assume that all terms are projections by Lemma 191.
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qudit-CLHP-projection is as follows: consider a k-qudit-CLHP H = }; h; where

{h;}; are k-local projections for some constant k, [h;,h;] = 0 for i # j. The
question is to determine whether A(H) = 0 or A(H) > 1. Note that A(H) = 0 iff
all the commuting projections {4;}; have a common 0-eigenvector, i.e. ker{h;}; is
non-trivial. When A(H) = 0, the common 0-eigenvectors of {4;}; are the ground
states of H. We also denote the Hamiltonian H as {A;};.

The key lemma in this section, Lemma 167, is to prove that when there is a semi-
separable qudit, the prover can perform a non-constructive self-reduction for the
k-qudit-CLHP-projection. Here self-reduction means reducing the k-qudit-CLHP-
projection to another k-qudit-CLHP-projection, where the Hilbert space of the qudit
has a smaller dimension. Before going into the formal proofs, in the following, we
intuitively explain how Lemma 167 works. Specifically, temporarily assume that
A(H) =0, and thus we are in the Yes instance and try to prove A(H) = 0. We begin
with the example when there is a separable qudit, then generalize this idea to the

case of semi-separable qudit, and after that we give the formal proofs.

When there is a separable qudit ¢, the prover can easily perform a constructive self-

reduction. Suppose ¢ is a separable qudit, by definition, there exists a non-trivial

qu@wj‘!
J

such that all the terms {4;}; keep the decomposition invariant. Then there must be a

decomposition

subspace H, which contains a common 0-eigenstate of {4;};. Denote the projector

onto H ;{) as IT;,. The prover can give the decomposition
HT = D H!
J
J

and the index jp. The verifier checks that g is a separable qudit, then restricts the

space of g from HY to H Z), and restricts all terms {4;}; to
{h0 = I, 1T, b,

and ask the prover to prove that { hl.<j°> }i has a common 0-eigenstate. By definition
of separable, the decomposition is non-trivial, and thus the new instance {hfj°>},-
is strictly simpler in the sense that we strictly decrease the dimension of the qudit
q. Note that this method is constructive — the common 0-eigenstate of the new

instance {hfj 071, is also the common O-eigenstate of the original instance {/;};.
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Our key observation is, for k-qudit-CLHP-projection, even for semi-separable qudit,
the NP prover is able to perform a similar self-reduction, via a non-constructive
way. If we follow the intuition of the separable qudit case, one might try restricting
H! — 7‘(;’, and transform every term to be II;/;I1;. The problem is that since
ho does not keep 7-{;.1 invariant, and does not commute with I1;, the IT;holIl; is
no longer a projection. One may also doubt whether the resulting Hamiltonian is
commuting. A more serious problem is that, unlike the case for separable qudit,
since ho does not keep 7—(;1 invariant, it is not clear how to connect the ground
states of the original Hamiltonian to the ground states of the new Hamiltonian. We
circumvent the problems by slightly changing the construction — rounding IT; holIl;

to its 1-eigenspace.

Definition 162 (Reduced Hamiltonian) Consider a semi-separable qudit q w.r.t
commuting projections {h;}; and a non-trivial decomposition H? = @Tzl 7‘(;’,
where I1; is the projection onto 7-(;.1. For any j, we define its j-th reduced Hamilto-

nian to be {hfj)},-, or written as HY) := ¥, hfj), where

[ ) hl(l) = HjhiHj,fOI’i > 1

° h(()j) is the projection onto the 1-eigenspace of 11;holl;. Assign. h(()j) to be 0
when the 1-eigenspace is empty. It is equivalent to interpret h(()] ) is obtained

by rounding all the strictly-smaller-than-1-eigenvalues of I1; holl; to 0.

o We restrict the space of q from HY to ?{;’. Note that all terms hfj ) including
h(()] ) keeps 7-(;.1 invariant, thus this restriction of space is well-defined. In
summary, the original Hamiltonian H acts on H? ® (®,:,HY'), the j-th
reduced Hamiltonian HY) acts on 7{;’ ® (®q1¢q7{"').

Note that the construction of reduced Hamiltonian is consistent with our previous
intuition for the separable qudit — If ¢ is separable and A also keeps 7-{7 invariant,
then I1; holl; is a projection thus héj) = I1;holl;. It is worth noting that the reduced

Hamiltonian keeps the “geometry” of the original Hamiltonian.

Lemma 163 In Def. 162, if h; acts trivially on qudit ¢’ w.r.t space HY, then
() e IO _ ’ q o _

h.’” acts trivially on qudit q" w.r.t space H? if q' # q or 7‘{J. ifq =q. In

particular, if H = ) ; h; is k-local (or on 2D), so does the j-th reduced Hamiltonian
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Proof: We prove that if & acts trivially on qudit ¢’, then so does h(()j ), the proof for
i # 0is similar. By assumption, A acts trivially on ¢’, thus hy = 14/, ® h for some

projection /. Recall that g is the semi-separable qudit in Def. 162. If ¢’ = ¢, then

holl; =11, ® h (6.4)
=Ly ® . (6.5)

is a projection and acts trivially on ?{Jq If ¢ # q, IIjholl; = Ipy ® I1;RIT;, the
1-eigenspace of I1;holl; is also of form I, ® ... thus acts trivially on g’ [ ]

Besides, the terms in the reduced Hamiltonian are commuting projections.

Lemma 164 If in Def. 162, {h;}; are commuting projections, then for any j, the

J-th reduced Hamiltonian {hl(] ) }i are commuting projections.

Proof: Notice that, by the definition of semi-separable, we have [h;,I1;] = 0,Vi # 0.
It is also important to keep in mind that [ Ao, IT;] might not equal 0.

Firstly we can check that all terms {h;j )}i are projections. Notice that h(()j ) is a
projection by definition. For i # 0, since A; is a projection, and [4;,I1;] = 0, we

know hl.(j =11 I} is a projection 3. In summary, all the terms are projections.

Then we prove that all terms are commuting. Notice that for any i # 0, for any 7,

where i’ can be 0, and we have

(T, A1) (T by X)) = (XU TL;) (X1 by T ) (6.6)
= (I1;T1;) (T by B TT; L) (6.7)
= (I1;T1;) (X1 T, AT ) (6.8)
= (I1;hy T1) (T AT, (6.9)

where Eq. (6.6) is from [A;,I1;] = 0, Eq. (6.7) is from [h;, hy] = 0 and sz. = 1I1;,
Eq. (6.8) is from [h;,I1;] = 0. Note that we never assume that 4 commutes with
I1;.

From the Eq. (6.9), we know [hfj), hf,j)] =0ifi # 0,7/ # 0. Besides, we know
fori # O, [hl.(j),l'[jhol'[j] = 0. Thus hl.(j) keeps the 1-eigenspace * of IT; holl;

3The most direct way to understand this is imagining IT j» h; are diagonal 0, 1 matrix, since they
are commuting they can be diagonalized simultaneously.
“We emphasize it is the space spanned by all 1-eigenvector, rather than one of the eigenvector.
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invariant. Since h;j ) is Hermitian, this implies hfj ) commutes with the projection
onto this 1-eigenspace of I1;Aol1;, thus [hl(j ), h(()j )] = 0. In summary, all terms are

commuting. [ ]

In summary, we have

Corollary 165 (of Lemma 163 and Lemma 164) If {h;}; are k-local (or on 2D)

qudit commuting projections, then so does the j-th reduced Hamiltonian {hfj)},-.

In addition, we give a cute lemma — Lemma 166. In the lemma description, the
right side of Eq. (6.10) is just rounding all non-zero coefficients (1 — 2) to 1. This
Lemma is simple itself but captures the key idea of “rounding” used in Lemma 167.
It will explain why we can round all non-1 eigenvalue of I1; a¢Il; to 0, and only use

the 1-eigenspace.

Lemma 166 Let f(j, A) be a non-negative function. Then

D A=DFGA >0 Y F(,A) > 0. (6.10)

J A<l J A<l

Proof: Since f(j, A1) is non-negative. It suffices to notice that both the left and the
right inequalities are equivalent to 37,31 < 1 s.t. f(j,4) > 0. ]

Now we are prepared to state our key lemma, which connects the original Hamil-
tonian to the reduced Hamiltonians. Inspired by Schuch’s idea [Schl1], we will
decompose a non-negative term into summation over many non-negative terms.
However, our method here uses very different decomposition rules, and has key

differences from his, which will be discussed in more detail after the proof.

Lemma 167 (Decrease dimension and rounding) Consider an instance of k-qudit-
CLHP-projection on n qudits, where the k-local Hamiltonian is denoted as H = }; h;
for commuting projections {h;};. Suppose there is a semi-separable qudit g w.r.t.
{h;}i and non-trivial decomposition H? = EB;; 7-{;.1. For every j, define the j-th
reduced Hamiltonian H) = Y, hfj ) as in Definition 162. Then

AH) =0 if 3jstA(HY)=0. 6.11)

Proof: Denote the n-qudit space as H = ®,H9. Define H; = 7-{;1 ®y'+q H . For
clarity, in this proof, we use / for the identity on £ (). When using tr (/) we always

view h as an operator on H, and we project out all the qudits, i.e. tr(h) := > ;(i|hli)
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where {|i)}; is the computational basis for . Especially, we view I1; as an operator

in H, while view I, as an operator in H;.

Note that {4;}; are commuting projections, proving A(H) = 0 is equivalent to show
that

> 0. (6.12)

tr []‘[(1 — h)

Since {h;}; are commuting, the relative order in the above formula is unimportant.

Recall that I1; is the projection onto H ;’. By assumption Vi # 0, h; keeps 7’(;’

invariant, and thus

tr []—[(1 - h,-)] = tr | (I = ho) ﬂ Zn,(z — )T,
i g J

=tr ([—ho)Z —[(Hj(l—hi)nj)
i 7 %0 :
AT
j i#0 e

The first equation is from ), j IT; = I, and for i # 0, h; is Hermitian and keeps 7—(;]
invariant thus 3’ ; I1;4;11; = h;. The second equation is from {I1;}; are orthogonal

from each other.

Besides, since sz. =1II; and tr(MI1;) = tr(I1; M) for arbitrary M, we have

tr []—[(1— h,.)]

i

= Ztr (I — ho) I1; 1—[ (TT; (I = hy)IT;) I
j i i#0 g

= Z tr (I1; (1 = ho) I1; n (I, (1 = h)T1;)
j | i#0 A

= Ztr I (1 = Wholl;) I, H (I = k)T ) | ©.13)
— | i#0

The last equation is from HJZ. = II;. Note that II;holl; is an n-qudit Hermitian

operator, and thus it can be diagonalized by a unitary matrix. Consider its eigenvalue
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decomposition, and denote the eigenvalues and projections onto the corresponding

eigenspace as 4, I1; . That is
T holl; = " AT, ;. (6.14)
P

Note that it might be possible that I1; ; acts non-trivially on some g # g as long as

ho acts non-trivially on ¢’. Besides, by definition of I1; ; we have
ZHN =1 (6.15)
1

Since hy is a projection, we have I1; hoIl; = Oand A € [0, 1]. Use Eqgs. (6.14),(6.15),
and we have that Eq. (6.13) becomes

tr []_[(1— hi)]
= (1=,
J A<1

:ZZ(I—A)tr

J A<l

11; 11;

[ ] (0= nom)

i#0

(11, 10,018) | | (107 = BT
i#0

Define

FGA) = (MGG I) [ ] (0507 = k)

i#0

(6.16)

Since {I1; (I—h;)I1;} ;40 are commuting projections, we know [, (I1; (1 — h;)I1;) =
0 and is Hermitian. Note that IT;I1; ,1I; = O and is Hermitian. Since the trace of
the product of two positive semi-definite Hermitian matrices is non-negative > , we

have that f(j, 1) is non-negative,

£, =0,vj,4. (6.17)

By Lemma 166, tr [[[,({ — h;)] > 0 is equivalent to rounding all the non-zero
coeflicients in Eq. (6.16) to 1, that is, equivalent as showing that

SLet A, Btobe arbitrary two Hermitian matrices where A = 0, B = 0. Since A, B are Hermitian,
consider the eigenvalue decompositions A = 3; a;|¢;){il,a; > 0, B = 2 by} ¢;l.b; = 0.
Then tr(AB) = %; ; aibj|<¢i|l//j>|2 > 0.
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>0 (6.18)

N

j A<l

(I, T1000;) | ] (17 = ko)1)
i#0

@Zn D a1y | [ | (¢ = roty) | > 0
il <1 i#0

& Y| (0 (1= 1) ) [ T (0 = momy) | > 0 (6.19)
J L i#0

o Y | (= nd) [ ] (2 - hymy) | >0 (6.20)
J L i#0

o ([ ](m-4)| >0, 6.21)
J L i

Eq. (6.19) is from Eq. (6.15) and the definition of 4. Eq. (6.20) is from I1;2J/'T1; =
h{’. Note that Egs. (6.18-6.21) and Eq. (6.17) imply that

[T(m h<’>)] DG

i <1

tr

> 0.

Thus we further have

(6.21) &3j s.ttr

[1(m;- hl?f))] >0 (6.22)

i

o3j st [ﬂ (12, - hf”)] >0 (6.23)
where in Eq. (6.23), the notation 7#(/) means now we restrict the space of qudit g
from H? — (H;[, and the trace is over H;. Note that Eq. (6.23) is well defined since
I1; (Iij - hfj )) keeps H; invariant.

By Lemma 164 we know {hfj )} are commuting projections on H; = H ;’ ®
(®q24HY). Eq. (6.23) is equivalent to say 3/ such that the j-th reduced Hamil-
tonian {hfj )},- has a common 0O-eigenvector, where the space of g is 7—(].q and the

n-qudit space is H;. [ |

Corollary 168 If k-qudit-CLHP-projection without semi-separable qudit is in NP,
then k-qudit-CLHP-projection is in NP.
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Proof: Lemma 167 says when there is a semi-separable qudit, an NP prover can
efficiently reduce the k-qudit-CLHP-projection to a new k-qudit-CLHP-projection
by strictly decreasing the dimension of ¢g. Since dim(q) is a constant, an NP prover
can reach to a k-qudit-CLHP-projection without semi-separable qudit by repeatedly

performing Lemma 167 in poly(n) time. ]

To help better understand Lemma 167, let us discuss the differences between Lemma
167 and the method used in Schuch’s paper [Sch11]. We both decompose some of
the terms and get a summation of non-negative quantities, but we do such decom-
position and projection in different ways. The key difference is that in our method,
we guarantee all the quantities still correspond to a commuting local Hamiltonian
problem. Our method is more like self-reduction, and we can perform such self-
reduction sequentially until this are no semi-separable qudits. On the contrary, in
Schuch’s method, the two projections he used for each qudit ¢ , are not commuting
with each other, and the quantity does not correspond to commuting local Hamilto-
nian anymore, and thus this decomposition technique can only be performed once

rather than sequentially.

Restrictions on the qutrit-CLHP-2D without semi-separable qudit

From now on we will consider the 2D geometry and start our proof for the qutrit-
CLHP-2D-projection is in NP. Recall that we allow qudits in the qutrit-CLHP-2D-
projection to have different dimensions, i.e. either 1,2 or 3. By Corollary 168, we
can assume that there are no semi-separable qudits. This “no semi-separable qudits
condition”, combined with the 2D geometry, will lead to strong restrictions on the

form of the Hamiltonian, i.e. Lemma 170.

We define some notations. As shown in Figure 6.2, when considering the qutrit-
CLHP-2D-projection, for a qudit g, we use pi, p to denote the two plaquette
projections in the diagonal direction, p}, p’, to denote the two plaquettes projections
in the anti-diagonal direction. In the whole Sec. 6.4, the relative positions of

4, P1> P2, P}» Py Will always obey Figure 6.2. We give the following definitions.

Definition 169 Consider a qutrit-CLHP-2D-projection instance, for any qutrit q of
dimension 3, use the notations in Figure 6.2. For A,B € {(1,1,1),(1,2), (3)}, we
say that py, p2, p}, p) acting on q via A X B-way, if p1, p2 commute in A-way " on

6Schuch wrote his proof in terms of the qubit, but the first decomposition part also works for
qudit.

’See Definition 159. More specifically, denote the set of qudlts that py, p2 actmg non-trivially
on as Sy, 82, then in Definition 159 H := H9, X 1= ®yrcs,/qH? . Z i= ®gres,/qgH? .
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92—q3
pi | phy| ps
q9—4q1
pi | P2 | P}
—q4—45——

Figure 6.2: Notations for the qutrit-CLHP-2D-projection.

H4, and p', p, commute in B-way on H; or verse visa, i.e. pi,pr commute in

B-way on H4, and p’, p;, commute in A-way on H1.

Note that p1, p» only overlap on one qudit — g — and thus the above sentence “p1, p»
commute in A-way on H9” is well-defined. Same for p’, p}. On the other hand,
p1, py overlap on two qudits, thus we cannot say pj, pj commute in some way on
1. Another clarification is, that it is possible that some of the terms are identity,
e.g. p1 = p2 = I, then the situation does not belong to Definition 169. Those cases
will be considered separately and solved easily in the related proofs.

Recall that by Corollary 168, we can assume that there are no semi-separable qudits.
This will imply certain ways of commuting cannot exist for the qutrit-CLHP-2D-

projection.

Lemma 170 (Legal ways of commuting) Consider a qutrit-CLHP-2D-projection
Hamiltonian {p} p, if there is no semi-separable qudit, then there is no qutrit q with
dim(H?) = 3 such that terms p1, p2, p', p5 acting on q via (1,2) X (3)-way or
(1,2) x (1,2)-way.

Proof: To ease notations, in this proof we use H to denote the Hilbert space of
q, instead of using H9. With contradiction, assume that there is a qudit g with
dim(H?) = 3 such that

* p1,p2 commute via (1,2)-way on H?. The decomposition w.r.t py, ps is

H = H, P H,, where
dim(Hy) = 1, H, = span(|y))
8 for some |y € HY, and

dim(Hy) = 2, Hy = H, ® H;.

80ne may wonder how could H; written as 7-(]1 ® 7-(]2 in the Structure Lemma. Conceptually
one can interpret '7-{11 = span{|y)}, and '7-(12 as a one-dimensional space as scalars {c}.
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Since 2 is a prime and 2 = 2 X 1, by definition the decomposition H =
H, € H, is induced by p; or p,, and [pi, p2] = 0, by Corollary 157, one
can check that one of py, p» must act trivially on H,. W.l.o.g assume that

dim(H)) =2, dim(HE) = 1,
and p, acts trivially on H,.

* For p, p}, consider the following cases:

(@) p},p, commute via (3)-way. In this case one of p, p), must act trivially

on g. W.l.o.g assume that p/ is the term.

(b) p}»p, commute via (1,2)-way. Similarly as above notaions for p1, p>

we have

H =H (D H;,
and define |y}, H/ similarly. And similarly assume that p’, acts trivially
on H.

O Case (a): We will prove g is semi-separable, which leads to a contradiction.
Consider the decomposition from (1,2)-way for py, ps, that is H = H; § H,.
Since p acts trivially on g, it keeps those subspaces invariant as well. In summary,
all terms but p’, keep the decomposition invariant. Since the decomposition H =

H, 6P H- is non-trivial, by definition ¢ is semi-separable.

0 Case (b): Consider term p», by definition, p, is Hermitian, keeps #, H, invariant

and acts trivially on H,. We can write

p2=1Y) Wl®A+ Iy —[¥)Wl]) ®B. (6.24)

Here I, is the identity on 9. And A, B (might be 0) act non-trivially at most on
the remaining three qudits ¢1, g4, g5, as in Figure 6.2. Rewriting h := A - B, h=B,

we have
pr= Y)Wl ®h+1,®h. (6.25)
Since p, is Hermitian, we know A, h are Hermitian. Similarly, we can write

Py=WY WO +1,0 1, (6.26)
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where I/, i’ are Hermitian and act non-trivially at most on ¢qi,¢2,q3. If h =0
then p, acts trivially on ¢. Using a similar argument as case (a) we conclude ¢ is

semi-separable. The case for 2" = 0 is similar. So w.l.o.g, we assume that

h+0,h +0. (6.27)

In the following, we are going to prove that either g or g is semi-separable, which

will lead to a contradiction. W.l.o.g assume that both |) , [/") are unit vectors.

o If |y) = e |y’) for some 6: then by definition, P1, P2, P}, 5 keep Hi, Ho
invariant. Thus ¢ is separable.

e If ) L |¢'): then one can verify that both p,, p’, keeps Hi, H, invariant,
since p; also keeps Hj,H, invariant. By definition we know ¢ is semi-

separable.

o If |{y|y’)| # 0, # 1: notice that

paph = W) W) (W) ® hi + ) (w| ® hit’
+ YW @AW + 1@ R,

phpa = W) W) Wl @ Wh+ ') (W'| @ W'h
+ ) (W@ h+1®h.

Since dim(q) = 3, there exists [£) # 0 € H s.t
1£Y L 1wy, 18 L1y’
By pap) = p,p2 we have ({|pap)|L) = ({|pyp21{), and thus
hi' = ' h. (6.28)
* Since |[{(y|y’)| # 1, there exists |¢) such that
[¢) L1w).l¢) L IY).

By Eq. (6.28) and (¢|p2p}|6) = (¢]p)p2l6) we have

hh' = h'h. (6.29)

hh' = h'h. (6.30)
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* Finally by Egs. (6.28) (6.29) (6.30) and p,p’, = p,p> we have

W) ) 'l @ hh" = W'lv) [y') (wl @ i'h. (6.31)

Left multiplying (¢| to both sides of Eq. (6.31), and use the fact that (¢'|y) #
0, (oly) =0,{d|Y") # 0, we conclude that

h'h=0.

Similarly, we would get
hh' = 0.

In summary, we showed that

(1) h, h, W', i’ are Hermitian.
(i) {h, h} commute with {/’, ’}.

(iii) hh" =W h=0.

To ease the notations, we abbreviate the induced algebra of Hermitian term p on ¢,
: H4 q
1.e. ﬂp ;as A,.

Intuitively the above (7)(if) (iii) say that ﬂlq,i and ﬂZi should commute with each
other, and some elements are orthogonal to each other. We will show that this implies
g1 is semi-separable. In the following we write down a careful proof, especially
because h, i are operators which might act non-trivially on three qudits g1, g4, g5

instead of only on ¢g;.

Let {[i){j|9%},; be the computational basis for g4, g5, similarly {|k)(l|92% };; for
q2, q3. Consider the decomposition of £, h, we rewrite P2 as

p2=¥) Wl® § hil ® i) (|44
ij
+1,® E il?; ® [i) (|94,
ij

where {|i)(j|99°};; are linearly independent. Since {|) (¥, I,} are linearly inde-

pendent, we know

{l) Wl @ 1) (19" Yy T @ [) (%% }ij
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are linearly independent. By lemma 154, ﬂg; is generated by {hlffjl }ij U {lefjj‘ Yij-

Define similar notations for p’,, we will have ﬂgi is generated by {h;C ql YU {fz;(ql s
Note that {g4, gs} and {g2, g3} are disjoint, the fact that [&, '] = O implies the two
sets {hf’jl},- ; and {h;:’ll}kl commute. Similarly, (ii) implies the generators of Aj)

and ﬂZ} commute, thus ﬂg; and ﬂgl commute. If we name the 4 terms on g
2 2

as p5, p2, p3, py as in Figure 6.2. Let H be the Hilbert space of g1, consider the
decomposition H = P, 77, induced by the induced algebra of p; on gy, i.e. ﬂg;.
By Corollary 157 we know all ﬂg', p # p, keeps the decomposition invariant.
Thus all terms expect that p, keeps the decomposition H = EB;‘ ﬁ invariant.

Furthermore, (ii7) implies

Wi = 0,90, j, k. 1.

By Eq. (6.27) we assume that & # 0, i’ # 0, thus there exist i j, k/ such that
q 1q
hi; # 0,0, #0.
Consider Lemma 158, let
A= A A = A,

we know the previous decomposition H = P, H; induced by A = ﬂg; is non-

trivial.

Combining the implications of (7) (if) (iii), we conclude ¢ is semi-separable, which

leads to a contradiction. ]

Schuch’s method and its extensions

Schuch [Sch11] proved that the qubit-CLHP-2D-projection is in NP. In this section,
we illustrate that his idea can be generalized to prove that a subclass of qudit-CLHP-
2D-projection is in NP, see Theorem 175. In the next section, i.e. Sec. 6.4, we will
show that the qutrit-CLHP-2D-projection without semi-separable qudits falls into

this subclass.

The proof for Theorem 175 is similar to [Sch11]. The main difference is that we
generalize the definitions of removable qudits from Lemma 173 to Lemma 172.
This generalization brings some subtlety so we write the proof in detail even though

the proof proceeds in a similar way as [Sch11].
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Definition 171 (Removable qudit) For qudit-CLHP-2D-projection, consider a qu-

dit q. Denote the terms acting onitas p1, p2, p', P5, as shown in Figure 6.2. Denote
H4 as H. Suppose there exists a decomposition H = B, H; such that both p, p>
keep the decomposition invariant. Let P; be the projection onto H;. Similarly define
the decomposition H = ; 7—(]’ and P;. forfor p\, p5,. We say a qudit q is removable
if one of the following holds:

(i) Vi, j, at most one of pi, pa acts non-trivially on ‘H;, at most one of p', p acts
non-trivially on 7—(]’ and rank(Pl-P;.) <1°?.

(i) p}.p5 act trivially on H. Besides, H has a tensor-product structure as
H =H, & Fb, such that py € L(ﬁl) ® Iﬁz’ p2 € I?% ® L(?Afz). Or similar
conditions hold when exchanging the name of p1, p2 with p’, p’.

We give some examples of removable qudits.

Lemma 172 For qudit-CLHP-2D-projection, for any qudit q, if p1, p» commute in
(I, 1,...,1)-way on ‘HY, p', p, commute in (d},...,d;)-way on H? where d; is a

prime, Yi. Then q is removable.

Proof: Denote H := H9. Let H = P, H; be the decomposition w.r.t to py, p»
and (1,1,...,1)-way. Let H' = @ﬂ{i’ be the decomposition w.r.t to p/, pj and
(dy,...,d;)-way. Let Pi,P;. be the projections onto H;, 7—(1’

By Definition 159, the way of commuting is obtained by the Structure Lemma. Then
by Corollary 157, we know H has a tensor-product structure as H = 7{1’.1 ® 71(]’.2,

where
’ _ 1 ,
P = 6? LIH) © Iy (6.32)
Py S P Iy © L), (6.33)
. J

Since d} is a prime, we know that at most one of p/, p’, acts non-trivially on H ]’ Sim-
ilarly, since 1 is a prime, at most one of pi, p; acts non-trivially on H;. Furthermore,
note that rank(P;) = 1, Vi. Thus rank(Pl-P;.) < min{rank(P;), rank(P;.)} =1. =

Lemma 173 For the qubit-CLHP-2D-projection, for any qubit q, if one of {p1, p2}

or {p}, p5} commute in (1,1)-way on H4, then q is removable.

9The rank is w.r.t viewing P;, P} as local operators in L(H?).
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Proof: Denote H := H9I. W.l.0.g assume pi, pp commute in (1, 1)-way w.r.t
H = P, H;. If both p’, p), acts trivially on g, then p/, p/, also keep H = P, H;
invariant. One can check that Definition. 171 (i) holds. If at least one of p, p/, acts
non-trivially on H, the by Lemma 161 p/, p, must commute on H via (1, 1) or

(2)-way. By Lemma 172, g is removable. ]

We name those qudits as removable since we will “remove” them in the proof of
Theorem 175. Before proving Theorem 175, we summarize [Schl1]’s result as
below. Although written in terms of qubit, [Sch11]’s proof directly works for the

following lemma for qudits.

Lemma 174 (One-dimensional structure [Sch11]) Consider a qudit-CLHP-2D-
projection Hamiltonian H = )., p on n qudits. Let S be the set of qudits where
Yq € S, there exist p € {pi1,p2} and p’ € {p}, p,}, such that both the induced
algebra of p, p’ on H? are the full algebra L(H?).

Then for any quantum channels {N;} : L(H?) — C}, 4, the product

[1(®geseng) 17 =]

p

has a one-dimensional structure, and thus

tr (]_[ (®q€ScN;,]) [l - p])

p

can be computed in classical polynomial time.

Here (®quCN;§1) [ — p] means applying ®,cscN, on (I — p), which can be

interpreted as tracing out qudits in S€.

Theorem 175 Consider a qudit-CLHP-2D-projection instance, if for each qudit q,

either

(a) q is removable, or

(b) There exists p € {p1,p2} and p’ € {p},p,} such that both the induced
algebra of p, p’ on H? are the full algebra L(H1Y).

Then the corresponding qudit-CLHP-2D-projection instance is in NP.
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Proof: The proof follows the idea in [Schl1]. The main difference is that we
generalize the definitions of removable qudits from Lemma 173 to Lemma 172.
This generalization brings some subtlety so we write the proof in detail even though

the proof proceeds in a similar way as Schuch’s.

Imagine the 2D grid as a chess board and color the plaquettes as black and white.
Denote the set of the black plaquettes as Pp, the white plaquettes as Py. Use the
same notations as Definition 171, for any removable qudit g, w.l.0o.g assume that
p1, p2 are black, p’l, p’2 are white. If g satisfies Definition 171 (i), one can notice
that

tr [(1 = p1)(I = p2)(I = p)(I = )] (6.34)
=tr (Z Pi(I = p1){I - pZ)Pi) (Z P(I-p))( - p'z)P})
i J
=S [Pt = )= p2)P) (P = p) (= p)P)|. (639)
i.J

Note that by definition of removable qudit (i), at most one of pi, po acts non-
trivially on H;, w.o.l.g assume that it is p;. This means P;(I — p,)P; is P; tensor

some operator. Formally,

Pi(I = p2)P;i = try(Pi(I — p2)P;) [try(P;) ® P;
=trq(Pi(1 — p2)P;)/try(P;) ® 1, - P;

Similarly, we assume that p’ acts non-trivially on H ]’ We have
tr (Pl = p) (U = p2) PP (1 = (I = PP (6.36)
= 17 (Pi(1 = p)P(L = p2) PiP(1 = p) Py (1 = py)P))
=1r (Pi(I = p1) - trg(Pi(I — p2) Py) [1ry(P) ® I,
Pi- Pi(I = p) - try(P(I = ph)P)) Jiry(P}) ® 1, - P;-)

Note that Tr(MN) = Tr(NM) for any M, N. Further, by definition of (i), there

exist un-normalized vectors |@), , |3), on g such that P,-P} = |a), (Bl,- Then:
=tr (18), @l (1= p1) - try (PiI = pa) P 114 (P) ® I,
@), Bl (I = 1) - 1rg (P (T = PP farg (P @ 1,
=tr ((aly (1 = pr) @), - 1rg(Pi(1 = p2) Pi) f1ry (P)

(Bly (1= P1)IB), - try (P (1 = P)P)) f1ry(P)) (6.37)
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Recall that {py, p2, p}, p5} are commuting projections. In summary, the above

calculations show two things:

* In Eq. (6.35), each quantity, i.e. Eq. (6.36), is the trace of the product of
two positive semi-definite Hermitian matrices, and thus each quantity is non-

negative. Proving

tr((I = p1)I = p2)(I = p)(I = p3)) > 0
is equivalent to show that one of the quantitys is > 0.

* InEq. (6.37), we somehow “project out qudit g” for all terms. Then calculating
Eq. (6.36) is equivalent to computing the trace of a term without qudit ¢, i.e.

Eq. (6.37). This is why ¢ is named removable.

* Also note that in Eqgs. (6.36)-(6.37), we do not change the relative order of
(I = p;) or (I — p?). This is important when considering multiple removable

qudits at the same time.

If g satisfies Definition 171 (ii), we can also “tracing out ¢”. Denote d, as the

dimension of g. Interpret g as two qudits g1, g2 w.r.t H 1, 7?2, we have

tr (1= pO)(I = p2) (I = p})(I = p})]

=tr [1ry((I = p1))/dg, - trq(I = p2)[dy, - 1ry((I = p}))/dg - trg (I = p5))/dy]
(6.38)

Eqgs. (6.34)-(6.38) illustrate how to project out a single removable qudit. Simi-
larly, when calculating 77 ([], (I — p)) we can project out all the removable qudits.
Specifically, we first perform Eq. (6.34)-Eq. (6.35) simultaneously for all removable
qudits, and then perform Eq. (6.36)-(6.38) to project out all removable qudits. It is
worth noting that we should be careful about the relative orders of each (I — p) —
To perform the calculations in Eq. (6.34)-Eq. (6.35), one requires that for each g,
terms p1, p> are put in the left, and p/, p), in the right.

To perform such decomposition for all removable qudits simultaneously, it suffices

to put all the black terms on the left and all the white terms on the right. Denote the
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set of removable qudits as R, we have

rr[]‘[u—m = |[|u-p [] U-p)
p

PEPs p'ePw
= 2, [P [ Ta=m)[ 2] 2 [ =]l ]~
ig.jq: q€R g€R pePp g€R g€R pePw g€R

(6.39)

Then for each removable qudit g, we perform similar operations as Eq. (6.36)-(6.38)

to project out ¢ .

Finally for the quantity in Eq. (6.39), we project out all removable qudits for every
(I — p). All the remaining qudits originally correspond to type (b) in the Theorem
description. By Lemma 174 we know the quantity in Eq. (6.39) can be computed in
polynomial time. Note that all terms in [],ep, (I — p) are commuting and positive,

and similarly for [],cp,, (I — p). Thus

o[ [P\ [ a=m)[ 24 25| [ a=m)] |75 =0

g<R pePs g€ER g€R pePw gER

In summary, proving ¢r([],(/ — p)) > 0 is equivalent to proving that one of the
quantity in Eq. (6.39) is > 0, where the quantity is tracing a product which has
a one-dimensional structure, thus can be computed in classical polynomial time.
Thus we conclude the qudit-CLHP-2D-projection which satisfies Theorem 175’s

conditions is in NP. ]

Qutrit-CLHP-2D is in NP

Finally, to prove that the qutrit-CLHP-2D is in NP, it suffices to notice that the
qutrit-CLHP-2D-projection without semi-separable qudit satisfying conditions in
Theorem 175.

Lemma 176 For any qutrit-CLHP-2D-projection instance without semi-separable

qudit, every qudit satisfies one of the two conditions in Theorem 175.

Proof: Consider any qudit g. If dim(q) = 1, it is removable due to Definition
171 (1). Wlo.g. assume dim(q) € {2,3}. If p/, p) act trivially on H9, since

g is not semi-separable, we know p;, p, must commute via (3)-way or (2)-way.
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Furthermore, by the Structure Lemma, i.e. Corollary 157, we know there is a tensor
product structure of H? = H?! @ H%? such that

p1 € LIHY) @ Ty,
P2 € Ipiqn ® LIHP?).

Thus ¢ is removable due to Definition 171 (ii). A similar argument works when
P1, p2 act trivially on H4. Thus w.l.0.g, we assume that at least one of pp, p», and

one of p/, p, act non-trivially on g. Then

e When dim(q) = 2, by Lemma 161 we know either one of {p1, p2} or {p}, p}}
commute in (1, 1)-way, or both of them commute in (2)-way. For the first
case, g is removable due to Lemma 173. For the second case, g satisfies
Theorem 175 condition (b).

* When dim(q) = 3, since there is no semi-separable qudit, for any qudit g,
by Lemma 170 and Lemma 160, we know either one of {p1, p2} or {p}, p,}
commute in (1, 1, 1)-way, then ¢ is removable by Lemma 172. Or both of

them commute in (3)-way, then ¢ satisfies Theorem 175 condition (b).

Combined with Corollary 192, Corollary 168, Lemma 176 and Theorem 175, we
finally conclude that

Corollary 177 The qutrit-CLHP-2D problem is in NP.

6.5 Factorized commuting local Hamiltonian on 2D

In this section, we give a constructive proof to show that qudit-CLHP-2D-factorized
is in NP, by proving that qudit-CLHP-2D-factorized is equivalent to a direct sum
of qubit stabilizer Hamiltonian (see Theorem 189). Note that in this section we do
not assume that {p}, are projections. The reason for this is that if we start with
an arbitrary qudit-CLHP-2D-factorized Hamiltonian, such as the Toric code, and
replace each term with a projection that preserve the kernel (as in Lemma 191), then
the new Hamiltonian is not guaranteed to be a factorized projection. For example, if
we take a Toric code term such as 4 = XXX X and replace h with (1111 -XXXX)/2,
the resulting term is no longer factorized. By contrast, for the qutrit-CLHP-2D,
where we do not require that the terms be factorized, the assumption that the terms

are projections does not weaken the results due to Corollary 192.
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The structure of this section is as follows. In Sec. 6.5 we give notations and
definitions. In Sec. 6.5 we prove that if there are no separable qudits, then the
Hamiltonian is equivalent to a direct sum of qubit stabilizer Hamiltonian. Finally in

Sec. 6.5 we prove Theorem 189.

Notations, definitions and lemmas
Notation. Let & be a Hermitian operator on Hilbert space H. Let H’ be a subspace
of H and suppose h keeps H’ invariant. We define

kerg((h) := {ly) € H | h|¢) = 0}

and
kerqy (h) = {ly) € H' | h|y) = 0}.

For two orthogonal subspaces V, W C H, their direct sum are defined as
V@W:{V+W|VEV,W€W}.

For two Hermitian operators h, i’ € L(H), we write hh' = +h’h if either hh' = h'h
or hh' = —h’h. We say an n-qudit Hermitian term /£ is factorized if h = ®,h? where
h? is Hermitian, Vqg. When a factorized Hermitian & = 0, we always rewrite & to be

tensor of zeros, i.e. hY =0, Vq.

We say a Hilbert space H is equivalent to m-qubit space, denoted as H ~ (C2)®™,
if there exists tensor-product structure

H=H®..0 H,,

where dim(H;) = 2. When considering Hilbert space H ~ (C?)®", we define
Pauli groups as the group of operators generated by {I, X, Y, Z}®", with respect the
basis which makes H factorized as (C?)®". We denote elements in the Pauli group
as Pauli operators. First, we formally define what it means for a Hamiltonian to
be equivalent to a qubit stabilizer Hamiltonian or a direct sum of qubit stabilizer

Hamiltonians.

Definition 178 (Equivalence to qubit stabilizer) Consider a commuting (but not
necessarily local) Hamiltonian H = }; h; acting on space H., := ®q?{f . We say H
is equivalent to a qubit stabilizer Hamiltonian on H., if the following hold:

(1) Forall g, HI ~ (CH®™ for some integer m4.
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(2) Each h; acts as a Pauli operator up to phases on H.,, with respect to the basis
which makes H, ~ (C2)®&qm?),

In the above definition, we allow m, = 0, where dim (HI) =1, and all h; acts as [

up to phases on H,!.

Definition 179 (Simple subspace) Consider an n-qudit space H = ®@,HI. We say
a subspace H, of H is simple, if H, is a tensor product of subspace of each qudit,
i.e. H, = ®,H, where H is a subspace of HI.

Definition 180 (Direct sum of qubit stabilizer) Given a commuting Hamiltonian
H = Y h; acting on space H = ®,HI. We say H is equivalent to a direct sum
of qubit stabilizer Hamiltonians, if there exists a set of simple subspace {H, :=

®q‘7-{f }sep such that

(1) {H.}ep are pairwise orthogonal, and H = P, p H.;

(2) Vs« € P, H keeps H, invariant, {h;}; keeps H, invariant, and H is equivalent

to qubit stabilizer Hamiltonian when restricted to H..

Remark 9 (Terminology of “Equivalent to qubit stabilizer state” used in Theorem
146) Use notations in Definition 180, if an n-qudit Hamiltonian H = }; h; is
equivalent to a direct sum of qubit stabilizer Hamiltonians, there exists a simple

subspace H, = ®q?{f which contains a ground state of H, denoted as |..).

Since H is equivalent to qubit stabilizer Hamiltonian on H., we know |y.) can be
chosen to be a qubit stabilizer state w.r.t to the basis which makes HY ~ (C?)®"a
in Definition 178. In this sense we say H has a ground state which is equivalent
to qubit stabilizer state. The notion of “equivalent to qubit stabilizer state” is only
used for intuitively explaining how we prove that qudit-CLHP-2D-factorized is in
NP in Theorem 146. To avoid ambiguity, we will not use this notion further in the

following context.

We now give the definitions and lemmas for commuting in a singular/regular way.

For technical reasons, our definition is slightly different from [BV03] 10,

Definition 181 [Singular/regular way] Consider two factorized Hermitian terms
h, h acting on qudits, with [h, fl] =0.

10[BV03] defines the case where hh = 0 and Vg, h9h? = +h9h? as commuting in a singular way.
We define this case as commuting in a regular way.
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o We say h, h commute in a regular way, if Vg, hh9 = +h9h4.

o We say h, h commute in a singular way if there 3 qudit g, h%h? # +hh.
Recall that when & = 0, we always rewrite & to be tensor of zeros. Thus if A, h
commute in a singular way, then & # 0, i # 0. We say a set of factorized Hermitian
terms {A;}; commute in a regular way if Vi, j, the h;, h; commute in a regular

way. In the following, we introduce a lemma which states how factorized terms can

commute with each other.

Lemma 182 (Rephrase of Lemma 9 in [BV03]) Consider two factorized Hermi-
tian terms h, h acting on n qudits, with [h, h] = 0. If they only share one qudit g,
then [he, h4] = 0. If they share two qudits q1, q», then one of the following holds:

(1) hh # 0. In this case h1' h?' = +h9 b9 and h92h9> = +h92 he2,

(2) hh = 0. In this case one of h?'h4', or h®2h%? equals to 0.

Corollary 183 Consider two factorized Hermitian terms h, h acting on n qudits,
with [h, h] = 0. If h, h share two qudits q\, q2, and commute in a singular way, then
one of h9'h4', or h®2h92 equals to 0. For the other one qudit, denoted as g, we have
hihe + £h9hd.

We also prove some useful lemmas.

Lemma 184 Consider two Hermitian terms h, h acting on a Hilbert space H. If
hh = ahh for some a € R, then h keeps kerq(h) invariant.

Proof: It suffices to notice that V |) € kergs (%), we have
hh(ly)) = ahh|y) = 0.
This implies that £ |) € kerg (h). [ |

Lemma 185 Consider a qudit g and Hermitian terms h? # 0 and {hl.q}i acting on
H4. Suppose that
Vi, h9h? = £h! 7,

and furthermore there exists iy such that h?o # 0, and h4 hiq0 = 0. Then q is separable
with respect to {h1} U {hl.q}l-.
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Proof: Define H; := ker(fl). Since both 7, hj, are non-zero and fzhio = 0, we know
Hi # {0} and H; # H49. This implies the decomposition H? = H; 5 H;" is non-
trivial. By lemma 184, we know that all operators in {h} U {h;}; keep H, invariant.

Since they are Hermitian, they also keep #;* invariant. Thus g is separable. ]

A weaker version without separable qudits

In this section we prove in Theorem 188 that if there are no separable qudits,
then qudit-CLHP-2D-factorized is equivalent to qubit stabilizer Hamiltonian. In
particular, we prove that in this situation, all the terms must commute in a regular

way.

Lemma 186 Consider qudit-CLHP-2D-factorized Hamiltonian H = 3., p acting
on n qudits. If there are no separable qudits, then all the terms {p}, commute in a
regular way. Moreover, for any qudit q and any term p, p € {p1, p2, p}, P4} acting

on q, as shown in Figure 6.3 (a), we have

(1) (p9)?* = Cpqly for some constant c .
(2) pip? = xpipi.

(3) The C*-algebra generated by {pq}pe{pl,pz,p’l,p’z} is the whole algebra L(H1?).

Proof: We first define some notations to help the illustration. To match the notations
in Definition 178, we denote the Hilbert space of qudit ¢ as H., and the n-qudit
space as H, 1= ®,H,.

As shown in Figure 6.3 (a), Consider a qudit g, we denote the terms acting on ¢
as pi1, pa2, p’l, p’z. Recall that all the terms are factorized, thus we can use p’f to
represent the factor of p; on ¢g. Use similar notations for other terms. For any two

terms
h,h € {p1, p2. P, P5}
we use symbols —, 0, X to represent the relationship between h?, ha.
o “_ If h9h9 = +h9h4, and h, h commute in a regular way.
o “07: If hihd = 0, and A, h commute in a singular way.

o “x”: If h1h? # +h9h9, and h, h commute in a singular way.
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Using the above symbols, we will draw a graph to represent the relationship of
{p1, P2, P}, p5} on qudit g. For example, the graph in Figure 6.3 (f) means: The
relationship between p{ and pJ is “~7. That is

and pi, p» commute in a regular way. Similar for p,lq and p;q. The relationship

between p{ and p’lq is “0”. That is
pip’=0,

and pi, p} commute in a singular way. Similar for plzq and pg. The relationship for
p?, pyis “x”. Thatis

pipd 2 £ppl,
and py, p, commute in a singular way. Similar for p/lq and pg. We use #,0 to
represent the number of 0 in the graph for ¢, and similar for symbol “X”. For

example, in Figure 6.3 (f), we have

#,0 = #,x = 2.

For each g, we draw such a graph and assign —, 0, X to each pair
hohe{pd pl,p’ p)}.

For ¢ in the boundary ! of the lattice, some terms might be missing. We draw the

graph for the existing terms similarly.

We use #0 to represent the total number of 0 when considering all qudits, that is

#0= > #,0.
q

Similarly for #x. Note that by Corollary 183, we have
#H)=#Xx.
Now we are prepared to prove Lemma 186. We first prove the following.

Claim 1: There is no qudit g such that two of the terms acting on ¢, i.e. two of

P1, P2, P}, p5 in Figure 6.3(a), can commute in a singular way.

""Here we mean the physical boundary of the lattice, not the (virtual) boundary defined in
[AKV18].
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With contradiction suppose there are such qudits, then
#0 =#x > 1.
Then there must be a qudit g such that
#,0 > #,x > 1.

We will prove that ¢ is separable thus leading to a contradiction. Here we suppose
g is in not on the boundary, thus there are four terms py, p2, p, p, acting on q.
The case where ¢ is on the boundary and some terms are missing can be analyzed

similarly.

Note that we always have
pips =pip]

since pi, pp only shares one qudit. Similar for p;q and p’zq. One can check that
up to rotating the lattice, the relationships of terms on ¢ must be related to one
of the graphs in Figure 6.3 (b-f). Please read the captions of Figure 6.3 for a
precise description of the classification. Note that if two terms A, i on ¢ satisfy
0, by definition of commuting in a singular way, we have p # 0, p # 0, and thus
p?#0,p1#0.

For Figure 6.3 (b-e), let
ht = p9, {n!}; = {pl,p . pS}.

By Lemma 185, we know ¢ is separable. For Figure 6.3 (f), let A to be the C*-
algebra generated by p?, plzq, A’ to be the C*-algebra generated by p/lq, pi. By

Lemma 158 we know ¢ is separable.

P oy || o | PRxA2

) q o 0 0 0

p1 P2 L L J L ] L pl 2
(@) (b) (© (d) () )

Figure 6.3: Relationships of factors on g. The classification is organized in the increasing
order of #,Xx. The (b) case corresponds to when #,x = 0,#,0 = 1. Other cases when
#4x = 0,#,0 > 1 can be handled in the same way. The (c)(d) cases correspond to when
#,x =1,#,0 = 1. Other cases when #,x = 1,#,0 > 1 can be handled in the same way. The
(e)(f) cases correspond to when #,X = 2,#,0 = 2.
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Claim 2: The conditions (1)(2)(3) in Lemma 186 hold. Consider arbitrary qudit
g, let A be the C*-algebra generated by {p?} ¢, P2.P|ph} - Since g is not separable,
by lemma 155, we know the the center of A, i.e.Z (A), must be trivial. Besides,

lemma 155 also implies
HI=H, @ Ho, A =L(H)) @ Iyy.

Since ¢ is not separable, we must further have H, is of dimension 1, thus A =

L (H?) (condition (3)). Otherwise ¢ is again separable by considering
H! = (D H © 16:) (il

where {¢;} is a basis of Hj.

Since Claim 1 is true, all terms are commuting in a regular way. This means all
factors are either anti-commuting or commuting (condition (2)), and thus V term p,
(p?)? commute with every factor, i.e. (p?)? € Z(A). Since we already argued that
Z(A) must be trivial, we have (p9)? = ¢ pql for some constant ¢, (condition (1)).

[BVO03] showed that for qudit-factorized-CHP '? | if all terms commute in a regular
way, then one can transform the Hamiltonian into a qubit stabilizer Hamiltonian. In

particular, they proved the following lemma.

Lemma 187 (Lemma 12 of [BV03]) Let H{ be a Hilbert space, Gy, ...,G, €
L(H]) be Hermitian operators such that

G2 =1,G,Gp = +G,Gy,Va,b € {1,...,r}

and such that the algebra generated by G, ..., G, coincides with L(H]). Then
there exists an integer n, a tensor product structure HY = (C?)®" and a unitary
operator U4 € L(HT) such that UG ,U9" is a tensor of Pauli operators and the
identity (up to sign) for all a € {1, ...,r}. Here n may be equal to 0.

Finally, we are prepared to prove the main theorem in this section.

Theorem 188 Consider a qudit-CLHP-2D-factorized Hamiltonian H = )., p on n-
qudit space. If there are no separable qudits, then H is equivalent to qubit stabilizer

Hamiltonian on H.

12Recall that CHP represents commuting Hamiltonian problem where the Hamiltonian might not
be local.
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Proof: To match the notations in Definition 178, we denote the Hilbert space of
qudit g as H!, the n-qudit space as H, := ®,H,. Consider a qudit-CLHP-2D-
factorized H = %, p. W.0.l.g assume that all p are non-zero. Note that since p is
Hermitian, if p? = 0, then p = 0.

Consider arbitrary qudit g, use notations in Lemma 186 we know c,, # 0,Vp, q.

For every p, define p be a normalized version of p, that is
p = ®,p? where p7 = p/c,q.

For any qudit g, view ..., p%, ... as ..., G, .... By Lemma 186, one can check that
{p?}, satisfies the condition of Lemma 187. Thus by choosing appropriate basis
of each qudit, H; will have a factorized structure as (C?)®"™ for integer m?, and
{p?} are tensor of Pauli operators up to sign. Thus p? acts as a Pauli operator on
this basis, up to phases. Thus H is equivalent to qubit stabilizer Hamiltonian H by
definition.

The full version
Finally, we remove the constraints of no separable qudits in Theorem 188 and prove

the following.

Theorem 189 Any qudit-CLHP-2D-factorized Hamiltonian H = ., p is equivalent

to a direct sum of qubit stabilizer Hamiltonian.

Proof: Denote the space that H acting on as H = (X) q H1. Recall that if a qudit ¢
is separable with respect to decomposition H? = (P, 7’(1.4, for any chosen index i we
can restrict all terms on this subspace, and get a new instance of qudit-CLHP-2D-
factorized. If we repetitively perform this restriction whenever this is a separable

qudit, after polytime we will reach the case with no separable qudits.

To prove theorem 189, it suffices to imagine the restricting process as a decision
tree. Specifically, we write down a root node and define the space of the root node
as H, and repeat the following process: Transverse all the leaf nodes. Denote the
leaf node considered currently as x*, and its space as H.. If H restricting on /. has
separable qudits, choose an arbitrary such separable qudit. Denote this qudit as g
and the corresponding decomposition as H? = EB;’ 7—(;1. For every i, we build a
child node w; to *, and define the space of w; as restricting HY to Wiq in H,. We

repeat this process until for every leaf node, there are no separable qudits. In the
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final tree, every leaf node * corresponds to a simple subspace H,. By the definition
of the tree, we know {H,}. are orthogonal to each other and H = €, H.. By
Theorem 188, H is equivalent to qubit stabilizer Hamiltonian on H,. Thus we

prove that H is equivalent to a direct sum of qubit stabilizer Hamiltonian. ]

Corollary 190 Qudit-CLHP-2D-factorized is in NP.

Proof: Consider a qudit-CLHP-2D-factorized problem with Hamiltonian H# = 3, p

and parameters a, b. By Theorem 189 we know there exists a *, where
H, = (X) H!
q

is a simple subspace, such that there is a ground state lies in H., and H is equivalent
to qubit stabilizer Hamiltonian on H.. The NP prover is supposed to provide the
subspace {H,!},, and provide the qudit unitary U7 in Theorem 187 for each g. Using
that information, the verifier firstly checks that all terms {p}, keep the subspaces
{HI}, invariant. Then the verifier uses polynomial time to transform H; to be
tensor of qubit space, i.e.(C?)®"4 and transform H on H, to be a summation of

Pauli operators up to phases, denoted as
H|. = Z anh.
h

Here 4 is a Pauli operator.

Then the verifier is going to verify A(H|.) < a. Since {a,h}; are commuting,
there is a ground state which is the common eigenstate of every h. Denote the

corresponding eigenvalue as Aj,. The prover is supposed to provide such {4;},. The

Z apdy < a,

h

verifier verifies that

and verifies there is a state which is the common 1-eigenstate of commuting Pauli
operators {//4;}. The common 1-eigenstate verification can be done in polynomial
time by standard stabilizer formalism. Note that although we describe the prover in

an interactive way, they can in fact send all the witnesses at the same time. ]
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6.6 Appendix:Relationship between general case and projection case
Lemma 191 [f k-qudit-CLHP-projection is in NP, then k-qudit-CLHP is in NP.

Proof: Consider a k-qudit-CLHP(H, a, b), where

H:Zhi;a,beR

and b —a > 1/poly(n). Denote the ground energy A := A(H). Since {h;}; are

commuting with each other, there exists a ground state |) and {1; € R}; such that

hi ) = A; [y, Vi

and }; 4; = A. Let I1; be the projection onto the A;-eigenspace of h;. Let
hi =1 -TI;,
A=
i

Since {h;}; are commuting, we know that {/;}; are also commuting.

The prover is supposed to list such {A4;};, then the verifier can check }; 4; < a and
compute IT;, i; and H. Then the prover is supposed to prove that qudit-CLHP-2D-

projection(H) is a Yes instance — that is, proving there exists |y) such that
hi ly) = 0,Vi.
Thus if k-qudit-CLHP-projection is in NP, then k-qudit-CLHP is in NP. [ ]

Corollary 192 Ifthe qutrit-CLHP-2D-projection is in NP, then the qutrit-CLHP-2D
is in NP.

6.7 Appendix:Qudits on the vertexs or on the edges

In this manuscript, we consider commuting local Hamiltonian on a 2D square lattice,
where qudits are on the vertices and Hermitian terms are on the plaquettes. There
is another setting that put qudits on the edges, and Hermitian terms on “plaquettes”
and “stars”. Specifically, as shown in Figure 6.4 for each plaquette p, there is a
Hermitian term B, acting on the qudits on its edges, i.e. q1,q2,¢3,q4. For each
vertex v, consider the star consisting of v and edges adjacent to v, there is a Hermitian

term A, acting on qudits on its edges, i.€. g3, g4, g5, g¢. The Hamiltonian is

H=) By+) A
P v
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We abbreviate this setting as “qudits on 2D edges” and the setting in Sec. 6.2 as
“qudits on 2D vertices”. In the following we will show that the two settings are

equivalent.

1

4=V 45—
q1 P g3 ]
|_q2_|_'_

Figure 6.4: Qudits on edges to qudits on vertices

(1) ““qudits on 2D edges” = “‘qudits on 2D vertices”. Begin from “qudits on 2D
edges”, as shown in Figure 6.5, the qudits on the edges can in fact be viewed as
qudits on the vertices of another 2D square lattice defined by the dashed lines. The
terms B, and A will correspond to plaquette terms in the dashed lattice. Thus our

techniques directly apply to the setting for qudits on the edges.

Figure 6.5: Qudits on 2D edges to qudits on 2D vertices

(1) “qudits on 2D vertices” = “qudits on 2D edges”. Begin from “qudits on 2D
vertices”, as shown in Figure 6.6, the qudits on the vertices can in fact be viewed as
qudits on the edges of another 2D square lattice defined by the dashed lines. The

plaquette terms will correspond to plaquette and star terms in the dashed lattice.

Py

Figure 6.6: Qudits on 2D edges to qudits on 2D vertices
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